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Preface

The analysis of nucleic acids has applications in several fields. In agriculture, it has 
been used to develop organisms (plant or animal) with improved characteristics. In 
medicine, it has been used to identify changes in the structure of DNA, hereditary or 
acquired, which predict or lead to the appearance of numerous pathological condi-
tions. Across the world, techniques based on nucleic acid analysis are used in medical 
diagnostic laboratories because once standardized, they can provide accurate results in 
a very short time. Some of these functional studies can even be performed with sam-
ples commonly found in clinical pathology laboratories. Also, DNA-based methods are 
used in microbiology, ecology, food science, and forensics. Continuous improvements 
in technology coupled with creative minds seeking to understand the inner workings 
of the cell have begun to unravel the importance of genome-wide coding variation.

The first section of this book is a collection of chapters covering experimental 
 methods used in molecular biology, the techniques adjacent to these methods, and the 
steps of analysis before and after obtaining raw DNA data. This section also includes 
examples of practical applications from different fields, including bioinformatics. 

In the second section of this book, the chapters cover the parameters of analytical 
methods and chromatography techniques for the identification, separation, 
purification, and quantitative estimation of complex mixtures of organic 
compounds. In addition, the analytical method is suitable for the quantitative 
estimation of targeted analytes present in pharmaceutical drugs thus playing a 
vital role in the development and manufacture of pharmaceuticals. Also, this 
section discusses how the sample preparation is one of the most labor-intensive 
and time-consuming operations in sample analysis. The section also presents 
efficient micro sample preparation techniques for high-performance liquid 
chromatography, especially online automated in-tube solid phase microextraction 
(IT-SPME). Moreover, this section covers one of the industrial applications for ion 
chromatography via preparation of an organic–inorganic composite using the sol–
gel process to improve the cation exchanger’s properties and efficiency.

The editors of this book wish to thank the authors for their valuable contributions. 
We would also like to thank Author Service Manager Mrs. Dolores Kuzelj and 
Commissioning Editor Mrs. Iva Simcic. Their help and professionalism made this 
book project possible.
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Assistant Professor,
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Banat University of Agricultural Sciences and Veterinary Medicine  
“King Michael I of Romania”,
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Chapter 1

Latest Implications of Next-Gen 
Sequencing in Diagnosis of Acute 
and Chronic Myeloid Leukemia
Oana Maria Boldura, Cristina Petrine, Alin Mihu  
and Cornel Balta

Abstract

The spectacular progress which was present in the past few years in the field 
of genome sequencing, together with the appearance on the market of some high 
performance devices in this field, the reduction of the costs regarding the analysis 
of the samples and the standardization of some protocols, has led to the establish-
ment and introduction of the new generation of sequencing techniques in clinical 
diagnostic labs. An important role is played by the implementation of this technique 
in the oncology clinics. In this context, we found it appropriate to discuss in this 
chapter about the role of next-gen sequencing in determining the genetic probabili-
ties of occurrence of oncological pathologies in the healthy population, the screen-
ing of these diseases at the population level, the diagnosis and classification of this 
pathology, the establishment of the therapeutic conduct using the technique, as well 
as the progression of the disease. In this chapter, we intend to discuss in particular 
the involvement of this technology in hemato-oncological diseases.

Keywords: next-generation sequencing, acute myeloid leukemia, chronic myeloid 
leukemia, molecular diagnosis

1. Introduction

The rapid development of the new sequencing techniques, the development 
of databases for the analysis and comparison of the various pathologies, as well 
as the reduction of the costs related to their exploitation and the total value of the 
cost related to the analysis, will lead to the implementation of this technique in the 
clinical diagnostic laboratories. Also the implementation of this technique leads to 
the need to develop and comply with standards, which will result in the develop-
ment of valid and useful results to the clinician. This technique is used especially for 
the diagnosis and monitorization of hereditary diseases, being able to evaluate the 
genetic changes that appeared in both germline and somatic cell lines, focusing on 
evaluating mutations occurring at the level of a single gene, evaluating gene panels 
involved in the molecular pathobiology of various disorders, as well as the evalua-
tion of the various protein-coding genes involved in this process [1]. In view of the 
above, we can conclude that this technique brings important information to the cli-
nician, both about the presence of a possible mutation which will cause an affection, 
as well as about the metabolic interactions and the play of gene expression involved 



3

Chapter 1

Latest Implications of Next-Gen 
Sequencing in Diagnosis of Acute 
and Chronic Myeloid Leukemia
Oana Maria Boldura, Cristina Petrine, Alin Mihu  
and Cornel Balta

Abstract

The spectacular progress which was present in the past few years in the field 
of genome sequencing, together with the appearance on the market of some high 
performance devices in this field, the reduction of the costs regarding the analysis 
of the samples and the standardization of some protocols, has led to the establish-
ment and introduction of the new generation of sequencing techniques in clinical 
diagnostic labs. An important role is played by the implementation of this technique 
in the oncology clinics. In this context, we found it appropriate to discuss in this 
chapter about the role of next-gen sequencing in determining the genetic probabili-
ties of occurrence of oncological pathologies in the healthy population, the screen-
ing of these diseases at the population level, the diagnosis and classification of this 
pathology, the establishment of the therapeutic conduct using the technique, as well 
as the progression of the disease. In this chapter, we intend to discuss in particular 
the involvement of this technology in hemato-oncological diseases.

Keywords: next-generation sequencing, acute myeloid leukemia, chronic myeloid 
leukemia, molecular diagnosis

1. Introduction

The rapid development of the new sequencing techniques, the development 
of databases for the analysis and comparison of the various pathologies, as well 
as the reduction of the costs related to their exploitation and the total value of the 
cost related to the analysis, will lead to the implementation of this technique in the 
clinical diagnostic laboratories. Also the implementation of this technique leads to 
the need to develop and comply with standards, which will result in the develop-
ment of valid and useful results to the clinician. This technique is used especially for 
the diagnosis and monitorization of hereditary diseases, being able to evaluate the 
genetic changes that appeared in both germline and somatic cell lines, focusing on 
evaluating mutations occurring at the level of a single gene, evaluating gene panels 
involved in the molecular pathobiology of various disorders, as well as the evalua-
tion of the various protein-coding genes involved in this process [1]. In view of the 
above, we can conclude that this technique brings important information to the cli-
nician, both about the presence of a possible mutation which will cause an affection, 
as well as about the metabolic interactions and the play of gene expression involved 



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

4

in the pathobiological mechanism of diseases, thus offering not only an early and 
accurate diagnosis but also the possibility of highlighting molecular targets for 
therapy, as well as a precise assessment of the progression of the disorders, being 
necessary correlated with standardized clinical and paraclinical examinations.

The Food and Drug Administration (FDA) has prepared and finalized a docu-
ment guiding the use of next-generation sequencing in germline disease assess-
ment, which was published on April 12, 2018, under the name of “Considerations 
for Design, Development and Analytical Validation of Next Generation Sequencing 
(NGS) - In Vitro Based Diagnostics (IVDs) Intended to Aid in the Diagnosis of 
Suspected Germline Diseases,” thereby trying to take a step forward to standardize 
and introduce this technique into the current practice of diagnostic laboratories, but 
at the same time making sure that the patient’s safety is the number one priority in 
front of technological innovations and possible analytical errors [2].

Lately, the progress in this field has had as a direct consequence on the drastic 
decrease of the cost with this analysis, at the same time developing over 55,000 
genetic tests for more than 11,000 pathological conditions.

Remarkable results could be noticed after the implementation of this technology 
in the diagnosis and follow-up of the progression of oncological pathologies, among 
them being noted Hodgkin’s lymphoma, breast cancer, and chronic myelogenous 
leukemia. Also this technique brings real benefits in the diagnosis, understand-
ing, and study of the progression of cardiovascular diseases in direct correlation 
with the therapy administered to digestive, respiratory, and nervous disorders. 
Particular importance must also be given to the power of this new technology to aid 
microbiological diagnosis, as well as its usefulness in establishing the resistance of 
pathogenic microorganisms to various anti-infectious agents.

2. Acute myeloid leukemia: patho-molecular mechanism and diagnosis

The introduction of the new generation sequencing techniques has led to the 
development of knowledge of the mechanisms that govern the gene mechanisms 
that trigger and lead to the progression of malignant oncological diseases of the 
myeloid line. Besides the chromosomal mutations revealed by classical cytogenetic 
methods, observed on a larger scale, the next-generation sequencing revealed 
numerous other genetic alterations, which could not be revealed using classical 
methods. These studies have revealed some genetic similarities in various mor-
phologically distinct conditions, suggesting that they have a similar molecular 
mechanism, these mechanisms being represented by cell signaling, transcription, 
regulation of the cell cycle, regulation of DNA methylation, changes occurred in 
histone regulation, RNA splicing, and alterations of the components of the sister 
chromatid cohesion complex [3]. All these genetic alterations can represent a start-
ing point in the development of molecular biomarkers, which can be easily moni-
tored by the new sequencing techniques; in Figure 1, the complex genetic substrate, 
involved in the induction and evolution of the malignant pathologies of the myeloid 
line is presented, hence being instrumental in establishing the diagnosis, prognosis, 
and therapeutic option, some of them being already validated and used in current 
practice.

Acute myeloid leukemia is part of the myeloid hemato-oncological disorders 
with high aggression, which affects the blood cells, being the leukemia with the 
highest weight in the adult population, having an unfavorable prognosis, despite the 
spectacular progression of the new therapies applied to this pathology, which leads 
to the in-depth study and a better understanding of the molecular processes that 
occur during the evolution of the disease.
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An important first step in understanding the molecular and genetic mechanisms 
that governed the occurrence and progression of AML was the introduction of 
chromosome analysis by banding; this analysis provides relationships on the chro-
mosome level changes, with direct resonance in the molecular pattern modification 
and clinically being specific for the disease. The first genetic alteration discovered 
and correlated with the evolution of promyelocytic leukemia was the translocation 
of t (15;17), but in the progression of this pathology, other chromosomal alterations 
appear, such as the translocation of t (8;21), inversion of 16, all of which are associ-
ated with a favorable prognosis, while the association of these alterations together 
with the existence of structural alterations will lead to the establishment of an 
unfavorable prognosis.

Mutations affecting the cell lines involved in AML can be classified into two 
main categories: Class I mutations leading to the promotion of monoclonal cell 
proliferation and Class II mutations leading to the inhibition of myeloid differentia-
tion into mature, immunocompetent cell stages; this classification is illustrated in 
Figure 2 [4].

Highlighting these mutations will lead to the diagnosis of most acute myeloid 
leukemias with normal cytogenetic profile. In this context, the new generation 
sequencing is a useful element in the discovery of leukemias with normal cytoge-
netic profile, being able to discover even new mutations involved in the progression 
of this pathology. Also in the pathogenesis of these diseases, not only the DNA 
substrate modifications are involved, represented by the gene mutations or chro-
mosomal translocations, but also epigenetic mechanisms that dictate the expression 

Figure 1. 
Metabolic pathways affected in the oncological malignant pathology of the myeloid lineage that could be used as 
potential biomarkers in the diagnosis of these disorders [3].
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with the existence of structural alterations will lead to the establishment of an 
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substrate modifications are involved, represented by the gene mutations or chro-
mosomal translocations, but also epigenetic mechanisms that dictate the expression 

Figure 1. 
Metabolic pathways affected in the oncological malignant pathology of the myeloid lineage that could be used as 
potential biomarkers in the diagnosis of these disorders [3].
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of these genes, such as the changes produced at the histone level and DNA methyla-
tion, may also be implicated. There are also miRNAs that can act as oncogenes or as 
tumor suppressor genes [5, 6]. Thus, the combination of new generation sequenc-
ing techniques, functional genomics and proteomics, will contribute to a better 
understanding, highlighting new therapeutic targets and new treatment modalities 
for AML in the future.

The alterations produced in the genetic material of the myeloid cell lines 
involved in the appearance of AML, lead directly to both functional and numerical 
alterations of these cells, as well as to structural and morphological alterations, 
alterations that are important in the primary hematological diagnosis, highlighted 
by smears made from peripheral blood samples or samples from the hematogenous 
spinal cord (Figure 3).

Figure 2. 
Molecular models of mechanism involved in acute myeloid leukemia [4].

Figure 3. 
Peripheral blood samples from a patient with AML, May Grunwald Giemsa stain (MGG), magnification 
stage 1000X. Picture (A) contains a myeloblast next to a dysplastic agranular hypersegmented neutrophil and 
picture (B) shows a myeloblast surrounding RBC that shows discrete anisochromia, slight anisocytosis, and a 
polychromatophilic RBC on the bottom right.
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Myeloblasts are described as intermediate sized cells, ranging from 14 to 18 μm 
(when compared to a neutrophil that has the size between 10 and 15 μm) with a 
nucleo-cytoplasmatic ratio largely in favor of the nucleus (ranging from 4/1 to 
5/1 in favor of the nucleus) containing a large, mostly oval-shaped nucleus contain-
ing very fine nonagreggated chromatin in which 2 or more nucleoli can usually be 
seen; the cytoplasm is strongly basophilic and may contain Auer rods [7, 8].

Auer rods are rod-shaped crystalline structures that are derived from primary 
granules of the myeloid cells. They are mainly reported in AML. They were first 
reported by John Auer in 1906 and, interestingly, were considered to be inclu-
sions inside lymphoblasts. In the current day, they are considered of diagnostic 
importance to indicate both the linage and the neoplastic nature of the condition 
observed [7, 8] (Figure 4).

The European Leukemia Network recommends genetic testing of people 
diagnosed with acute myeloid leukemia, in order to have a complete picture of 
the risk initiation for each patient, thus being able to use the most appropriate 
strategy in the fight with this disease. The main genetic markers that can be used 
are: t (8;21) (q22; q22.1)/RUNX1-RUNX1T1, t (15;17)/PML-RARA, t (9;11) (p21.3; 
q23.3)/MLLT3-KMT2A, other types of translocation may occur that affect KMT2A 
genes, t (6;9) (p23; q34.1)/DEK-NUP214, inv (3) (q21.3; q26.2) or t (3;3) (q21.3; 
q26.2)/GATA2, inv (16) (p13.1q22) and/or t (16;16) (p13.1; q22)/CBFB-MYH11, 
MECOM, chromosome loss 5/5q, 7, or 17/17p, mutations in CEPBA (biallelic), 
NPM1, RUNX1, ASXL1 and TP53, and internal tandem duplications (ITD) in the 
FLT3 gene [9–11].

The most common Next-Gen Sequencing platform currently on the market are 
offered by Illumina (San Diego, CA, USA), being represented by iSeq100, miniSeq, 
miSeq, nextSeq System, HiSeq2500, HiSeqX Ten, and NovaSeq, and Thermo Fisher 
Scientific (Waltham, MA, USA) offers the Ion Proton System, Ion PGM System, Ion 
S5 System, Ion S5 XL System, Ion GeneStudio S5 System, and the HID GeneStudio 
S5 System.

For myeloid disease, various NGS Gene panels were designed and validated. 
Those panels are represented by the proposal of:

a. SureSeq myPanel™ NGS Custom AML (Oxford Gene Technology, Begbroke, 
Oxfordshire, UK);

Figure 4. 
Bone marrow aspirate from a patient with AML: in picture (A), on the right middle part, a myeloblast 
displaying a Auer rod surrounded by multiple myeloblasts is shown, and in picture (B), a dysplastic oxyphilic 
erythroblast showing nuclear abnormalities(multiple nuclei, some being incompletely divided) along with 
myeloblasts (MGG X 1000) is shown.
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b. Leuko-Vantage Myeloid Neoplasm Mutation Panel (Quest Diagnostics, 
Madison, NJ, USA);

c. AmpliSeq® Myeloid Sequencing Panel (Illumina); and

d. Human Myeloid Neoplasms Panel (Qiagen, Venlo, the Netherlands).

A comparison between these panels is described succinctly by Matynia et al. [12] 
in Table 1.

From this panel, it is recommended to choose the genes to be analyzed according 
to the choice of the diagnostician. This panel also includes RNA markers for fusion 
driver genes and expression genes that are not completely listed. The genes listed 
here come from three other panels and represent combinations between the genes 
listed. The Web source of this panel presents no other information about the hotspot 
or the complete gene [13, 14].

The use of NGS techniques can detect mutations in the pretreatment phase, 
thus having utility in assessing the risk of these patients, establishing the prognosis, 
making an appropriate and personalized therapeutic decision for each patient, and 
may even lead to changes in the classification of these types of diseases by WHO.

3.  Chronic myeloid leukemia: patho-molecular mechanism and 
diagnosis

Chronic myeloid leukemia is a hemato-oncologic disease, in which a monoclonal 
line proliferates. The cells are derived from the hematopoietic stem cell, being 
characterized by aberrant expression of the BCR/ABL oncogene, arising from the 
chromosomal translocation t (9;12) (q34; q11). This mutation leads to disruption 
of the fusion protein, increasing the activity of tyrosine kinase, which will lead to 
proliferation out of control of the myeloid line [15].

This pathology represents about 15–20% of the cases of leukemia in adults, the 
main clinical features being represented by leukocytosis, the deviation to the left of 
the leukocyte formula, with splenomegaly, having an progression in three phases: 
the initial chronic phase, which can last several years, manifested by increasing the 
number of myeloid cells, but will retain their differentiation capacity and func-
tions, most patients being asymptomatic. The second phase is an intermediate 
step of acceleration that can last from several months to several years, difficult to 
diagnose, being most often discovered following routine blood checks, which high-
light the increase in the number of immature and frequent blood cells associated 
symptoms. In the final blastic phase, immature blood cells predominate, and the 
hope of survival is several months. In this phase, the genetic instability increases, 
accumulating these defects, and together with them will increase the resistance to 
drug therapy (Figure 5) [16].

The first line in the diagnosis of CML, right after the cell blood count (CBC) 
done by an automated analyzer, is the blood smear.

Morphology of the peripheral blood smear plays a crucial role in CML due to the 
differential diagnosis. A well-done blood smear could exclude a leukemoid reaction 
(in CML, basophilia is found) and can fastly assess the severity of the disease (high 
basophil count could be a clue that the disease is heading toward an accelerated 
phase that, eventually, turns into acute leukemia) as well as a blast crisis (blasts 
more than 20% that shows the change into acute leukemia) [17].
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Qiagen Human Myeloid Neoplasms Panel

ASXL1 (full) NPM1 (full) CBL (full) SETBP1 (full) GATA2 (full)

CEBPA (full) NRAS (full) CSF3R (full) SF3B1 (full) HRAS (full)

DNMT3A (full) RUNX1 (full) ETV6 (full) SRSF2 (full) IKZF1 (full)

FLT3 (full) TET2 (full) EZH2 (full) ZRSR2 (full) KMD6A (full)

IDH1 (full) TP53 (full) GATA1 (full) ABL1 (full) MYC (full)

IDH2 (full) U2AF1 (full) JAK2 (full) BRAF (full) MYD88 (full)

KIT (full) WT1 (full) MPL (full) CREBBP (full) NF1 (full)

KMT2A (full) BCOR (full) PHF6 (full) DDX41 (full) NTRK3 (full)

KRAS (full) CALR (full) PTPN11 (full) EGFR (full) PDGFRA (full)

PRPF8 (full) RB1 (full) SH2B3 (full) SMC1A (full) STAG2 (full)

Total 50 genes available

Illumina AmpliSeq Myeloid Panel

ASXL1 (full) NRAS (hotspot) — ZRSR2 (full) MYC 
(expression)

CEBPA (full) RUNX1 (full) EZH2 (full) ABL1 (hotspot) MYD88 (hotspot)

DNMT3A (hotspot) TET2 (full) — BRAF (hotspot) NF1 (full)

FLT3 (hotspot) TP53 (full) JAK2 (hotspot) CREBBP (fusion) NTRK3 (fusion)

IDH1 (hotspot) U2AF1 (hotspot) MPL (hotspot) — PDGFRA 
(fusion)

IDH2 (hotspot) WT1 (hotspot) PHF6 (full) EGFR (fusion) PRPF8 (full)

KIT (hotspot) BCOR (full) PTPN11 
(hotspot)

GATA2 (hotspot) RB1 (full)

KMT2A (fusion) CALR (full) SETBP1 
(hotspot)

HRAS (hotspot) SH2B3 (full)

KRAS (hotspot) CBL (hotspot) SF3B1 
(hotspot)

IKZF1(full) SMC1A 
(expression)

NPM1 (hotspot) CSF3R (hotspot) SRSF2 
(hotspot)

— STAG2 (full)

Total 46 genes available

Quest Diagnostics LeukoVantage Panel

ASXL1 NRAS — ZRSR2 —

CEBPA RUNX1 EZH2 — —

DNMT3A TET2 GATA1 — —

FLT3 TP53 JAK2 — —

IDH1 U2AF1 MPL DDX41 —

IDH2 WT1 — — —

KIT — PTPN11 — —

KMT2A CALR SETBP1 — —

KRAS CBL SF3B1 — —

NPM1 CSF3R SRSF2 KMD6A —

Total 30 genes available
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Figure 5. 
Evolution of chronic myeloid leukemia [16].

Oxford Gene Technology SureSeq myPanel NGS Custom AML

ASXL1 (full) NRAS (full) ETV6 (full) — —

CEBPA (full) RUNX1 (full) — — —

DNMT3A (full) TET2 (full) GATA1 (full) — —

FLT3 (full) TP53 (full) — — —

IDH1 (full) U2AF1 (full) — — —

IDH2 (full) WT1 (full) PHF6 (full) — —

KIT (full) BCOR (full) — — —

KMT2A (full) — — — —

KRAS (full) — — — —

NPM1 (full) — — — —

Total 20 genes available

The term “full” indicates all exons, and the term “hotspot” indicates hotspot exons (unmentioned here).
The term “fusion” indicates the RNA fusion partner; this genes has not been analyzed as DNA sequence, and the 
panel does not include all the RNA fusion partners.
The term “expression” indicates the analyses of quantification of gene expression at mRNA level, those genes not 
being analyzed at the DNA level.

Table 1. 
Overview of commercially available NGS panels for AML with a list of included genes [12].
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The bone marrow aspirates in CML are hypercellular with an expansion of the 
granulocytes (e.g., neutrophils, eosinophils, and basophils) and their progenitor 
cells. In most cases, megakaryocytes are prominent and most often their size is 
increased (Figure 6) [18].

Most cases of chronic myeloid leukemia show the Philadelphia chromosome, 
which appeared after alteration of chromosome 22, produced by a reciprocal trans-
location t (9;22) q (34; 11), thus forming the BCR-ABL1 fusion gene, which became 
the main one diagnostic marker in chronic myeloid leukemia [19].

The phenotype types associated with this condition are closely correlated with 
the size of the proteins encoded by the different transcripts of the BCR-ABL1 fusion 
gene, thus noting that the most frequent rearrangements are represented by b2a2, 
followed by b3a2, following the rare alterations considered to occur in less than 2% 
of all cases of chronic myeloid leukemia. Depending on the rearrangements that have 
been undergone, theories have been issued that claim that transcript b2a2 is respon-
sible for lowering the optimal response rate, and transcript b3a2 is associated with 
better therapeutic response and longer post treatment remission [20].

NGS is now commonly used to detect mutations in the ABL1 kinase. This 
represents a mechanism of CML resistance to TKIs, being about half percent of the 
acquired resistance for CML cases where treatment failed. It has been shown that 
many unique and different kinase domain mutations are associated not only with 
imatinib resistance but also with resistance to nilotinib (Y253H, E255K, E255V, 
F359V, and F359C), dasatinib (V299L, T315A, F317L, F317I, F317V, F317V, F317V, 
and F317C), or bosutib (Y253H, V299L, and F317V) [21].

Figure 6. 
Chronic myeloid leukemia staining MGG, magnification stage 1000X: (A) Patient with chronic myeloid 
leukemia, a blast accompanied by dysplastic granulocyte precursors (above the blast, there is unsegmented 
hypogranular neutrophil, and above, we see an abnormal segmented neutrophil). (B) Patient with chronic 
myeloid leukemia that displays most of granulocyte precursors (band cell, metamyelocyte, promyelocyte, a 
myelocyte with nucleo-cytoplasmatic asynchronism and below a blast cell). (C) Blast crisis in chronic myeloid 
leukemia. (D) Bone marrow aspirate of a patient with CML showing erythroid dysplasia (basophilic giant 
binucleated erythroblast) accompanied by several hypogranular granulocyte precursors.
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been undergone, theories have been issued that claim that transcript b2a2 is respon-
sible for lowering the optimal response rate, and transcript b3a2 is associated with 
better therapeutic response and longer post treatment remission [20].
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and F317C), or bosutib (Y253H, V299L, and F317V) [21].

Figure 6. 
Chronic myeloid leukemia staining MGG, magnification stage 1000X: (A) Patient with chronic myeloid 
leukemia, a blast accompanied by dysplastic granulocyte precursors (above the blast, there is unsegmented 
hypogranular neutrophil, and above, we see an abnormal segmented neutrophil). (B) Patient with chronic 
myeloid leukemia that displays most of granulocyte precursors (band cell, metamyelocyte, promyelocyte, a 
myelocyte with nucleo-cytoplasmatic asynchronism and below a blast cell). (C) Blast crisis in chronic myeloid 
leukemia. (D) Bone marrow aspirate of a patient with CML showing erythroid dysplasia (basophilic giant 
binucleated erythroblast) accompanied by several hypogranular granulocyte precursors.
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Even if these specific TKI mutations are present in less than 10% of the cases 
in which the treatment fails, the identification followed by the characterization of 
these mutations is especially important in choosing the optimal type of TKI that 
could be used even when the resistance was acquired.

In the hybridization-based NGS technique, artificial oligonucleotides specially 
designed for BCR and ABL1 marker sequences are used. This specific amplifica-
tion is followed by sequencing. By in silico analyzes, with the help of software, the 
fusion junctions are identified on these sequences, whether they are determined by 
different types of chromosomal structural rearrangements such as chromosomal 
translocations, inversions, or deletions.

4. Conclusions

In the last decades, the correct evaluation of MRD has been of major importance 
for the superior management of the treatment with TKIs for patients suffering from 
CML. This process became easier and more accurate than in the case of other hema-
tological malignancies, precisely because the fundamental pathogenetic mechanism 
of this disease was studied and deciphered, which led to the use of the BCR-ABL1 
transcript as the main target of all MRD tests.

An important point in the identification and treatment of CML was the develop-
ment and adoption of NGS instruments in the clinical field to evaluate mutations 
undergone in the ABL1 kinase domain, as these mutations are responsible for 
resistance to the treatment of TKIs in any phase of the disease, either it is chronic or 
at an advanced stage. Although the Sanger sequencing method has been the most 
commonly used, the development of the NGS technique, which has a much higher 
sensitivity, enabling the detection of mutations at the subclonal level, and com-
pound mutations that are responsible for resistance to ponatinib, has led to notable 
advances in diagnosis and treatment of this disease.

In the near future, it is expected that the use of SNG will be increasingly adopted 
for patients whose first line of treatment fails but also for those who do not respond 
optimally to the additional line of treatment. However, there is still much to be done 
in this area; for example, for allogeneic transplantation, there is no NGS-generated 
data available, here Sanger is still the technique used.

The existing scientific data so far indicate that the successful therapeutic man-
agement of patients with CML is, without doubt, the close collaboration between 
biologists, technicians, and doctors, which involves primarily the use of scientific 
evidence data and innovative techniques such as those based on DNA analysis. 
Existing and ongoing networks, online databases, and ongoing development of 
methods and equipment will help to achieve these goals.

Appendices and nomenclature

FDA Food and Drug Administration
NGS next-generation sequencing
IVDs in vitro-based diagnostics
AML acute myeloid leukemia
MGG May-Grunwald-Giemsa stain
RBC red blood cells
WHO World Health Organization
CML chronic myeloid leukemia
TKIs tyrosine kinase inhibitors
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Abstract

Sexual assault (SA) is a crime of violence against a person’s body resulting in a 
physical trauma, mental anguish, and suffering for victims generating expenses 
for government intended criminal investigation, medical care, and psychological 
attention. During the crime scene investigation, the identification and recovery of 
biological evidence (BE) are utmost important, since sometimes these are the only 
way to prove sexual contact and the perpetrator’s identity. The examiner, with the 
help of specific technologies and techniques, must be able to find evidence that oth-
erwise could go unnoticed. Forensic laboratories identify biological evidence with 
systemized protocols and use molecular methods to generate DNA profiles based 
on the amplification and DNA sequencing. Before the arrival of the new-generation 
sequencers, the application of other markers (single nucleotide polymorphisms 
(SNPs), insertion-deletion of nucleotides (INDEL), or microhaplotypes (MHs)) 
was laborious, expensive, and not very informative for forensic purposes; however, 
now they are useful in this field. Next-generation sequencing (NGS) brought a new 
series of applications like epigenetics, microbiota, messenger RNA, and microRNA 
analysis and the inferences in the ancestry and phenotyping of individuals. In the 
end, the results obtained from such analyses and stored in databases are very useful 
for the identification of sexual aggressors.

Keywords: sexual assault, biological evidence, DNA analysis, next generation 
sequencing, human identification

1. Introduction

Sexual assault is considered a serious offense all around the world due to the 
impact it has on the victims, their relatives, and society in general. The investigation 
of sex crimes requires a group of multidisciplinary forensic professionals focused on 
the identification, recovery, packing, and analysis of evidence.

This document describes general recommendations and the decision-making 
process is necessary for the recovery and analysis of the collected evidence in 
sexual assault especially that of biological nature coming from victims, perpetra-
tors, and crime scenes. The use of appropriate tools for identifying biological 
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evidence (BE) is a key element in the success of the investigation since it allows 
forensic investigators to make decisions and utilize presumptive or confirma-
tory methods to recover and forward evidence to specialized laboratories. 
Additionally, the utilization of microscopic techniques and genetic fluorescence 
hybridization allows accurate work while selecting and isolating components on 
a cellular level thus increasing the possibilities of obtaining a genetic profile that 
identifies the perpetrator.

Obtaining genetic profiles out of BE in sexual assault cases requires the use of 
DNA extraction techniques designed for the separation of cells (sperm cells from 
the aggressor and epithelial cells from the victim) which contribute to the acquiring 
of differentiated genetic profiles of the contributors.

The use of short tandem repeats (STRs) in forensic investigation has been, for 
many years, a key element in human identification. Other techniques such as mito-
chondrial DNA (mtDNA) and single nucleotide polymorphism (SNP) analysis and 
its variants broaden the possibility of obtaining a profile by providing additional 
information when other methods fall short. DNA methylation analysis, microR-
NAs, and genome sequencing of microorganisms provide scientific information for 
criminal investigation.

The development of new-generation sequencing has set the perspective of 
analysis on establishing geographical origin of individuals, estimating marker 
frequency of different population groups around the world just as genetic markers 
of phenotypic expression allow acquiring information of visible external charac-
teristics (height, baldness, eye color, skin and hair), they provide help for criminal 
investigation.

The implementation and use of databases which register the information 
acquired from sexual assault investigations are a necessary tool to facilitate the 
comparison of the resulting information; hence, establishing the parameters to 
enter or delete perpetrator profiles and other genetic profiles, different in nature, 
from such databases must be contained in every country’s legislation to be used in 
criminal investigation processes.

This chapter focuses on the location, sampling, molecular analysis and manage-
ment of biological evidence in sexual crimes, as well as on specific aspects and a 
panorama of their molecular analysis.

2. Crime scene investigation and recovery of biological evidence

2.1 General inspection

Before the investigators begin examining the scene of the crime, they should 
gather as much information as possible about the setting to prevent lost or destruc-
tion of valuable and/or fragile evidence such as shoeprints, trace evidence, etc. The 
main areas of inspection are the floor, rugs, bathroom, bedding, and trash receptacles 
where other elements could be discarded by the aggressor during cleaning such as 
condoms; the inspection should be extended to the neighborhood if necessary [1, 2].

In the search for signs of sexual contact, the investigator can identify evidence 
through naked eye observation; however, it is convenient to emphasize that evi-
dence of contact is frequently not visible. These elements of BE require the use 
of forensic light sources for detection due to their natural characteristics, such as 
light absorption (blood) or fluorescence emissions (semen, saliva, and urine). This 
method is a simple, presumptive, and nondestructive test [3–5].

In cases where evidence is not detected with the use of forensic light, it is 
necessary to use other techniques such as Bluestar® to detect washed blood 
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stains, low light or magnifying glasses to observe fibers, and the use of vacuum 
machines that retain material in filters which could be analyzed in a criminal 
laboratory [2, 4, 5].

Figure 1. 
Evidence collection in sexual assault cases. Workflow of inspection, recovery and analysis of evidence from the crime 
scene, victims and perpetrator up to the genetic profile and human identification. Crime scene investigator (CSI) 
is in charge of collecting and analyzing crime scene evidence; medical examination: forensic medical examiner, 
medical technician or nurse; interrogation and sampling is done by a law enforcement agent and by the scientific 
police investigator; evidence analysis laboratory is done by the research scientists specialized in evidence analysis.
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information when other methods fall short. DNA methylation analysis, microR-
NAs, and genome sequencing of microorganisms provide scientific information for 
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from such databases must be contained in every country’s legislation to be used in 
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This chapter focuses on the location, sampling, molecular analysis and manage-
ment of biological evidence in sexual crimes, as well as on specific aspects and a 
panorama of their molecular analysis.
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main areas of inspection are the floor, rugs, bathroom, bedding, and trash receptacles 
where other elements could be discarded by the aggressor during cleaning such as 
condoms; the inspection should be extended to the neighborhood if necessary [1, 2].

In the search for signs of sexual contact, the investigator can identify evidence 
through naked eye observation; however, it is convenient to emphasize that evi-
dence of contact is frequently not visible. These elements of BE require the use 
of forensic light sources for detection due to their natural characteristics, such as 
light absorption (blood) or fluorescence emissions (semen, saliva, and urine). This 
method is a simple, presumptive, and nondestructive test [3–5].

In cases where evidence is not detected with the use of forensic light, it is 
necessary to use other techniques such as Bluestar® to detect washed blood 

19

Biological Evidence Analysis in Cases of Sexual Assault
DOI: http://dx.doi.org/10.5772/intechopen.82164

stains, low light or magnifying glasses to observe fibers, and the use of vacuum 
machines that retain material in filters which could be analyzed in a criminal 
laboratory [2, 4, 5].

Figure 1. 
Evidence collection in sexual assault cases. Workflow of inspection, recovery and analysis of evidence from the crime 
scene, victims and perpetrator up to the genetic profile and human identification. Crime scene investigator (CSI) 
is in charge of collecting and analyzing crime scene evidence; medical examination: forensic medical examiner, 
medical technician or nurse; interrogation and sampling is done by a law enforcement agent and by the scientific 
police investigator; evidence analysis laboratory is done by the research scientists specialized in evidence analysis.
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2.2 Recovery of evidence at the crime scene

In a SA investigation, it is necessary to identify any possible source of BE left on the 
victim or at the crime site (e.g., condoms, body fluids on objects or textiles, bottles, 
cigarette butts, and hair). Transportable evidences will be packed and sent to the labo-
ratory. When BE are in non-transportable objects, the use of a dry or lightly moistened 
swab passed gently through and rotated in the same spot (swabbing method) is suffi-
cient for recovery. In the case of wet evidence, care should be taken to dry them to avoid 
damage of BE, by the growth of microorganisms that cause degradation of DNA [6].

The success of DNA typing is related to the amount of target material recovered 
from an evidentiary item. Absorption and adsorption are two features that related 
to capability to collect BE and to later release the cells/DNA during the extraction 
process, respectively. Synthetic swabs release more cells/DNA during the extraction 
process and yielded up to 2.5 times more alleles compared to cotton swabs because 
portions of DNA remain entrapped in the fibers [7].

Figure 2. 
Evidence recovery guidelines. Recommended time frame for evidence collection from different anatomical areas 
according to DNA persistence and its sampling methods in SA cases.
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Swabs of different design, shape, and size used for evidence recovery are com-
mercially available (X-Swab™ Diomics Corporation and Copan 4N6FLOQSwab™); 
all of them with highly absorptive properties. The use of double swabbing method 
are recomended to recovery of touched (trace) evidence; this technique increases 
the possibility of obtaining DNA profiles; however the use of cotton swabs is not 
recommended for trace evidence [7–10]. Figure 1 shows the workflow of evidence 
recovery from the crime scene.

2.3 Recovery of evidence on victim and perpetrator

When a SA is reported, authorities order a medical interview and examination 
for evidence recovery; during the interview, the expert needs to document the type 
of sexual aggression (penile-vaginal rape, oral, copulation, sodomy, penetration 
with foreign objects, or digital penetration), Personal hygiene, and the elapsed time 
after the incident are crucial; these information will indicate the type of sampling 
to be performed. Additionally, the examiner will look for elements that are associ-
ated with aggression (e.g., bites and body fluids), and these will be obtained from 
anatomical regions that show signs of injury or attack [8, 11–13] (Figure 1).

One source of evidence in SA investigation is the suspect or perpetrator. It is 
known that the evidence could potentially be transferred from the suspect to the 
victim and vice versa. Therefore, depending on the type of contact involved in a 
SA, the suspect’s body may actually be a better source of probative evidence. The 
biological evidence deposited on the victim and perpetrator deteriorates rapidly; 
therefore, it needs to be collected as soon as possible [14]. Figure 2 shows the 
evidence recovery guidelines.

The sperm cells are resistant to biological degradation compared to somatic cells; 
this rationale is supported by the knowledge that the protein composition of the 
sperm nucleus (protamine) acts as a protector of the damage caused by the nucle-
ases, delaying the degradation process [15].

3. Identification of biological evidence in the laboratory

The evidence/garments collected (from the victim, corpse, aggressor, and crime 
scene) are inspected in the laboratory in order to perform a search for blood, semen, 
hair, saliva, sweat, tissues, fibers, and other elements. One of the first interventions 
is the macroscopic analysis that consists of evaluating evidence through meticulous 
and sequential observation, evaluating and establishing strategies to find biological 
spots. When BE is not visible to the naked eye, it is then necessary to use technologi-
cal help: the forensic light sources with specific wavelengths for its detection [3–5] 
(Figure 1).

In daily forensic practice, the latent spots of some biological fluids such as 
semen, saliva, urine, and sweat require the application of light radiation with 
specific wavelengths for detection by fluorescence depending on their emission 
properties or absorption of light; although fibers and hairs are elements that can be 
observed without instruments, the lack of contrast in the background makes their 
visibility difficult; in such cases, the use of magnifying glasses or lights helps to 
generate shadows that can help to locate them.

Once identified, the BE on the area—depending of surface or support of the 
fluid—is taken with moistened swabs with sterile water, or a portion (of support) is 
cut to perform a presumptive or confirmatory analysis of the evidence. In the case 
of trace evidence, it should be kept in its original support (textile) and analyzed 
ensuring sufficient evidence is left for subsequent trials [10].
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The applications of presumptive chromatic reaction tests are useful for 
orientation in the identification of its nature and its selection of confirmatory 
test for determination of human origin through immunological tests. It is impor-
tant to consider the amount of BE for the destructive processes for some test and 
to apply necessary measures for its preservation or greater use for subsequent 
studies.

Some forensic laboratories analyze semen through optic microscopes, aim-
ing to identify the sperm cells. There is controversy regarding this procedure 
since a portion of the sample is separated from the original support, making it 
difficult to apply other analyses, even though it is important to consider it as 
minimal evidence for obtaining genetic profiles. On the other hand, laboratories 
use fluorescence microscopy for cytological preparations to apply fluorescent 
techniques that allow increasing the sensitivity in the detection of spermatozoa, 
confirming the presence of these cells in the analyzed fluids [16, 17]. Figure 3 
describes the advantages and disadvantages of presumptive and confirmatory 
forensic tests.

Figure 3. 
The advantages and disadvantages of presumptive and confirmatory tests used in the laboratory to locate and 
identify the type of BE. Its application use goes from general to particular fluid identification, considering its 
destructive nature based on the analyst’s criteria. BE: biological evidence; Bf: bright field microscopy; Ph: phase 
contrast microscopy.
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4. Cell isolation from biological evidence

Biological cell mixtures represent one of the major challenges in forensic genet-
ics. In principle, when more individuals contribute to a mixture with different 
biological fluids, their single genetic profiles can be obtained by separating the 
distinct cell types [18, 19]. There are standard DNA extraction methods developed 
to separate the sperms (male fraction) from the epithelial cells (female fraction) as 
preferential lysis; however, these methods are incapable of separating single-source 
sperm from multiple male donors [20].

There has been a recent use of modern tools to reach that goal. Laser microdissec-
tion (LMD) is a technology that has been around for more than 40 years; it combines 
the amplification power of a microscope with the precision cut of objects allowed by 
the laser technology. Only in the last decade has LMD been used for forensic pur-
poses, mainly in SA for isolating sperm cells from vaginal swabs [18, 21–23].

4.1 Laser microdissection (LMD)

The use of LMD in the forensic field was first described in 2003 as a way of 
recovering sperm cells from slide smears of SA cases. LMD allows the selection of 
individual cells based on morphologic analysis (e.g., sperm and epithelial cells) 
or on labeling with specific fluorescent dyes. The microscopic search for sperm 
in cases where there is a limited number of cells can be exhaustive and prolonged 
[24]. However, this technology includes an automatic searching function module as 
introduced by the manufacturers [20, 24].

Until today two variants of this technique are noted: laser capture microdis-
section (harvesting cells by melting a thermoplastic membrane) and laser cutting 
microdissection (harvesting cells by catapulting). The operating principles of these 
types of LMD are the identification of cells, using the laser to perform clean cuts in 
the supporting layer around them and not requiring physical manipulation of the 
cells eliminating the risk to foreign contamination [19, 22, 23]. The cell analysis in a 
mixture with an azoospermic or oligospermic contributor is more difficult. This is 
because in the absence of sperm cells, the male and female cells are indistinguish-
able; therefore, the use of specific fluorescent dyes is required [20].

4.2 Fluorescence in situ hybridization and laser microdissection

The use of LMD does not always allow distinguishing the sperms in the 
microscopic bright field for several reasons: they can lose the tail; few sperms; 
or azoospermic cases. However, non-sperm cells can be found in semen, such as 
leukocytes and epithelial cells from the ejaculatory duct and urethra [18, 25].

Fluorescence in situ hybridization (FISH) method allows distinguishing male 
cells from female ones in cellular mixtures. The DNA is hybridized with DNA probes 
for the “X” and “Y” chromosomes (marked with fluorophores) and then observed 
in fluorescence microscopy, enabling individual identification [18, 25, 26]. The LMD 
in combination with the FISH technology can greatly improve the identification and 
later separation of male non-spermic cells from epithelial female cells.

This technique (FISH with LMD) has been shown to be capable of producing 
autosomal STR profiles from samples that previously would have proved difficult 
or impossible to separate; additionally, it has applications in numerous other sample 
types where the ratio of female cells to male cells is large, including cases involving 
penetration without ejaculation, digital penetration, or oral sex [18, 27].

On the other hand, other separation methods [28] were developed which 
consisted of separating sperms from epithelial cells taking the difference in size 
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and shape; this gave mixed genotypes in the results. Other new methods have also 
been proposed for cell separation, such as low-volume polymerase chain reaction 
(LV-PCR) used for single sperm isolation and detection, aspiration capillaries, 
microfluidic devices, the mDip technique, and fluorescence-activated cell sorting 
with flow cytometry, based on immunolabeling only applicable on fresh vaginal 
lavages and not on vaginal smears or archived material [20].

5. DNA analysis

5.1 DNA extraction methods

There are many extraction methods available, and they vary in their ability to 
extract the DNA in an efficient way; some of the factors to consider are the kind of 
sample to be analyzed, the time it takes to process, the operator intervention, the 
risk of contamination, and the difficulty or ease of use. This is the basis for success-
ful forensic DNA profiling [6, 29].

The method of preference has the task to not only ensure that the DNA is 
efficiently extracted from each sample, but it must also remove possible inhibitors 
which may interfere with other processes like the amplification [29].

5.1.1 Techniques for DNA extraction

One of the most common techniques used in DNA extraction is Chelex, which is 
a chelating resin that uses ion exchange to bind transition metal ions protecting the 
DNA from degradation. The advantage of the Chelex® method is that it is quick, it 
does not require multiple tube transfers, and it does not use toxic organic solvents; 
the main disadvantage is that it is unable to remove inhibitors that interfere with the 
amplification process [6, 30–32].

When processing samples with inhibitors, it is advisable to use the organic 
extraction method, which requires lysis of cells carried out in a salt solution con-
taining detergents and proteases to denature proteins and release the DNA from 
the cell. This cocktail can be separated by using a mixture of phenol-chloroform-
isoamyl alcohol, which leaves the DNA in the aqueous phase. The extracted DNA 
can be concentrated from the aqueous phase by ethanol precipitation or with a 
centrifugal filter unit, which allows for additional purification and concentration of 
the DNA in the samples [6, 29, 31].

The advantage of the organic extraction method is that it can obtain genetic 
material from difficult samples (degraded and/or low amount of DNA) and can 
successfully remove the presence of inhibitors for the PCR. While this method 
remains one of the most reliable and efficient, it is also very time-consuming, uses 
hazardous chemicals, and, because of the greater hands-on effort and multiple 
tube transfers involved, introduces increased risks for contamination and sample 
mishandling [6, 31].

5.1.2 Differential lysis in DNA mixtures

The genetic analysis of the evidence collected in sexual crimes commonly 
includes genetic profiles of two or more contributors; in this kind of mixtures, 
the genetic contribution of the individuals is generally unbalanced. In some cir-
cumstances, the biological mixture presents a minimal level of one contributor, 
usually the perpetrator in cases of SA. The genetic rate of this donor is likely not 
to be detected because of the sensitivity limits or the reaction saturation by the 
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component that has more quantity. In most cases, the minor contributor in the DNA 
mixture cannot be detected when ratios exceed 1:20 [29].

The recovery of evidence in cases of SA is a great challenge for the DNA forensic 
analysts, because it requires the separation of DNA from epithelial (the victim) and 
sperm (perpetrator) cells. The differential extraction was first described in 1986 by 
Gill and coworkers [33], as a modification of the organic phenol-chloroform extrac-
tion, and it is called differential lysis because the non-sperm cells are selectively 
lysed with detergent and proteases, while the sperm cells are not lysed due to the 
heavily disulfide cross-linked proteins in the sperm head that resist protease treat-
ment [6, 29, 33, 34].

In DNA forensic labs, the differential lysis method has long been the standard 
for separating spermatozoa from epithelial cells. Although this technique can 
theoretically provide two fractions, as pointed out earlier (one comprising the 
offender’s DNA and the other containing the victim’s DNA), the separation is not 
always complete, resulting in mixed genotypes [29, 33].

5.1.3 Other DNA extraction methods

There are other methods to separate sperm and epithelial cells from sexual assault 
samples. The Differex™ System method involves a proteinase K-selective digestion 
of epithelial cells, followed by differential centrifugation and phase separation. The 
use of this method in DNA laboratories indicates it offers efficiency equal to the two-
step method for extracting sperm DNA from mixed stains [6, 35, 36].

5.2 Molecular methods for human identification

The first use of DNA testing in a forensic setting came in 1986; two girls were 
sexually assaulted and then brutally murdered in 1983 and 1986, in Leicestershire, 
England. This case showed an innocent being accused and 1 year later the guilty 
responsible one being found and processed [37].

In the last 30 years, DNA molecular analysis has become an important tool in 
forensic investigations. Currently, DNA profiling is based on polymerase chain 
reaction (PCR) analyses. This method includes the autosomal STRs, Y and X 
chromosomes. The PCR is a process of replicating a specific region on the genome, 
over and over again to yield many copies of a region [29, 38].

Before the PCR, the DNA has to be quantified. This is essential in order to ensure 
its correct amplification; its primary purpose is to determine the amount of DNA 
template, resulting from the isolation. There are many methods with different accu-
racy, but knowing the DNA concentration present in the samples allows the forensic 
scientist to establish the ideal amount of DNA required for its amplification in order 
to make it possible to obtain a genetic profile that falls within the quality parameters 
set by the laboratory [29, 39].

The genetic analysis of the evidence collected in sexual crimes commonly 
includes genetic profiles of two or more contributors; in this kind of mixtures, the 
genetic contribution of the individuals is generally unbalanced. This will further 
impair the identification process through a series of stochastic effects, such as 
preferential amplification, which it is known to possibly affect PCR [29, 40].

5.2.1 Short tandem repeat (STR) analysis

Short tandem repeat (STR), also called microsatellites, or simple sequence repeats 
(SSRs) contain a core of nucleotides (length) that are tandemly repeated, and their 
use in forensic science opened a new path in human identification [29, 40, 41].
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usually the perpetrator in cases of SA. The genetic rate of this donor is likely not 
to be detected because of the sensitivity limits or the reaction saturation by the 
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component that has more quantity. In most cases, the minor contributor in the DNA 
mixture cannot be detected when ratios exceed 1:20 [29].

The recovery of evidence in cases of SA is a great challenge for the DNA forensic 
analysts, because it requires the separation of DNA from epithelial (the victim) and 
sperm (perpetrator) cells. The differential extraction was first described in 1986 by 
Gill and coworkers [33], as a modification of the organic phenol-chloroform extrac-
tion, and it is called differential lysis because the non-sperm cells are selectively 
lysed with detergent and proteases, while the sperm cells are not lysed due to the 
heavily disulfide cross-linked proteins in the sperm head that resist protease treat-
ment [6, 29, 33, 34].

In DNA forensic labs, the differential lysis method has long been the standard 
for separating spermatozoa from epithelial cells. Although this technique can 
theoretically provide two fractions, as pointed out earlier (one comprising the 
offender’s DNA and the other containing the victim’s DNA), the separation is not 
always complete, resulting in mixed genotypes [29, 33].

5.1.3 Other DNA extraction methods
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samples. The Differex™ System method involves a proteinase K-selective digestion 
of epithelial cells, followed by differential centrifugation and phase separation. The 
use of this method in DNA laboratories indicates it offers efficiency equal to the two-
step method for extracting sperm DNA from mixed stains [6, 35, 36].
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England. This case showed an innocent being accused and 1 year later the guilty 
responsible one being found and processed [37].
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reaction (PCR) analyses. This method includes the autosomal STRs, Y and X 
chromosomes. The PCR is a process of replicating a specific region on the genome, 
over and over again to yield many copies of a region [29, 38].

Before the PCR, the DNA has to be quantified. This is essential in order to ensure 
its correct amplification; its primary purpose is to determine the amount of DNA 
template, resulting from the isolation. There are many methods with different accu-
racy, but knowing the DNA concentration present in the samples allows the forensic 
scientist to establish the ideal amount of DNA required for its amplification in order 
to make it possible to obtain a genetic profile that falls within the quality parameters 
set by the laboratory [29, 39].

The genetic analysis of the evidence collected in sexual crimes commonly 
includes genetic profiles of two or more contributors; in this kind of mixtures, the 
genetic contribution of the individuals is generally unbalanced. This will further 
impair the identification process through a series of stochastic effects, such as 
preferential amplification, which it is known to possibly affect PCR [29, 40].

5.2.1 Short tandem repeat (STR) analysis

Short tandem repeat (STR), also called microsatellites, or simple sequence repeats 
(SSRs) contain a core of nucleotides (length) that are tandemly repeated, and their 
use in forensic science opened a new path in human identification [29, 40, 41].
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It is well known that STRs have a high degree of discrimination due to their 
hypervariable markers, which are useful when it is intended to involve the per-
petrator in the crime scene or in the victim. Artifacts are a common challenge in 
forensic cases; biological ones (stutter products, incomplete adenylation, etc.) and 
instrumental ones (arise from voltage spikes, dye blobs, etc.) must often be sorted 
through in order to generate a complete and accurate STR profile [29, 41, 42].

Biological evidence showing fragmented DNA is commonly found in SA cases 
and can be recovered more effectively when the PCR products are smaller. By 
moving the PCR primers closer to the STR region, the product sizes can be reduced 
while retaining the same information [43–45]. In practice, the success rates in 
recovering information from compromised DNA samples improve with mini STR 
systems compared with conventional STR kits.

The sex chromosomal STR indicates biological lineage of a person, obtaining 
a low power of exclusion between relatives. Y-STR markers can play a role when 
mixed profiles of opposite sexes are involved, in cases where differential extraction 
is not possible, in an azoospermic male or in aged sexual stains [46, 47]. The X-STR 
markers have a wide range of forensic applications and can be used for establishing 
the relationship between distant relatives, such as aunt, niece, and cousins [48, 49].

Furthermore, theoretical and the first empirical evidence was provided to show 
that a set of 13 RM Y-STRs (rapidly mutating Y-STRs) is able to achieve an order 
of magnitude higher than male relative differentiation. The effects of this near-
complete male individualization will be of great benefit to forensic applications 
(e.g., to reduce the inclusion of innocent individuals in sexual investigations due to 
adventitious haplotype matches) [50, 51].

5.2.2 Single nucleotide polymorphisms (SNPs) analysis

Single nucleotide polymorphisms (SNPs) are a single-base sequence variation 
between individuals at a particular point and take place in millions of sites in the 
human genome which means they could differentiate individuals from one another. 
SNPs are able to recover information from degraded DNA samples that show no sto-
chastic phenomena, the sample processing and data analysis can be more automated 
because a size-based separation is not needed, and it has the ability to predict ethnic 
origin and certain physical traits with a careful selection of markers [6, 52].

One of the biggest challenges of using SNPs in forensic DNA typing applications 
is the inability to simultaneously amplify enough SNPs in robust PCR multiplexes, 
from small amounts of DNA. Because a single biallelic SNP yields less information 
than a multi-allelic STR marker, it is necessary to analyze a larger number of SNPs 
in order to obtain a reasonable power of discrimination to define a unique profile. 
Formerly, high-density SNP arrays allow hundreds of thousands or even millions of 
SNPs to be analyzed in parallel.

The basic principles of SNP array are the convergence of DNA hybridization, 
fluorescence microscopy, and solid surface DNA capture. The three mandatory 
components of the SNP arrays are an array containing immobilized allele-specific 
oligonucleotide (ASO) probes; fragmented nucleic acid sequences of target, labeled 
with fluorescent dyes; and a detection system that records and interprets the 
hybridization signal. However, these arrays typically require hundreds of nano-
grams of DNA, which are usually not available from forensic casework samples 
arising from minute biological stains, and for this reason it is more often used in 
ancestry studies [6, 29, 53, 54].

Another form of a biallelic (or di-allelic) polymorphism is insertion-deletion 
of nucleotides or INDEL which can be a DNA segment. Most INDELs exhibit allele 
of few nucleotides length differences. The PCR amplicons were designed to be less 
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than 160 bp, and with this a complete profile could be obtained down to approxi-
mately 300 pg of DNA template [29, 55]. However, not all INDELs are highly 
informative in all populations, and the exact number of INDELs in the human 
genome remains unknown [56].

Both SNPs and INDELs can now be typed using multiplexes based on fragment 
length analysis on instruments available in all routine forensic laboratories, thus 
making it possible to extend the range of markers beyond the currently used STRs. 
In recent years haplotype systems based on multiple SNPs are being tried as optimal 
markers for the forensic area due to their discriminating power nearing that of STRs 
which provides a powerful alternative for the analysis. The microhaplotypes (MHs) 
have 2 or more SNPs in a span of less than 200 nucleotides (creating a multi-allelic 
locus), with extremely low recombination rates and discriminating power similar to 
STRs useful in cases with fragmented DNA and mixture sample analysis [57–59].

5.2.3 Mitochondrial DNA analysis

Mitochondrial DNA (mtDNA) analysis is commonly performed using the 
Sanger sequencing chemistry [60–63]. This DNA sequencing is performed in both 
the forward and reverse directions so that the complementary strands can be com-
pared to one another for quality control purposes. The focus of most forensic DNA 
studies to date has involved two hypervariable regions within the control region 
commonly referred to as HVI (HV1) and HVII (HV2). Occasionally a third portion 
of the control region, known as HV3, is examined to provide more information 
regarding a tested sample [29, 64, 65].

Human mitochondrial DNA is considered to be inherited strictly from our 
mothers and is commonly used in parental linkage. The middle piece of sperm cells 
contains mtDNA, and this DNA is more resistant than autosomal DNA because 
in small circular genomes, the double membrane of the mitochondrion and the 
circular structure (without open ends) act as protective agents against the degrada-
tion processes [35, 66].

The forensic applications for mtDNA include analysis of samples that are 
degraded or with low amount of DNA (e.g., stains, hairs, bones), and it was used 
for the identification of Tsar Nicholas II and his brother Georgij Romanov [67]. 
In recent approach, it has been demonstrated that the mtDNA could be used for 
the identification of sperm cells in the vaginal tract through a micromanipulation 
technique [68, 69]. Besides the physical separation, sequence-specific primers (SSP) 
for the man were used to ensure that the woman’s mtDNA would not be co-ampli-
fied. The primer design was based on the mtDNA haplotype differences between 
contributors determined after mtDNA analysis of buccal swabs. This procedure 
allows the characterization of the male mitotype from a single sperm cell present in 
a vaginal swab [70].

5.2.4 Next-generation sequencing for forensics

There are several next-generation sequencing (NGS) platforms using dif-
ferent sequencing technologies. All of them perform sequencing of millions of 
small fragments of DNA in parallel; they use the bioinformatic analyses to piece 
together these fragments by mapping the individual reads to the human reference 
genome, providing to deliver accurate data and an insight into unexpected DNA 
variations [70–72].

The bases of the method consist in DNA polymerase catalyzing the incorporation 
of fluorescently labeled deoxyribonucleotide triphosphates into a DNA template 
strand during sequential cycles of DNA synthesis. During each cycle, at the point of 
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than a multi-allelic STR marker, it is necessary to analyze a larger number of SNPs 
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components of the SNP arrays are an array containing immobilized allele-specific 
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arising from minute biological stains, and for this reason it is more often used in 
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than 160 bp, and with this a complete profile could be obtained down to approxi-
mately 300 pg of DNA template [29, 55]. However, not all INDELs are highly 
informative in all populations, and the exact number of INDELs in the human 
genome remains unknown [56].

Both SNPs and INDELs can now be typed using multiplexes based on fragment 
length analysis on instruments available in all routine forensic laboratories, thus 
making it possible to extend the range of markers beyond the currently used STRs. 
In recent years haplotype systems based on multiple SNPs are being tried as optimal 
markers for the forensic area due to their discriminating power nearing that of STRs 
which provides a powerful alternative for the analysis. The microhaplotypes (MHs) 
have 2 or more SNPs in a span of less than 200 nucleotides (creating a multi-allelic 
locus), with extremely low recombination rates and discriminating power similar to 
STRs useful in cases with fragmented DNA and mixture sample analysis [57–59].

5.2.3 Mitochondrial DNA analysis

Mitochondrial DNA (mtDNA) analysis is commonly performed using the 
Sanger sequencing chemistry [60–63]. This DNA sequencing is performed in both 
the forward and reverse directions so that the complementary strands can be com-
pared to one another for quality control purposes. The focus of most forensic DNA 
studies to date has involved two hypervariable regions within the control region 
commonly referred to as HVI (HV1) and HVII (HV2). Occasionally a third portion 
of the control region, known as HV3, is examined to provide more information 
regarding a tested sample [29, 64, 65].

Human mitochondrial DNA is considered to be inherited strictly from our 
mothers and is commonly used in parental linkage. The middle piece of sperm cells 
contains mtDNA, and this DNA is more resistant than autosomal DNA because 
in small circular genomes, the double membrane of the mitochondrion and the 
circular structure (without open ends) act as protective agents against the degrada-
tion processes [35, 66].

The forensic applications for mtDNA include analysis of samples that are 
degraded or with low amount of DNA (e.g., stains, hairs, bones), and it was used 
for the identification of Tsar Nicholas II and his brother Georgij Romanov [67]. 
In recent approach, it has been demonstrated that the mtDNA could be used for 
the identification of sperm cells in the vaginal tract through a micromanipulation 
technique [68, 69]. Besides the physical separation, sequence-specific primers (SSP) 
for the man were used to ensure that the woman’s mtDNA would not be co-ampli-
fied. The primer design was based on the mtDNA haplotype differences between 
contributors determined after mtDNA analysis of buccal swabs. This procedure 
allows the characterization of the male mitotype from a single sperm cell present in 
a vaginal swab [70].

5.2.4 Next-generation sequencing for forensics

There are several next-generation sequencing (NGS) platforms using dif-
ferent sequencing technologies. All of them perform sequencing of millions of 
small fragments of DNA in parallel; they use the bioinformatic analyses to piece 
together these fragments by mapping the individual reads to the human reference 
genome, providing to deliver accurate data and an insight into unexpected DNA 
variations [70–72].

The bases of the method consist in DNA polymerase catalyzing the incorporation 
of fluorescently labeled deoxyribonucleotide triphosphates into a DNA template 
strand during sequential cycles of DNA synthesis. During each cycle, at the point of 
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incorporation, the nucleotides are identified by fluorophore excitation. The critical 
difference is that, instead of sequencing a single DNA fragment, NGS extends this 
process across millions of fragments in a massively parallel fashion [73, 74].

The NGS analysis allows to find differences in the ordering of nucleotides in 
the DNA in cases where the alleles are of the same size. It also allows us to analyze 
multiple polymorphisms simultaneously in a single workflow (Autosomal STRs, 
Y-STRs, X-STRs, Identity SNPs, Phenotypic SNPs and Biogeographical ancestry 
SNPs) [74]. NGS reveals substantial sequence variation in addition to repeat length, 
thereby increasing the discriminatory power of STRs compared to conventional 
fragment analysis; it also allows for the analysis of large panels of SNPs when 
severely degraded DNA is involved [72].

On the other hand, the information obtained from multiple analyses in NGS is 
not needed in all forensic cases and can take up large portions of the sequencing 
capacity which will eventually result in fewer samples per sequencing run and a 
higher cost of the investigation. In our experience, a reliable quality control plat-
form for the sizing and quantification of the libraries is necessary.

NGS can also be used for the detection and identification of microorganisms 
found in biological evidence (on victims or perpetrators) and the sexually transmit-
ted infections (STIs) with the aim of tracing the source of microbes besides estimat-
ing the postmortem interval (PMI) related to changes in microbial community 
profiles or “microbial clocks” [75, 76]. NGS has the advantage of high throughput 
and multiplexing capability and accuracy, which makes it suitable for rapid whole-
genome typing of polymorphisms detected by analyzing every base of the genome, 
thus giving forensic data higher resolution and greater accuracy.

Edaphic, necrobiomic microorganisms at the cadaver-soil interface construct 
multi-species communities that change when the host body dies and begins to 
decompose. Characterization of these dynamic changes has been made possible by 
metagenomic technologies [71, 72, 75]. It is expected that a high-quality forensic 
microbial database will soon become a reality and aid in the fast and accurate 
identification of criminals and biological terrorists.

Even nonhuman species identification is an important component of forensic 
practice: The species that range from domestic animals (common in the urban 
areas) to insects that were present in crime scene [29, 77]. Entomological evidence 
is used to define the PMI, and it is essentially based on the morphological recogni-
tion of the insect and an estimation of its insect life cycle stage; however, molecular 
genotyping methods can also provide an important support for forensic entomo-
logical investigations when the identification of species or human genetic material 
in their digestive tract is required [71, 72, 75, 76].

Epigenetic approaches based on NGS technology include whole-genome bisul-
fite sequencing and methylated DNA sequencing. Interestingly, extremely low 
amounts of starting DNA (100 pg) were successfully analyzed through genome-
wide amplification of a bisulfite-modified DNA template, followed by quantitative 
methylation detection using pyrosequencing. Additionally, another encouraging 
study performed bisulfite genomic DNA sequencing with micro-volume blood spot 
samples. This can also be used to predict tissue type and associations with diseases 
and determine the sex and age of a DNA donor [71, 72, 75].

Furthermore distinguishing monozygotic twins has been a limitation in forensic 
genetics, since they exhibit identical STR profiles; the high number of readings of a 
single sequence that is able to reach NGS, allows to see the variations of methylated 
DNA and mitochondrial SNPs, giving us a way to distinguish them [78, 79].

MicroRNAs (miRNAs) have only recently been introduced to forensic science; 
they are a class of endogenous small RNA molecules with 18–24 nucleotides in 
length. There small size, resistance to degradation, and tissue-specific or highly 
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tissue-divergent expression plays an essential regulative role for many cellular 
processes. They are suitable for forensic body fluid identification making it possible 
to conclusively link a DNA profile to a particular body fluid, species identification, 
different disease states, and PMI [71].

NGS technology in forensic science will increase the field of applications which 
contribute to the resolution of criminal cases. The standardization of procedures 
among laboratories will lead to the acceptance before the court, as well as to the 
understanding of their uses and limitations (see Figure 3).

5.3 Ancestry and phenotypic expression

Humans are 99.9% identical in their DNA. The difference between each 
human genome is small. Yet, in analyzing these small differences, we can begin to 
understand what makes us unique. The variation between human genomes is not 
randomly distributed across the globe. Humans are more likely to have descendants 
with people that live nearby; the closer geographically two individuals or popula-
tions are, the more genetically similar to they tend to be. If we were to gather DNA 
from across the globe, we could connect certain genetic signatures to geographic 
spaces. Population-specific alleles have been found in both STR and SNP markers. 
The genetic patterns of human population variation arose from a series of sequen-
tial migrations and bottleneck events [80, 81].

5.3.1 Analysis of genetic markers of ancestry

SNPs are more convenient to become “fixed” in a population than are STRs, 
because of their lower mutation rate. SNPs change on the order of once every 
hundred generations, while STR mutation rates are approximately one in a thou-
sand. Ancestry informative markers (AIMs) possess alleles with large frequency 
differences between populations that can help distinguish them. A small proportion 
of SNP variants have emerged as particularly informative for ancestry, inferred by 
comparing a sample’s genetic diversity with the patterns of variation in contempo-
rary populations. When selecting suitable ancestry informative markers, the degree 
of divergence between populations and the number of populations that a test seeks 
to differentiate have both a bearing on the selection process [80, 82].

Ancestry inference offers many other applications, including aiding cold case 
reviews with additional data on linked profiles; achieving more complete identi-
fications of missing persons or disaster victims; assessing atypical combinations 
of physical characteristics in individuals with admixed parentage; and enhancing 
genetic studies where forensic sensitivity is necessary, e.g., testing medical archive 
material or archaeological DNA [82].

AIMs, however, are not 100% accurate for predicting ancestral background 
of samples; for example, individuals with mixed ancestral backgrounds may not 
possess the expected phenotypic characteristics. Thus, results from genetic tests 
attempting to predict ethnic origin or ancestry should always be interpreted with 
caution and only in the context of other reliable evidence. In countries like the 
United States where movement of the population is more fluid, greater levels of 
admixture are expected, and thus genetic testing results would not be as likely to 
correlate strongly with geographic location. However, the possibility of admixed 
ancestry raises a warning in the use of any statistic with any panel of AIMs. 
Admixed ancestry cannot be estimated accurately unless the ancestral populations 
are represented among the reference populations [83].

AIMs are limited, identification of the optimal SNPs could change between 
group of samples, and some panels are based on very large numbers of SNPs, 
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tissue-divergent expression plays an essential regulative role for many cellular 
processes. They are suitable for forensic body fluid identification making it possible 
to conclusively link a DNA profile to a particular body fluid, species identification, 
different disease states, and PMI [71].

NGS technology in forensic science will increase the field of applications which 
contribute to the resolution of criminal cases. The standardization of procedures 
among laboratories will lead to the acceptance before the court, as well as to the 
understanding of their uses and limitations (see Figure 3).

5.3 Ancestry and phenotypic expression

Humans are 99.9% identical in their DNA. The difference between each 
human genome is small. Yet, in analyzing these small differences, we can begin to 
understand what makes us unique. The variation between human genomes is not 
randomly distributed across the globe. Humans are more likely to have descendants 
with people that live nearby; the closer geographically two individuals or popula-
tions are, the more genetically similar to they tend to be. If we were to gather DNA 
from across the globe, we could connect certain genetic signatures to geographic 
spaces. Population-specific alleles have been found in both STR and SNP markers. 
The genetic patterns of human population variation arose from a series of sequen-
tial migrations and bottleneck events [80, 81].

5.3.1 Analysis of genetic markers of ancestry

SNPs are more convenient to become “fixed” in a population than are STRs, 
because of their lower mutation rate. SNPs change on the order of once every 
hundred generations, while STR mutation rates are approximately one in a thou-
sand. Ancestry informative markers (AIMs) possess alleles with large frequency 
differences between populations that can help distinguish them. A small proportion 
of SNP variants have emerged as particularly informative for ancestry, inferred by 
comparing a sample’s genetic diversity with the patterns of variation in contempo-
rary populations. When selecting suitable ancestry informative markers, the degree 
of divergence between populations and the number of populations that a test seeks 
to differentiate have both a bearing on the selection process [80, 82].

Ancestry inference offers many other applications, including aiding cold case 
reviews with additional data on linked profiles; achieving more complete identi-
fications of missing persons or disaster victims; assessing atypical combinations 
of physical characteristics in individuals with admixed parentage; and enhancing 
genetic studies where forensic sensitivity is necessary, e.g., testing medical archive 
material or archaeological DNA [82].

AIMs, however, are not 100% accurate for predicting ancestral background 
of samples; for example, individuals with mixed ancestral backgrounds may not 
possess the expected phenotypic characteristics. Thus, results from genetic tests 
attempting to predict ethnic origin or ancestry should always be interpreted with 
caution and only in the context of other reliable evidence. In countries like the 
United States where movement of the population is more fluid, greater levels of 
admixture are expected, and thus genetic testing results would not be as likely to 
correlate strongly with geographic location. However, the possibility of admixed 
ancestry raises a warning in the use of any statistic with any panel of AIMs. 
Admixed ancestry cannot be estimated accurately unless the ancestral populations 
are represented among the reference populations [83].

AIMs are limited, identification of the optimal SNPs could change between 
group of samples, and some panels are based on very large numbers of SNPs, 
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thereby limiting the ability of others to test different populations. AIMs in forensic 
genetic investigations of crime scene can be performed on very small amounts of 
DNA, less than 1 ng. The strategy for interpretation of the result of AIM investiga-
tions can be explorative. The likelihoods of the AIM profiles in various populations 
may be calculated, and the one with the highest likelihood may be considered the 
population of origin. When two populations are identified a priori, the likelihood 
ratios of the populations are calculated.

The likelihood that one population is greater than another does not prove that 
any of the two populations are relevant to the AIM profile, due to the fact that even 
though the populations may be exclusive, they are not exhaustive in the sense that 
covers all possible human populations [84, 85].

Due to continuous migrations, AIM alleles are shared across all human groups; 
it is not the absolute presence/absence of an allele, rather its frequency in the 
population that is usually analyzed when inferring ancestry. The recombination of 
autosomal markers can provide additional information about the admixed nature of 
an individual. Y-chromosome markers and mitochondrial DNA (mtDNA) sequence 
variation have benefits and limitations for ancestry inference that relate to their 
maternal and paternal lineages [82]. INDELs may also be valuable AIMs, but the 
number of markers and the informative value are less than those of SNPs [84].

5.3.2 Analysis of genetic markers of phenotypic expression

Forensic phenotyping can provide useful intelligence regarding the ancestry 
and externally visible characteristics (EVCs) of the donor of an evidentiary sample. 
Currently, SNPs base inference of externally visible characteristics. This may substitute 
and support eyewitness testimony when descriptions are unavailable or uncertain, in 
which DNA from the perpetrator is available but no suspect is identified [80, 86].

The predicting phenotypes of EVCs from DNA genotypes have the final aim of 
concentrating police investigations to find persons completely unknown, without 
database matches or low quality/quantity of DNA available and finally requesting 
standard forensic STR profiling only for the reduced number of EVC matching 
suspects aiming DNA individualization for courtroom use [86, 87].

The ability to predict the physical appearance of an individual directly from 
crime scene material can in principle help police investigations by limiting a large 
number of potential suspects where unknown perpetrators are involved, where 
STR profiling could not provide a hit within the DNA (profile) database or could 
not provide a match with a suspect singled-out by authorities or cases where an STR 
profile could simply not be generated due to low quality and/or quantity of DNA 
available.

In the case of an unidentified body being found in an advance state of decom-
position with no visible physical characteristics, EVCs are expected to provide leads 
for human identification. However, work is still being done to identify predictive 
DNA markers for several other EVCs such as skin color, hair color, body height, 
male baldness, and hair morphology [84, 87–89].

Numerous global studies describe correlations between population geographical 
distribution and variations in the allele frequencies that are linked to several human 
phenotypes, including the skin, hair, and iris pigmentation, biological metabolism, 
biological modification variants, disease susceptibility, and morphology, because 
these variations are expected to display great population diversity. The investigators 
and juries may have trouble understanding probabilities from ancestry or phenotyp-
ing predictions using DNA results. Telling a detective that the individual donor of a 
biological sample at a crime scene has an 80% chance of having blue eyes is new ter-
ritory when he or she typically associates a DNA result as being irrefutable evidence. 
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If ancestry prediction and forensic phenotyping are pursued, then expectations of 
individuals using the information will need to be managed [89, 90]. Figure 4 shows 
next-generation sequencing applications and its usefulness in human identification.

6. Genetic DNA database

Forensic genetics has become a key test in multiple criminal and civil proceed-
ings for its ability to confirm or eliminate a suspect. In the criminal field, it allows 
to analyze criminal strategies and identify authors, improving judicial and police 
management [5, 6, 12, 29, 91]. The DNA databases pursue the resolution of criminal 
cases allowing the automated comparison of DNA profiles from the crime scene, of 
suspects or convicts and sometimes of the victims. The usefulness of this type of 
database is indisputable in all the countries in which it exists [6, 14, 29, 92].

Figure 4. 
Next generation sequencing applications. NGS analysis in forensic science provides ample information showing 
the highest level of precision on individual identity (profiling) and the lowest on prediction of the habitudes of 
a person (epigenetic biomarkers).
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Currently genetic database CODIS (Combined DNA Index System) developed 
by the US FBI exchange and compare DNA profiles electronically from crime 
scenes and convicted offenders are stored. CODIS can be searched to determine 
if a DNA profile pulled from biological evidence in a crime matches the DNA of a 
known offender or DNA from evidence in another crime.

The legislations of each country vary in certain points that affect these issues. 
Another important point is to determine which laboratories can generate DNA pro-
files that are included in the database. It is likely that in the near future, developed 
countries will establish collaboration agreements for the exchange of genetic data, 
which could be a fundamental tool for the fight against some crimes. It is important 
that public agencies know the scope of these databases and establish collaboration 
agreements for the exchange and collation of information for criminal investigation 
purposes.

7. Conclusions

Sexual assault is a complex crime that involves medical and psychological atten-
tion for the victim and generates high financial cost per the development of forensic 
investigation. During investigation the identification, collecting and packing of bio-
logical fluids in the crime scene and the analysis of evidence in labs are fundamental 
since errors during this stage would affect the rest of the investigation [6]. The use 
of protocols of interventions in crime scene decreases the possibility of loss of data 
that could clarify the crime, and even the protocol must be complemented with 
the interview of witnesses and/or victims in order to make decisions in broadening 
the area of evidence search. The standardization and quality control of procedures 
guarantee that all personnel manage a crime scene in the same way.

For the correct and successful investigation of sexual crimes, it is necessary to 
recover evidence in three principal areas: crime scene, victims, and perpetrator. 
Evidence recovery must be completed during the first hours after the crime; this is 
crucial for the success of the investigation, although it does not always happen for 
some investigation units [8, 11, 13, 14].

The analysis of evidence in the laboratory continues with the macroscopic exam-
ination of biological spots. The methods used by crime laboratories are presumptive 
screening tests, and some of them have confirmatory tests that will conclusively 
identify their presence. A disadvantage of most of these current methods is that 
they are designed to detect a specific body fluid (Figure 3); the investigator needs 
to decide which test to perform based on the fluid that is most likely present [6]. 
It is necessary to develop a universal confirmatory test that can be applied to an 
unknown stain and which will be able to identify any of the body fluids. However, 
in 2016 Scientific Working Group on DNA Analysis Methods (SWGDAM) recom-
mends the SA-targeted testing approach: direct to DNA. The serology test employed 
by laboratories is less sensitive than modern DNA typing kits; However, DNA typ-
ing only the swabs which screen positive in the serology test enables the possibility  
of missing elegible profiles [42, 71, 73].

Microscopic identification of sperm cells continues to be used in some forensic 
laboratories; its usefulness continues to be controversial due to the fact that the use 
of this technique in cases in which the evidence is minimal leads to the loss of such 
evidence besides making sperm cell identification difficult due to the lack of con-
trast. Fluorescent contrast techniques (FISH and immunolabeling) and LMD solve 
the problem of microscopic identification by allowing to separate cell mixtures 
from more than one contributor and producing genetic autosomal profiles free from 
DNA contamination [18, 25–27].
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DNA extraction methods are increasingly effective in the recovery of trace evi-
dence but are still ineffective in the analysis of mixture (separation of contributors), 
which is a common scenario in sexual assault. The technique used to isolate sperm 
cells from epithelial cells is the differential extraction, but since it is not always pos-
sible to separate both cells, it is necessary to implement other techniques [33].

Autosomal STR analysis using the PCR technique is widely used for human iden-
tification; however, DNA mixture is frequent in sex crimes, and its scope is limited. 
The application of next-generation sequencing in cases of mixed DNA allows the 
solving of the problem since the sequencing can show the construction of the bases 
that make up the units of alleles. Thus, even if two or three people in a mixture 
have the same length, next-generation sequencing (NGS) can tell them apart or, in 
compromised and degraded samples, regain relevance in sexual crimes [72, 76].

NGS has opened new possibilities in human identification, since it is no longer 
limited to one type of marker at a time. It allows analyzing a large number of indi-
viduals obtaining a significant depth of sequencing of their genomes; an analyst can 
sequence a multiple number of STRs, identity, ancestry, and phenotypic informa-
tive SNPs [74]. However, it is necessary to establish parameters in the admissibility 
of the evidence on new technologies; considering phenotypic information as a 
search pattern for a suspect, as well as tracking it with the information of their 
ancestry, is debatable from an ethical and moral point of view. There is a lot of work 
to be done for this area to be developed.

Conclusively, solid foundations in the development of sexual assault investiga-
tions include scrutiny, selection, and discrimination of evidence supported on the 
knowledge of the forensic investigator. It is the investigators who hold a crucial role 
in the fulfillment of the purpose of forensic sciences which is to contribute to the 
uphold of justice amid the threat to humanity’s most fundamental rights, to life and 
freedom.

Acknowledgements

The authors would like to express our gratitude to all forensic scientists of the 
Criminalistics and Forensic Services Institute for providing technical reference and 
their valuable information.

Conflict of interest

We declare that we have no conflict of interest.

Notes/thanks/other declarations

None.



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

32

Currently genetic database CODIS (Combined DNA Index System) developed 
by the US FBI exchange and compare DNA profiles electronically from crime 
scenes and convicted offenders are stored. CODIS can be searched to determine 
if a DNA profile pulled from biological evidence in a crime matches the DNA of a 
known offender or DNA from evidence in another crime.

The legislations of each country vary in certain points that affect these issues. 
Another important point is to determine which laboratories can generate DNA pro-
files that are included in the database. It is likely that in the near future, developed 
countries will establish collaboration agreements for the exchange of genetic data, 
which could be a fundamental tool for the fight against some crimes. It is important 
that public agencies know the scope of these databases and establish collaboration 
agreements for the exchange and collation of information for criminal investigation 
purposes.

7. Conclusions

Sexual assault is a complex crime that involves medical and psychological atten-
tion for the victim and generates high financial cost per the development of forensic 
investigation. During investigation the identification, collecting and packing of bio-
logical fluids in the crime scene and the analysis of evidence in labs are fundamental 
since errors during this stage would affect the rest of the investigation [6]. The use 
of protocols of interventions in crime scene decreases the possibility of loss of data 
that could clarify the crime, and even the protocol must be complemented with 
the interview of witnesses and/or victims in order to make decisions in broadening 
the area of evidence search. The standardization and quality control of procedures 
guarantee that all personnel manage a crime scene in the same way.

For the correct and successful investigation of sexual crimes, it is necessary to 
recover evidence in three principal areas: crime scene, victims, and perpetrator. 
Evidence recovery must be completed during the first hours after the crime; this is 
crucial for the success of the investigation, although it does not always happen for 
some investigation units [8, 11, 13, 14].

The analysis of evidence in the laboratory continues with the macroscopic exam-
ination of biological spots. The methods used by crime laboratories are presumptive 
screening tests, and some of them have confirmatory tests that will conclusively 
identify their presence. A disadvantage of most of these current methods is that 
they are designed to detect a specific body fluid (Figure 3); the investigator needs 
to decide which test to perform based on the fluid that is most likely present [6]. 
It is necessary to develop a universal confirmatory test that can be applied to an 
unknown stain and which will be able to identify any of the body fluids. However, 
in 2016 Scientific Working Group on DNA Analysis Methods (SWGDAM) recom-
mends the SA-targeted testing approach: direct to DNA. The serology test employed 
by laboratories is less sensitive than modern DNA typing kits; However, DNA typ-
ing only the swabs which screen positive in the serology test enables the possibility  
of missing elegible profiles [42, 71, 73].

Microscopic identification of sperm cells continues to be used in some forensic 
laboratories; its usefulness continues to be controversial due to the fact that the use 
of this technique in cases in which the evidence is minimal leads to the loss of such 
evidence besides making sperm cell identification difficult due to the lack of con-
trast. Fluorescent contrast techniques (FISH and immunolabeling) and LMD solve 
the problem of microscopic identification by allowing to separate cell mixtures 
from more than one contributor and producing genetic autosomal profiles free from 
DNA contamination [18, 25–27].

33

Biological Evidence Analysis in Cases of Sexual Assault
DOI: http://dx.doi.org/10.5772/intechopen.82164

DNA extraction methods are increasingly effective in the recovery of trace evi-
dence but are still ineffective in the analysis of mixture (separation of contributors), 
which is a common scenario in sexual assault. The technique used to isolate sperm 
cells from epithelial cells is the differential extraction, but since it is not always pos-
sible to separate both cells, it is necessary to implement other techniques [33].

Autosomal STR analysis using the PCR technique is widely used for human iden-
tification; however, DNA mixture is frequent in sex crimes, and its scope is limited. 
The application of next-generation sequencing in cases of mixed DNA allows the 
solving of the problem since the sequencing can show the construction of the bases 
that make up the units of alleles. Thus, even if two or three people in a mixture 
have the same length, next-generation sequencing (NGS) can tell them apart or, in 
compromised and degraded samples, regain relevance in sexual crimes [72, 76].

NGS has opened new possibilities in human identification, since it is no longer 
limited to one type of marker at a time. It allows analyzing a large number of indi-
viduals obtaining a significant depth of sequencing of their genomes; an analyst can 
sequence a multiple number of STRs, identity, ancestry, and phenotypic informa-
tive SNPs [74]. However, it is necessary to establish parameters in the admissibility 
of the evidence on new technologies; considering phenotypic information as a 
search pattern for a suspect, as well as tracking it with the information of their 
ancestry, is debatable from an ethical and moral point of view. There is a lot of work 
to be done for this area to be developed.

Conclusively, solid foundations in the development of sexual assault investiga-
tions include scrutiny, selection, and discrimination of evidence supported on the 
knowledge of the forensic investigator. It is the investigators who hold a crucial role 
in the fulfillment of the purpose of forensic sciences which is to contribute to the 
uphold of justice amid the threat to humanity’s most fundamental rights, to life and 
freedom.

Acknowledgements

The authors would like to express our gratitude to all forensic scientists of the 
Criminalistics and Forensic Services Institute for providing technical reference and 
their valuable information.

Conflict of interest

We declare that we have no conflict of interest.

Notes/thanks/other declarations

None.



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

34

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Author details

Benito Ramos González1*, Miranda Córdova Mercado1, Orlando Salas Salas2,  
Juan Carlos Hernández Reyes3, Martín Guardiola Ramos3, Elton Solis Esquivel4, 
Gerardo Castellanos Aguilar5 and Porfirio Diaz Torres5

1 Scientific Research Department, Criminalistics and Forensic Services Institute, 
Attorney General’s Office of the State of Nuevo Leon, Monterrey, Mexico

2 Forensic Genetic Laboratory, Criminalistics and Forensic Services Institute, 
Attorney General’s Office of the State of Nuevo Leon, Monterrey, Mexico

3 Evidence Analysis Laboratory, Criminalistics and Forensic Services Institute, 
Attorney General’s Office of the State of Nuevo Leon, Monterrey, Mexico

4 Forensic Chemistry Laboratory and Quality Assurance, Criminalistics and 
Forensic Services Institute, Attorney General’s Office of the State of Nuevo Leon, 
Monterrey, Mexico

5 Crime Investigation Group, Criminalistics and Forensic Services Institute, 
Attorney General’s Office of the State of Nuevo Leon, Monterrey, Mexico

*Address all correspondence to: benito.ramos@gmail.com

35

Biological Evidence Analysis in Cases of Sexual Assault
DOI: http://dx.doi.org/10.5772/intechopen.82164

References

[1] Magalhães T, Dinis-Oliveira RJ, 
Silva B, Corte-Real F, Nuno-Vieira 
D. Biological evidence management 
for DNA analysis in cases of sexual 
assault. The Scientific World 
Journal. 2015;2015:1-11. DOI: 
10.1155/2015/365674

[2] Technical Working Group on Crime 
Scene Investigation United States of 
America. Crime Scene Investigation: A 
Guide for Law Enforcement [Internet]. 
2000. Available from: https://www.
ncjrs.gov/pdffiles1/nij/178280.pdf 
[Accessed: 10 July 2018]

[3] Lee W, Khoo B. Forensic light sources 
for detection of biological evidences 
in crime scene investigation: A review. 
Malaysian Journal of Forensic Sciences. 
2010;1:17-28

[4] Horswell J. The practice of crime 
scene investigation. In: International 
Forensic Science and Investigation 
Series. 1st ed. New York: CRC Press; 
2004. 421 p. ISBN: 0-748-40609-3

[5] Li R. Forensic Biology. 2nd ed. Boca 
Raton: CRC Press. 533 p. ISBN: 13: 
978-1-4398-8972-5

[6] Buttler JM. Advanced Topics in 
Forensic DNA Typing: Methodology. 1st  
ed. San Diego: Academy Press; 2012. 652 
p. ISBN: 978-0-12-374513-2

[7] Marshall PL, Stoljarova M, Larue 
BL, King JL, Budowle B. Evaluation of 
a novel material, Diomics X-Swab™, 
for collection of DNA. Forensic Science 
International: Genetics. 2014;12: 
192-198. DOI: 10.1016/j.fsigen. 
2014.05.014

[8] Chávez ML, Hernández-Cortés R, 
Jaramillo-Rangel G, Ortega-Martinez 
M. Relevance of sampling and DNA 
extraction techniques for the analysis 
of salivary evidence from bite marks: 
A case report. Genetics and Molecular 

Research. 2015;14:10165-10171. DOI: 
10.4238/2015.August.21.23

[9] Sweet D, Lorente M, Lorente 
JA, Valenzuela A, Villanueva E. An 
improved method to recover saliva from 
human skin the double swab technique. 
Journal Forensic Science. 1997;42: 
320-322. DOI: 10.1520/JFS14120J

[10] Sabine Hess S, Haas C. Recovery 
of trace dna on clothing: A comparison 
of mini-tape lifting and three other 
forensic evidence collection techniques. 
Journal of Forensic Science. 2017;62: 
187-191. DOI: 10.1111/1556-4029.13246

[11] Howard S. National Best 
Practices for Sexual Assault Kits: A 
Multidisciplinary Approach [Internet]. 
2017. Available from: https://www.ncjrs.
gov/pdffiles1/nij/250384.pdf [Accessed: 
01 July 2018]

[12] International Protocol on the 
Documentation and Investigation of 
Sexual Violence in Conflict [Internet]. 
2014. Available from: https://assets.
publishing.service.gov.uk/government/
uploads/system/uploads/attachment_
data/file/319054/PSVI_protocol_web.
pdf [Accessed: 10 August 2018]

[13] Hebda LM, Doran AE, Foran 
DR. Collecting and analyzing 
DNA evidence from fingernails: a 
comparative study. Journal Forensic 
Science. 2014;59:1343-1350. DOI: 
10.1111/1556-4029.12465

[14] Forensic Exams for the Sexual 
Assault Suspect [Internet]. 2013. 
Available from: http://www.evawintl.
org/library/DocumentLibraryHandler.
ashx?id=24 [Accessed: 08 August 2018]

[15] Akmal M, Aulanni’am A, Widodo 
MA, Sumitro BS, Purnomo BB. The 
important role of protamine in 
spermatogenesis and quality of sperm: 



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

34

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Author details

Benito Ramos González1*, Miranda Córdova Mercado1, Orlando Salas Salas2,  
Juan Carlos Hernández Reyes3, Martín Guardiola Ramos3, Elton Solis Esquivel4, 
Gerardo Castellanos Aguilar5 and Porfirio Diaz Torres5

1 Scientific Research Department, Criminalistics and Forensic Services Institute, 
Attorney General’s Office of the State of Nuevo Leon, Monterrey, Mexico

2 Forensic Genetic Laboratory, Criminalistics and Forensic Services Institute, 
Attorney General’s Office of the State of Nuevo Leon, Monterrey, Mexico

3 Evidence Analysis Laboratory, Criminalistics and Forensic Services Institute, 
Attorney General’s Office of the State of Nuevo Leon, Monterrey, Mexico

4 Forensic Chemistry Laboratory and Quality Assurance, Criminalistics and 
Forensic Services Institute, Attorney General’s Office of the State of Nuevo Leon, 
Monterrey, Mexico

5 Crime Investigation Group, Criminalistics and Forensic Services Institute, 
Attorney General’s Office of the State of Nuevo Leon, Monterrey, Mexico

*Address all correspondence to: benito.ramos@gmail.com

35

Biological Evidence Analysis in Cases of Sexual Assault
DOI: http://dx.doi.org/10.5772/intechopen.82164

References

[1] Magalhães T, Dinis-Oliveira RJ, 
Silva B, Corte-Real F, Nuno-Vieira 
D. Biological evidence management 
for DNA analysis in cases of sexual 
assault. The Scientific World 
Journal. 2015;2015:1-11. DOI: 
10.1155/2015/365674

[2] Technical Working Group on Crime 
Scene Investigation United States of 
America. Crime Scene Investigation: A 
Guide for Law Enforcement [Internet]. 
2000. Available from: https://www.
ncjrs.gov/pdffiles1/nij/178280.pdf 
[Accessed: 10 July 2018]

[3] Lee W, Khoo B. Forensic light sources 
for detection of biological evidences 
in crime scene investigation: A review. 
Malaysian Journal of Forensic Sciences. 
2010;1:17-28

[4] Horswell J. The practice of crime 
scene investigation. In: International 
Forensic Science and Investigation 
Series. 1st ed. New York: CRC Press; 
2004. 421 p. ISBN: 0-748-40609-3

[5] Li R. Forensic Biology. 2nd ed. Boca 
Raton: CRC Press. 533 p. ISBN: 13: 
978-1-4398-8972-5

[6] Buttler JM. Advanced Topics in 
Forensic DNA Typing: Methodology. 1st  
ed. San Diego: Academy Press; 2012. 652 
p. ISBN: 978-0-12-374513-2

[7] Marshall PL, Stoljarova M, Larue 
BL, King JL, Budowle B. Evaluation of 
a novel material, Diomics X-Swab™, 
for collection of DNA. Forensic Science 
International: Genetics. 2014;12: 
192-198. DOI: 10.1016/j.fsigen. 
2014.05.014

[8] Chávez ML, Hernández-Cortés R, 
Jaramillo-Rangel G, Ortega-Martinez 
M. Relevance of sampling and DNA 
extraction techniques for the analysis 
of salivary evidence from bite marks: 
A case report. Genetics and Molecular 

Research. 2015;14:10165-10171. DOI: 
10.4238/2015.August.21.23

[9] Sweet D, Lorente M, Lorente 
JA, Valenzuela A, Villanueva E. An 
improved method to recover saliva from 
human skin the double swab technique. 
Journal Forensic Science. 1997;42: 
320-322. DOI: 10.1520/JFS14120J

[10] Sabine Hess S, Haas C. Recovery 
of trace dna on clothing: A comparison 
of mini-tape lifting and three other 
forensic evidence collection techniques. 
Journal of Forensic Science. 2017;62: 
187-191. DOI: 10.1111/1556-4029.13246

[11] Howard S. National Best 
Practices for Sexual Assault Kits: A 
Multidisciplinary Approach [Internet]. 
2017. Available from: https://www.ncjrs.
gov/pdffiles1/nij/250384.pdf [Accessed: 
01 July 2018]

[12] International Protocol on the 
Documentation and Investigation of 
Sexual Violence in Conflict [Internet]. 
2014. Available from: https://assets.
publishing.service.gov.uk/government/
uploads/system/uploads/attachment_
data/file/319054/PSVI_protocol_web.
pdf [Accessed: 10 August 2018]

[13] Hebda LM, Doran AE, Foran 
DR. Collecting and analyzing 
DNA evidence from fingernails: a 
comparative study. Journal Forensic 
Science. 2014;59:1343-1350. DOI: 
10.1111/1556-4029.12465

[14] Forensic Exams for the Sexual 
Assault Suspect [Internet]. 2013. 
Available from: http://www.evawintl.
org/library/DocumentLibraryHandler.
ashx?id=24 [Accessed: 08 August 2018]

[15] Akmal M, Aulanni’am A, Widodo 
MA, Sumitro BS, Purnomo BB. The 
important role of protamine in 
spermatogenesis and quality of sperm: 



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

36

A mini review. Asian Pacific Journal of 
Reproduction. 2016;5:357-360. DOI: 
10.1016/j.apjr.2016.07.013

[16] De Moors A, Georgalis T, Armstrong 
G, Modler JB, Fre’geau Chantal J. Sperm 
Hy-LiterTM: An effective tool for the 
detection of spermatozoa in sexual 
assault exhibits. Forensic Science 
International: Genetics. 2013;7:367-379. 
DOI: 10.1016/j.fsigen.2013.02.011

[17] Westring CG, Morten W, Nielsen 
SJ, Fogleman JC, Old JB, Lenz C, 
et al. SPERM HY-LITERTM for the 
identification of spermatozoa from 
sexual assault evidence. Forensic 
Science International: Genetics. 
2014;12:161-167. DOI: 10.1016/j.
fsigen.2014.06.003

[18] McAlister C. The use of 
fluorescence in situ hybridisation and 
laser microdissection to identify and 
isolate male cell in an azoospermic 
sexual assault case. Forensic Science 
International: Genetics. 2011;5:69-73. 
DOI: 10.1016/j.fsigen.2010.04.008

[19] Fontana F, Rapone C, Bregola G, 
Aversa R, de Meo A, Signorini G, et al. 
Isolation and genetic analysis of pure 
cells from forensic biological mixtures: 
The precision of a digital approach. 
Forensic Science International: Genetics. 
2017;29:225-241. DOI: 10.1016/j.
fsigen.2017.04.023

[20] Han JP, Yang F, Xu C, Wei YL, Zhao 
XC, Hu L, et al. A new strategy for 
sperm isolation and STR typing from 
multi-donor sperm mixtures. Forensic 
Science International: Genetics. 
2014;13:239-246. DOI: 10.1016/j.
fsigen.2014.08.012

[21] Costa S, Cainé L, Porto MJ, 
Correia-de-Sá P. Laser scanning 
microdissection, advantages and pitfalls 
in forensic diagnosis. In: Antonio 
MV, editor. Microscopy and Imaging 
Science: Practical Approaches to 
Applied Research and Education. 1st 

ed. Formatex Research Center; 2017. 
pp. 202-207. ISBN-13: 9788494213496

[22] Elliott K, Hill DS, Lambert C, 
Burroughes TR, Gill P. Use of laser 
microdissection greatly improves 
the recovery of DNA from sperm on 
microscope slides. Forensic Science 
International. 2003;137:28-36. DOI: 
10.1016/S0379-0738(03)00267-6

[23] Micke P, Ostman A, Lundeberg 
J, Ponten F. Laser-assisted cell 
microdissection using the PALM 
system. Methods in Molecular Biology. 
2005;293:151-166

[24] Vandewoestyne M, Van Hoofstat 
D, Van Nieuwerburgh F, Deforce 
D. Automatic detection of spermatozoa 
for laser capture microdissection. 
International Journal Legal Medicine. 
2009;123:169-175. DOI: 10.1007/
s00414-008-0271-1

[25] Murray C, McAlister C, Elliott 
K. Identification and isolation of 
male cells using fluorescence in situ 
hybridisation and laser microdissection, 
for use in the investigation of sexual 
assault. Forensic Science Internacional: 
Genetics. 2007;1:247-252. DOI: 10.1016/j.
fsigen.2007.05.003 [Epub Aug 13, 2007]

[26] Lynch L, Gamblin A, Vintiner S, 
Simons JL. STR profiling of epithelial 
cells identified by X/Y-FISH labelling 
and laser microdissection using 
standard and elevated PCR conditions. 
Forensic Science International: 
Genetics. 2015;16:1-7. DOI: 10.1016/j.
fsigen.2014.10.017

[27] Murray C, McAlister C, Elliott 
K. The use of fluorescence in situ 
hybridisation and laser microdissection 
to isolate male non-sperm cells in cases 
of sexual assault. International Congress 
Series. 2006;4:622-624. DOI: 10.1016/j.
fsigen.2010.04.008

[28] Chen J, Kobilinsky L, Wolosin D, 
Shaler R, Baum H. A physical method 

37

Biological Evidence Analysis in Cases of Sexual Assault
DOI: http://dx.doi.org/10.5772/intechopen.82164

for separating spermatozoa from 
epithelial cells in sexual assault evidence. 
Journal Forensic Science. 1998;43:114-
118. DOI: 10.1520/JFS16097J

[29] Butler JM. Forensic DNA Typing: 
Biology, Technology and Genetics 
of STR Markers. 2nd ed. Burlington: 
Academy Press; 2005. 660 p. ISBN: 
9781493300204

[30] Phillips K, McCallum N, Welch L. A 
comparison of methods for forensic 
DNA extraction: Chellex-100 and the 
QIAGEN DNA Investigator kit (manual 
and automated). Forensics Science 
International: Genetics. 2012;6:282-285. 
DOI: 10.1016/j.fsigen.2011.04.018

[31] Hu Q , Liu Y, Yi S, Huang D. A 
comparison of four methods for PCR 
inhibitor removal. Forensic Science 
International: Genetics. 2015;16:94-97. 
DOI: 10.1016/j.fsigen.2014.12.001 [Epub 
Dec 12, 2014]

[32] Singh UA, Kumari M, Iyengar 
S. Method for improving the quality of 
genomic DNA obtained from minute 
quantities of tissue and blood samples 
using Chelex 100 resin. Biological 
Procedures Online. 2018;1:12. DOI: 
10.1186/s12575-018-0077-6

[33] Gill P, Jeffreys AJ, Werrett 
DJ. Forensic application of DNA 
‘fingerprints. Nature. 1985;318:577-579. 
DOI: 10.1038/318577a0

[34] Schwerdtner G, Germann U, Cossu 
C. The separation of male and female: 
A comparison of seven protocols. 
Forensic Science International: 
Genetics. 2017;6:e9-e11. DOI: 10.1016/j.
fsigss.2017.09.021

[35] Tsukada K, Asamura H, Ota M, 
Kobayashi K, Fukushima H. Sperm 
DNA extraction from mixed stains 
using the Differex™ System. Elsevier: 
International Congress Series. 
2006;1288:700-703. DOI: 10.1016/j.
ics.2005.12.059

[36] Mudariki T, Pallikarana-Tirumala 
H, Ives L, Hadi S, Goodwin W. A 
comparative study of two extraction 
methods routinely used for DNA 
recovery from simulated post 
coital samples. Forensic Science 
International: Genetics Supplement 
Series. 2013;4:194-195. DOI: 10.1016/j.
fsigss.2013.10.100

[37] Joseph W. The Blooding. 1st ed. New 
York: Perigord Press; 1989. 390 p. ISBN 
10: 0688086179

[38] Kasai K, Nakamura Y, White 
R. Amplification of a variable number 
of tandem repeats (VNTR) Locus 
(pMCT118) by the polymerase chain 
reaction (PCR) and its application to 
forensic science. Journal of Forensic 
Sciences. 1990;35:1196-1200. DOI: 
10.1520/JFS12944J

[39] Nicklas JA, Buel E. Quantification of 
DNA in forensic samples. Analytical and 
Bioanalytical Chemistry. 2003;376: 
1160-1167. DOI: 10.1007/
s00216-003-1924-z

[40] Gill P, Haned H, Bleka O, Hansson 
O, Dørum G, Egeland T. Genotyping 
and interpretation of STR-DNA: 
Low-template, mixtures and database 
matches: Twenty years of research 
and development. Forensic Science 
Internatinal: Genetics. 2015;18:100-117. 
DOI: 10.1016/j.fsigen.2015.03.014

[41] Butler JM. Short tandem 
repeat typing technologies 
used in human identity testing. 
BioTechniques. 2007;43:Sii-SSv. DOI: 
10.2144/000112582

[42] Scientific Working Group 
on DNA Analysis Methods of 
SWGDAM. Interpretation Guidelines 
for Autosomal STR Typing by Forensic 
DNA Testing Laboratories [Internet]. 
2010. Available from: http://media.wix.
com/ugd/4344b0_61b46a0e1a4c41ccb6
5f719a533b8e29.pdf [Accessed:  
03 August 2018]



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

36

A mini review. Asian Pacific Journal of 
Reproduction. 2016;5:357-360. DOI: 
10.1016/j.apjr.2016.07.013

[16] De Moors A, Georgalis T, Armstrong 
G, Modler JB, Fre’geau Chantal J. Sperm 
Hy-LiterTM: An effective tool for the 
detection of spermatozoa in sexual 
assault exhibits. Forensic Science 
International: Genetics. 2013;7:367-379. 
DOI: 10.1016/j.fsigen.2013.02.011

[17] Westring CG, Morten W, Nielsen 
SJ, Fogleman JC, Old JB, Lenz C, 
et al. SPERM HY-LITERTM for the 
identification of spermatozoa from 
sexual assault evidence. Forensic 
Science International: Genetics. 
2014;12:161-167. DOI: 10.1016/j.
fsigen.2014.06.003

[18] McAlister C. The use of 
fluorescence in situ hybridisation and 
laser microdissection to identify and 
isolate male cell in an azoospermic 
sexual assault case. Forensic Science 
International: Genetics. 2011;5:69-73. 
DOI: 10.1016/j.fsigen.2010.04.008

[19] Fontana F, Rapone C, Bregola G, 
Aversa R, de Meo A, Signorini G, et al. 
Isolation and genetic analysis of pure 
cells from forensic biological mixtures: 
The precision of a digital approach. 
Forensic Science International: Genetics. 
2017;29:225-241. DOI: 10.1016/j.
fsigen.2017.04.023

[20] Han JP, Yang F, Xu C, Wei YL, Zhao 
XC, Hu L, et al. A new strategy for 
sperm isolation and STR typing from 
multi-donor sperm mixtures. Forensic 
Science International: Genetics. 
2014;13:239-246. DOI: 10.1016/j.
fsigen.2014.08.012

[21] Costa S, Cainé L, Porto MJ, 
Correia-de-Sá P. Laser scanning 
microdissection, advantages and pitfalls 
in forensic diagnosis. In: Antonio 
MV, editor. Microscopy and Imaging 
Science: Practical Approaches to 
Applied Research and Education. 1st 

ed. Formatex Research Center; 2017. 
pp. 202-207. ISBN-13: 9788494213496

[22] Elliott K, Hill DS, Lambert C, 
Burroughes TR, Gill P. Use of laser 
microdissection greatly improves 
the recovery of DNA from sperm on 
microscope slides. Forensic Science 
International. 2003;137:28-36. DOI: 
10.1016/S0379-0738(03)00267-6

[23] Micke P, Ostman A, Lundeberg 
J, Ponten F. Laser-assisted cell 
microdissection using the PALM 
system. Methods in Molecular Biology. 
2005;293:151-166

[24] Vandewoestyne M, Van Hoofstat 
D, Van Nieuwerburgh F, Deforce 
D. Automatic detection of spermatozoa 
for laser capture microdissection. 
International Journal Legal Medicine. 
2009;123:169-175. DOI: 10.1007/
s00414-008-0271-1

[25] Murray C, McAlister C, Elliott 
K. Identification and isolation of 
male cells using fluorescence in situ 
hybridisation and laser microdissection, 
for use in the investigation of sexual 
assault. Forensic Science Internacional: 
Genetics. 2007;1:247-252. DOI: 10.1016/j.
fsigen.2007.05.003 [Epub Aug 13, 2007]

[26] Lynch L, Gamblin A, Vintiner S, 
Simons JL. STR profiling of epithelial 
cells identified by X/Y-FISH labelling 
and laser microdissection using 
standard and elevated PCR conditions. 
Forensic Science International: 
Genetics. 2015;16:1-7. DOI: 10.1016/j.
fsigen.2014.10.017

[27] Murray C, McAlister C, Elliott 
K. The use of fluorescence in situ 
hybridisation and laser microdissection 
to isolate male non-sperm cells in cases 
of sexual assault. International Congress 
Series. 2006;4:622-624. DOI: 10.1016/j.
fsigen.2010.04.008

[28] Chen J, Kobilinsky L, Wolosin D, 
Shaler R, Baum H. A physical method 

37

Biological Evidence Analysis in Cases of Sexual Assault
DOI: http://dx.doi.org/10.5772/intechopen.82164

for separating spermatozoa from 
epithelial cells in sexual assault evidence. 
Journal Forensic Science. 1998;43:114-
118. DOI: 10.1520/JFS16097J

[29] Butler JM. Forensic DNA Typing: 
Biology, Technology and Genetics 
of STR Markers. 2nd ed. Burlington: 
Academy Press; 2005. 660 p. ISBN: 
9781493300204

[30] Phillips K, McCallum N, Welch L. A 
comparison of methods for forensic 
DNA extraction: Chellex-100 and the 
QIAGEN DNA Investigator kit (manual 
and automated). Forensics Science 
International: Genetics. 2012;6:282-285. 
DOI: 10.1016/j.fsigen.2011.04.018

[31] Hu Q , Liu Y, Yi S, Huang D. A 
comparison of four methods for PCR 
inhibitor removal. Forensic Science 
International: Genetics. 2015;16:94-97. 
DOI: 10.1016/j.fsigen.2014.12.001 [Epub 
Dec 12, 2014]

[32] Singh UA, Kumari M, Iyengar 
S. Method for improving the quality of 
genomic DNA obtained from minute 
quantities of tissue and blood samples 
using Chelex 100 resin. Biological 
Procedures Online. 2018;1:12. DOI: 
10.1186/s12575-018-0077-6

[33] Gill P, Jeffreys AJ, Werrett 
DJ. Forensic application of DNA 
‘fingerprints. Nature. 1985;318:577-579. 
DOI: 10.1038/318577a0

[34] Schwerdtner G, Germann U, Cossu 
C. The separation of male and female: 
A comparison of seven protocols. 
Forensic Science International: 
Genetics. 2017;6:e9-e11. DOI: 10.1016/j.
fsigss.2017.09.021

[35] Tsukada K, Asamura H, Ota M, 
Kobayashi K, Fukushima H. Sperm 
DNA extraction from mixed stains 
using the Differex™ System. Elsevier: 
International Congress Series. 
2006;1288:700-703. DOI: 10.1016/j.
ics.2005.12.059

[36] Mudariki T, Pallikarana-Tirumala 
H, Ives L, Hadi S, Goodwin W. A 
comparative study of two extraction 
methods routinely used for DNA 
recovery from simulated post 
coital samples. Forensic Science 
International: Genetics Supplement 
Series. 2013;4:194-195. DOI: 10.1016/j.
fsigss.2013.10.100

[37] Joseph W. The Blooding. 1st ed. New 
York: Perigord Press; 1989. 390 p. ISBN 
10: 0688086179

[38] Kasai K, Nakamura Y, White 
R. Amplification of a variable number 
of tandem repeats (VNTR) Locus 
(pMCT118) by the polymerase chain 
reaction (PCR) and its application to 
forensic science. Journal of Forensic 
Sciences. 1990;35:1196-1200. DOI: 
10.1520/JFS12944J

[39] Nicklas JA, Buel E. Quantification of 
DNA in forensic samples. Analytical and 
Bioanalytical Chemistry. 2003;376: 
1160-1167. DOI: 10.1007/
s00216-003-1924-z

[40] Gill P, Haned H, Bleka O, Hansson 
O, Dørum G, Egeland T. Genotyping 
and interpretation of STR-DNA: 
Low-template, mixtures and database 
matches: Twenty years of research 
and development. Forensic Science 
Internatinal: Genetics. 2015;18:100-117. 
DOI: 10.1016/j.fsigen.2015.03.014

[41] Butler JM. Short tandem 
repeat typing technologies 
used in human identity testing. 
BioTechniques. 2007;43:Sii-SSv. DOI: 
10.2144/000112582

[42] Scientific Working Group 
on DNA Analysis Methods of 
SWGDAM. Interpretation Guidelines 
for Autosomal STR Typing by Forensic 
DNA Testing Laboratories [Internet]. 
2010. Available from: http://media.wix.
com/ugd/4344b0_61b46a0e1a4c41ccb6
5f719a533b8e29.pdf [Accessed:  
03 August 2018]



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

38

[43] Butler JM, Shen Y, McCord 
BR. The development of reduced size 
STR amplicons as tools for analysis of 
degraded DNA. Journal of Forensic 
Science. 2003;48:1054-1064. DOI: 
10.1520/JFS2003043

[44] Martín P, García O, Albarrán C, 
García P, Alonso A. Application of mini-
STR loci to severely degraded casework 
samples. International Congress Series. 
2006;1288:522-525. DOI: 10.1016/j.
ics.2005.10.044

[45] Senge T, Madea B, Junge A, 
Rothschild MA, Schneider PM. STRs, 
mini STRs and SNPs—A comparative 
study for typing degraded DNA. Legal 
Medicine. 2010;13:68-74. DOI: 10.1016/j.
legalmed.2010.12.001

[46] Purps J, Geppert M, Nagy M, 
Rowwer L. Validation of a combined 
autosomal/Y-chromosomal STR 
approach for analyzing typical 
biological stains in sexual-assault 
cases. Forensic Science International: 
Genetics. 2015;19:238-242. DOI: 
10.1016/j.fsigen.2015.08.002

[47] Apostolov А. Differentiation 
of mixed biological traces in sexual 
assaults using DNA fragment analysis. 
Biotechnology & Biotechnological 
Equipment. 2014;28:301-305. DOI: 
10.1080/13102818.2014.909171

[48] Diegoli TM. Forensic typing of 
short tandem repeat markers on the X 
and Y chromosomes. Forensic Science 
International: Genetics. 2015;18: 
140-151. DOI: 10.1016/j.
fsigen.2015.03.013

[49] Thornton T, Zhang Q , Cai X, Ober 
C, McPeek MS. XM: Association testing 
on the X-chromosome in case-control 
samples with related individuals. 
Genetic Epidemiology. 2012;36: 
438-450. DOI: 10.1002/gepi.21638

[50] BallantyneKaye N, Keerl V, Wollstein 
A, Choi Y, Zuniga SB, Ralf A, et al.  

A new future of forensic Y-chromosome 
analysis: Rapidly mutating Y-STRs 
for differentiating male relatives and 
paternal lineages. Forensic Science 
International: Genetics. 2012;6:208-218. 
DOI: 10.1016/j.fsigen.2011.04.017

[51] Rogalla U, Woźniak M, 
Swobodziński J, Derenko M,  
Malyarchuk BA, Dambueva I, et al. 
A novel multiplex assay amplifying 
13 Y-STRs characterized by rapid and 
moderate mutation rate. Forensic 
Science International: Genetics. 
2015;15:49-55. DOI: 10.1016/j.
fsigen.2014.11.004

[52] Dixon LA, Dobbins AE, Pulker 
HK, Butler JM, Vallone PM, Coble MD, 
et al. Analysis of artificially degraded 
DNA using STRs and SNPs—Results 
of a collaborative European (EDNAP) 
exercise. Forensic Science International. 
2006;164:33-44. DOI: 10.1016/j.
forsciint.2005.11.011

[53] Ding L, Wiener H, Abebe T, 
Altaye M, Go RC, Kercsmar C, 
et al. Comparison of measures 
of marker informativeness for 
ancestry and admixture mapping. 
BMC Genomics. 2011;12:622. DOI: 
10.1186/1471-2164-12-622

[54] Louhelainen J. SNP arrays. 
Microarrays (Basel). 2016;5:27. DOI: 
10.3390/microarrays5040027

[55] Fondevila M, Pereira R, Gusma 
L, Phillips C, Lareu MV, Carracedo 
A, et al. Forensic performance of 
insertion-deletion marker system. 
Forensic Science International. 
2011;3:e443-e444. DOI: 10.1016/j.
fsigss.2011.09.083

[56] Vasudeva M, Lim FJ, Vijaya 
PS, Kumaraswamy K. Forensic 
identification by using insertion-
deletion polymorphisms. 
International Journal of Human 
Genetics. 2015;15:55-59. DOI: 
10.1080/09723757.2015.11886253

39

Biological Evidence Analysis in Cases of Sexual Assault
DOI: http://dx.doi.org/10.5772/intechopen.82164

[57] Kidd KK, Pakstis AJ, Speed WC, 
Lagace R, Chang J, Wootton S, et al. 
Current sequencing technology makes 
microhaplotypes a powerful new type 
of genetic marker for forensics. Forensic 
Science International: Genetics. 
2014;12:215-224. DOI: 10.1016/j.
fsigen.2014.06.014

[58] Kidd KK, Pakstis AJ, Speed WC, 
Lagace R, Chang J, Wootton S, et al. 
Microhaplotype loci are a powerful 
new type of forensic marker. Forensic 
Science International: Genetics. 
2013;4:e123-e124. DOI: 10.1016/j.
fsigss.2013.10.063

[59] van der Gaagb Kristiaan J, de Leeuw 
Rick H, Laros Jeroen FJ, den Dunnen 
Johan T, de Knijff P. Short hypervariable 
microhaplotypes: A novel set of very 
short high discriminating power loci 
without stutter artefacts. Forensic 
Science International: Genetics. 
2018;35:169-175. DOI: 10.1016/j.
fsigen.2018.05.008

[60] Sanger F, Nicklen S, Coulson 
AR. DNA sequencing with chain-
terminating inhibitors. Proceedings of 
the National Academy of Sciences of the 
United States of America. 1977;74: 
5463-5467. DOI: 10.1073/pnas. 
74.12.5463

[61] Sanger F, Coulson AR. A rapid 
method for determining sequences in 
DNA by primed synthesis with DNA 
polymerase. Journal of Molecular 
Biology. 1975;94:441-448. DOI: 
10.1016/0022-2836(75)90213-2

[62] Mark W, DiZinno JA, Polanskey 
D, Replogle J, Budowle B. Validation of 
mitocondrial DNA sequencing for forensic 
casework analysis. International Journal of 
Legal Medicine. 1995;108:68-74.  
DOI: 10.1007/bf01369907

[63] Melton T, Holland C, Holland 
M. Forensic mitochondrial DNA 
analysis: Current practice and future 
potential. Forensic Science Review. 
2012;24:101-122

[64] Budowle B, Allard MW, Wilson 
MR, Chakraborty R. Forensics and 
Mitochondrial DNA: Applications, 
debates, and foundations. Annual 
Review of Genomics and Human 
Genetics. 2003;4:119-141. DOI: 10.1146/
annurev.genom.4.070802.110352

[65] Costa S, Lima G, Correla-de-Sa P, 
Porto MJ, Calne L. Assessment of DNA 
and mtDNA degradation in sperm cells 
collected by laser micro-dissection. 
Journal of Forensic Research. 2017;8:5. 
DOI: 10.4172/2157-7145.1000393

[66] Butler JM, Levin BC. Forensic 
applications of mitochondrial 
DNA. Trends in Biotechnology. 
1998;16:158-162. DOI: 10.1016/
S0167-7799(98)01173-1

[67] Ivanov PL, Wadhams MJ, Roby 
RK, Holland MM, Weedn VW, Parsons 
TJ. Mitochondrial DNA sequence 
heteroplasmy in the Grand Duke of 
Russia Georgij Romanov establishes 
the authenticity of the remains of Tsar 
Nicholas II. Nature Genetics. 1996;12:417-
420. DOI: 10.1038/ng0496-417

[68] Yukseloglu EH, Bayhan E, 
Rayimoglu G, Cavus F, Dastan K, Erkan 
I. Identification with mitochondrial 
DNA typing from one sperm cell 
isolated by micromanipulation. 
Medicine Science Internatinal Medical 
Journal. 2018;7:575-579. DOI: 10.5455/
medscience.2018.07.8821

[69] Zhang L, Ding M, Pang H, Xing 
J, Xuan J, Wang C, et al. Mitochondial 
DNA typing of laser-captured single 
sperm cells to differentiate individuals 
in a mixed semen stain. Electrophoresis. 
2016;37:2273-2277. DOI: 10.1002/
elps.201600009

[70] Pereira J, Neves R, Forat S, 
Huckenbeck W, Olek K. MtDNA 
typing of single-sperm cells isolated by 
micromanipulation. Forensic Science 
International. 2012;6:228-235. DOI: 
10.1016/j.fsigen.2011.05.005



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

38

[43] Butler JM, Shen Y, McCord 
BR. The development of reduced size 
STR amplicons as tools for analysis of 
degraded DNA. Journal of Forensic 
Science. 2003;48:1054-1064. DOI: 
10.1520/JFS2003043

[44] Martín P, García O, Albarrán C, 
García P, Alonso A. Application of mini-
STR loci to severely degraded casework 
samples. International Congress Series. 
2006;1288:522-525. DOI: 10.1016/j.
ics.2005.10.044

[45] Senge T, Madea B, Junge A, 
Rothschild MA, Schneider PM. STRs, 
mini STRs and SNPs—A comparative 
study for typing degraded DNA. Legal 
Medicine. 2010;13:68-74. DOI: 10.1016/j.
legalmed.2010.12.001

[46] Purps J, Geppert M, Nagy M, 
Rowwer L. Validation of a combined 
autosomal/Y-chromosomal STR 
approach for analyzing typical 
biological stains in sexual-assault 
cases. Forensic Science International: 
Genetics. 2015;19:238-242. DOI: 
10.1016/j.fsigen.2015.08.002

[47] Apostolov А. Differentiation 
of mixed biological traces in sexual 
assaults using DNA fragment analysis. 
Biotechnology & Biotechnological 
Equipment. 2014;28:301-305. DOI: 
10.1080/13102818.2014.909171

[48] Diegoli TM. Forensic typing of 
short tandem repeat markers on the X 
and Y chromosomes. Forensic Science 
International: Genetics. 2015;18: 
140-151. DOI: 10.1016/j.
fsigen.2015.03.013

[49] Thornton T, Zhang Q , Cai X, Ober 
C, McPeek MS. XM: Association testing 
on the X-chromosome in case-control 
samples with related individuals. 
Genetic Epidemiology. 2012;36: 
438-450. DOI: 10.1002/gepi.21638

[50] BallantyneKaye N, Keerl V, Wollstein 
A, Choi Y, Zuniga SB, Ralf A, et al.  

A new future of forensic Y-chromosome 
analysis: Rapidly mutating Y-STRs 
for differentiating male relatives and 
paternal lineages. Forensic Science 
International: Genetics. 2012;6:208-218. 
DOI: 10.1016/j.fsigen.2011.04.017

[51] Rogalla U, Woźniak M, 
Swobodziński J, Derenko M,  
Malyarchuk BA, Dambueva I, et al. 
A novel multiplex assay amplifying 
13 Y-STRs characterized by rapid and 
moderate mutation rate. Forensic 
Science International: Genetics. 
2015;15:49-55. DOI: 10.1016/j.
fsigen.2014.11.004

[52] Dixon LA, Dobbins AE, Pulker 
HK, Butler JM, Vallone PM, Coble MD, 
et al. Analysis of artificially degraded 
DNA using STRs and SNPs—Results 
of a collaborative European (EDNAP) 
exercise. Forensic Science International. 
2006;164:33-44. DOI: 10.1016/j.
forsciint.2005.11.011

[53] Ding L, Wiener H, Abebe T, 
Altaye M, Go RC, Kercsmar C, 
et al. Comparison of measures 
of marker informativeness for 
ancestry and admixture mapping. 
BMC Genomics. 2011;12:622. DOI: 
10.1186/1471-2164-12-622

[54] Louhelainen J. SNP arrays. 
Microarrays (Basel). 2016;5:27. DOI: 
10.3390/microarrays5040027

[55] Fondevila M, Pereira R, Gusma 
L, Phillips C, Lareu MV, Carracedo 
A, et al. Forensic performance of 
insertion-deletion marker system. 
Forensic Science International. 
2011;3:e443-e444. DOI: 10.1016/j.
fsigss.2011.09.083

[56] Vasudeva M, Lim FJ, Vijaya 
PS, Kumaraswamy K. Forensic 
identification by using insertion-
deletion polymorphisms. 
International Journal of Human 
Genetics. 2015;15:55-59. DOI: 
10.1080/09723757.2015.11886253

39

Biological Evidence Analysis in Cases of Sexual Assault
DOI: http://dx.doi.org/10.5772/intechopen.82164

[57] Kidd KK, Pakstis AJ, Speed WC, 
Lagace R, Chang J, Wootton S, et al. 
Current sequencing technology makes 
microhaplotypes a powerful new type 
of genetic marker for forensics. Forensic 
Science International: Genetics. 
2014;12:215-224. DOI: 10.1016/j.
fsigen.2014.06.014

[58] Kidd KK, Pakstis AJ, Speed WC, 
Lagace R, Chang J, Wootton S, et al. 
Microhaplotype loci are a powerful 
new type of forensic marker. Forensic 
Science International: Genetics. 
2013;4:e123-e124. DOI: 10.1016/j.
fsigss.2013.10.063

[59] van der Gaagb Kristiaan J, de Leeuw 
Rick H, Laros Jeroen FJ, den Dunnen 
Johan T, de Knijff P. Short hypervariable 
microhaplotypes: A novel set of very 
short high discriminating power loci 
without stutter artefacts. Forensic 
Science International: Genetics. 
2018;35:169-175. DOI: 10.1016/j.
fsigen.2018.05.008

[60] Sanger F, Nicklen S, Coulson 
AR. DNA sequencing with chain-
terminating inhibitors. Proceedings of 
the National Academy of Sciences of the 
United States of America. 1977;74: 
5463-5467. DOI: 10.1073/pnas. 
74.12.5463

[61] Sanger F, Coulson AR. A rapid 
method for determining sequences in 
DNA by primed synthesis with DNA 
polymerase. Journal of Molecular 
Biology. 1975;94:441-448. DOI: 
10.1016/0022-2836(75)90213-2

[62] Mark W, DiZinno JA, Polanskey 
D, Replogle J, Budowle B. Validation of 
mitocondrial DNA sequencing for forensic 
casework analysis. International Journal of 
Legal Medicine. 1995;108:68-74.  
DOI: 10.1007/bf01369907

[63] Melton T, Holland C, Holland 
M. Forensic mitochondrial DNA 
analysis: Current practice and future 
potential. Forensic Science Review. 
2012;24:101-122

[64] Budowle B, Allard MW, Wilson 
MR, Chakraborty R. Forensics and 
Mitochondrial DNA: Applications, 
debates, and foundations. Annual 
Review of Genomics and Human 
Genetics. 2003;4:119-141. DOI: 10.1146/
annurev.genom.4.070802.110352

[65] Costa S, Lima G, Correla-de-Sa P, 
Porto MJ, Calne L. Assessment of DNA 
and mtDNA degradation in sperm cells 
collected by laser micro-dissection. 
Journal of Forensic Research. 2017;8:5. 
DOI: 10.4172/2157-7145.1000393

[66] Butler JM, Levin BC. Forensic 
applications of mitochondrial 
DNA. Trends in Biotechnology. 
1998;16:158-162. DOI: 10.1016/
S0167-7799(98)01173-1

[67] Ivanov PL, Wadhams MJ, Roby 
RK, Holland MM, Weedn VW, Parsons 
TJ. Mitochondrial DNA sequence 
heteroplasmy in the Grand Duke of 
Russia Georgij Romanov establishes 
the authenticity of the remains of Tsar 
Nicholas II. Nature Genetics. 1996;12:417-
420. DOI: 10.1038/ng0496-417

[68] Yukseloglu EH, Bayhan E, 
Rayimoglu G, Cavus F, Dastan K, Erkan 
I. Identification with mitochondrial 
DNA typing from one sperm cell 
isolated by micromanipulation. 
Medicine Science Internatinal Medical 
Journal. 2018;7:575-579. DOI: 10.5455/
medscience.2018.07.8821

[69] Zhang L, Ding M, Pang H, Xing 
J, Xuan J, Wang C, et al. Mitochondial 
DNA typing of laser-captured single 
sperm cells to differentiate individuals 
in a mixed semen stain. Electrophoresis. 
2016;37:2273-2277. DOI: 10.1002/
elps.201600009

[70] Pereira J, Neves R, Forat S, 
Huckenbeck W, Olek K. MtDNA 
typing of single-sperm cells isolated by 
micromanipulation. Forensic Science 
International. 2012;6:228-235. DOI: 
10.1016/j.fsigen.2011.05.005



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

40

[71] Yang Y, Xie B, Yan J. Application of 
next-generation sequencing technology 
in forensic science. Genomics, 
Proteomics & Bioinformatics. 
2014;12:190-197. DOI: 10.1016/j.
gpb.2014.09.001

[72] Børsting C, Morling N. Next 
generation sequencing and its 
applications in forensic genetics. 
Forensic Science International: 
Genetics. 2018;18:78-89. DOI: 10.1016/j.
fsigen.2015.02.002

[73] Buermans HP, den Dunnen JT. Next 
generation sequencing technology: 
Advances and applications. Biochimica 
et Biophysica Acta. 2014;1842: 
1932-1941. DOI: 10.1016/j.
bbadis.2014.06.015 [Epub Jul 1, 2014]

[74] Guo F, Yu J, Zhang L, Li J. Massively 
parallel sequencing of forensic 
STRs and SNPs using the Illumina® 
ForenSeq™ DNA Signature Prep Kit on 
the MiSeq FGx™ Forensic Genomics 
System. Forensic Science International: 
Genetics. 2017;31:135-148. DOI: 
10.1016/j.fsigen.2017.09.003 [Epub 
Sep 8, 2017]

[75] Finley SJ, Benbow ME, Javan 
GT. Potential applications of soil 
microbial ecology and next-generation 
sequencing in criminal Investigations. 
Applied Soil Ecology. 2015;88:69-78. 
DOI: 10.1016/j.apsoil.2015.01.001

[76] Pilli E, Agostino A, Vergani D, 
Salata E, Ciuna I, Berti A, et al. Human 
identification by lice: A next generation 
sequencing challenge. Forensic Science 
Internatinal: Genetics. 2016;266:e71-e78. 
DOI: 10.1016/j.forsciint.2016.05.006

[77] Iyengar A, HAdi S. Use of non-
human DNA analysis in forensic science: 
A mini review. Medicine, Science 
and the Law. 2014;54:41-50. DOI: 
10.1177/0025802413487522

[78] Wang Z, Zhang S, Bian Y, Li 
C. Differentiating between monozygotic 

twins in forensics through next 
generation mtGenome sequencing. 
Forensic Science international: 
Genetics. 2015;5:e58-e59. DOI: 10.1016/j.
fsigss.2015.09.023

[79] Weber-Lehmann J, Schilling E, 
Gradl G, Richter DC, Wiehler J, Rolf 
B. Finding the needle in the haystack: 
Differentiating “Identical” twins 
in paternity testing and forensic by 
ultra-deep next generation sequencing. 
Forensic Science International: 
Genetics. 2017;9:42-46. DOI: 10.1016/j.
fsigen.2013.10.015

[80] Santos C, Phillips C, Fondevila 
M, Daniel R, van Oorschot RAH, 
Burchard EG, et al. Pacifiplex: An 
ancestry-informative SNP panel 
centred on Australia and the Pacific 
region. Forensic Science International: 
Genetics. 2016;20:71-80. DOI: 10.1016/j.
fsigen.2015.10.003

[81] Santos C, Phillips C, Gomez-
Tato A, Alvarez-Dios J, Carracedo 
Á, Lareu MV. Inference of Ancestry 
in Forensic Analysis II: Analysis of 
Genetic Data. Methods in Molecular 
Biology. 2016;1420:255-285. DOI: 
10.1007/978-1-4939-3597-0_19

[82] Phillips C. Forensic genetic 
analysis of bio-geographical ancestry. 
Forensic Science International: 
Genetic. 2015;18:49-65. DOI: 10.1016/j.
fsigen.2015.05.012

[83] Kidd Kenneth K, Speed William C, 
Pakstis Andrew J, Furtado Manohar R,  
Rixun F, Abeer M, et al. Progress 
toward an efficient panel of SNPs for 
ancestry inference. Forensic Science 
International: Genetics. 2014;10:23-32. 
DOI: 10.1016/j.fsigen.2014.01.002

[84] Tvedebrink T, Eriksen PS, 
Mogensen HS, Morling N. Weight of 
the evidence of genetic investigations 
of ancestry informative markers. 
Theoretical Population Biology. 

41

Biological Evidence Analysis in Cases of Sexual Assault
DOI: http://dx.doi.org/10.5772/intechopen.82164

2018;120:1-10. DOI: 10.1016/j.
tpb.2017.12.004

[85] Phillips C, Parson W, Lundsberg 
B, Santos C, Freire-Aradas A, Torres 
M, et al. Building a forensic ancestry 
panel from the ground up: The 
EUROFORGEN Global AIM-SNP 
set. Forensic Science International: 
Genetics. 2014;11:13-25. DOI: 10.1016/j.
fsigen.2014.02.012

[86] Butler K, Peck M, Hart J, Schanfield 
M, Podini D. Molecular “eyewitness”: 
Forensic prediction of phenotype and 
ancestry. Forensic Science International: 
Genetics. 2011;3:e498-e499. DOI: 
10.1016/j.fsigss.2011.09.109

[87] Scudder N, McNevin D, Kelty SF, 
Walsh SJ, Robertson J. Forensic DNA 
phenotyping: Developing a model privacy 
impact assessment. Forensic Science 
International: Genetics. 2018;34:222-230. 
DOI: 10.1016/j.fsigen.2018.03.005

[88] MacLen CE, Lamparello A. Forensic 
DNA phenotyping in criminal 
investigations and criminal courts: 
assessing and mitigating the dilemmas 
inherent in the science. Recent 
Advances in DNA & Gene Sequences. 
2014;8:104-112. DOI: 10.2174/23520922
09666150212001256

[89] Kayser M. Forensic DNA 
Phenotyping: Predicting human 
appearance from crime scene material for 
investigative purposes. Forensic Science 
International: Genetics. 2015;18:33-48. 
DOI: 10.1016/j.fsigen.2015.02.003

[90] Jia J, Wei YL, Qin CJ, Hu L, Wan 
LH, Li CX. Developing a novel panel 
of genome-wide ancestry informative 
markers for bio-geographical 
ancestry estimates. Forensic Science 
International: Genetics. 2014;8:187-194. 
DOI: 10.1016/j.fsigen.2013.09.004

[91] The National Database of Genetic 
Profiles. Regulation, functioning and 

operating [Internet]. 2014. Available 
from: http://www.agmf.es/az/
LA_BASE_DE_DATOS_NACIONAL_
DE_PERFILES_GENeTICOS._
HOMBREIRO_L.pdf [Accessed:  
04 August 2018]

[92] Ge J, Sun H, Li H, Liu C, Yan J, 
Budowle B. Future directions of forensic 
DNA databases. Croatian Medical 
Journal. 2014;55:163-166. DOI: 10.3325/
cmj.2014.55.163



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

40

[71] Yang Y, Xie B, Yan J. Application of 
next-generation sequencing technology 
in forensic science. Genomics, 
Proteomics & Bioinformatics. 
2014;12:190-197. DOI: 10.1016/j.
gpb.2014.09.001

[72] Børsting C, Morling N. Next 
generation sequencing and its 
applications in forensic genetics. 
Forensic Science International: 
Genetics. 2018;18:78-89. DOI: 10.1016/j.
fsigen.2015.02.002

[73] Buermans HP, den Dunnen JT. Next 
generation sequencing technology: 
Advances and applications. Biochimica 
et Biophysica Acta. 2014;1842: 
1932-1941. DOI: 10.1016/j.
bbadis.2014.06.015 [Epub Jul 1, 2014]

[74] Guo F, Yu J, Zhang L, Li J. Massively 
parallel sequencing of forensic 
STRs and SNPs using the Illumina® 
ForenSeq™ DNA Signature Prep Kit on 
the MiSeq FGx™ Forensic Genomics 
System. Forensic Science International: 
Genetics. 2017;31:135-148. DOI: 
10.1016/j.fsigen.2017.09.003 [Epub 
Sep 8, 2017]

[75] Finley SJ, Benbow ME, Javan 
GT. Potential applications of soil 
microbial ecology and next-generation 
sequencing in criminal Investigations. 
Applied Soil Ecology. 2015;88:69-78. 
DOI: 10.1016/j.apsoil.2015.01.001

[76] Pilli E, Agostino A, Vergani D, 
Salata E, Ciuna I, Berti A, et al. Human 
identification by lice: A next generation 
sequencing challenge. Forensic Science 
Internatinal: Genetics. 2016;266:e71-e78. 
DOI: 10.1016/j.forsciint.2016.05.006

[77] Iyengar A, HAdi S. Use of non-
human DNA analysis in forensic science: 
A mini review. Medicine, Science 
and the Law. 2014;54:41-50. DOI: 
10.1177/0025802413487522

[78] Wang Z, Zhang S, Bian Y, Li 
C. Differentiating between monozygotic 

twins in forensics through next 
generation mtGenome sequencing. 
Forensic Science international: 
Genetics. 2015;5:e58-e59. DOI: 10.1016/j.
fsigss.2015.09.023

[79] Weber-Lehmann J, Schilling E, 
Gradl G, Richter DC, Wiehler J, Rolf 
B. Finding the needle in the haystack: 
Differentiating “Identical” twins 
in paternity testing and forensic by 
ultra-deep next generation sequencing. 
Forensic Science International: 
Genetics. 2017;9:42-46. DOI: 10.1016/j.
fsigen.2013.10.015

[80] Santos C, Phillips C, Fondevila 
M, Daniel R, van Oorschot RAH, 
Burchard EG, et al. Pacifiplex: An 
ancestry-informative SNP panel 
centred on Australia and the Pacific 
region. Forensic Science International: 
Genetics. 2016;20:71-80. DOI: 10.1016/j.
fsigen.2015.10.003

[81] Santos C, Phillips C, Gomez-
Tato A, Alvarez-Dios J, Carracedo 
Á, Lareu MV. Inference of Ancestry 
in Forensic Analysis II: Analysis of 
Genetic Data. Methods in Molecular 
Biology. 2016;1420:255-285. DOI: 
10.1007/978-1-4939-3597-0_19

[82] Phillips C. Forensic genetic 
analysis of bio-geographical ancestry. 
Forensic Science International: 
Genetic. 2015;18:49-65. DOI: 10.1016/j.
fsigen.2015.05.012

[83] Kidd Kenneth K, Speed William C, 
Pakstis Andrew J, Furtado Manohar R,  
Rixun F, Abeer M, et al. Progress 
toward an efficient panel of SNPs for 
ancestry inference. Forensic Science 
International: Genetics. 2014;10:23-32. 
DOI: 10.1016/j.fsigen.2014.01.002

[84] Tvedebrink T, Eriksen PS, 
Mogensen HS, Morling N. Weight of 
the evidence of genetic investigations 
of ancestry informative markers. 
Theoretical Population Biology. 

41

Biological Evidence Analysis in Cases of Sexual Assault
DOI: http://dx.doi.org/10.5772/intechopen.82164

2018;120:1-10. DOI: 10.1016/j.
tpb.2017.12.004

[85] Phillips C, Parson W, Lundsberg 
B, Santos C, Freire-Aradas A, Torres 
M, et al. Building a forensic ancestry 
panel from the ground up: The 
EUROFORGEN Global AIM-SNP 
set. Forensic Science International: 
Genetics. 2014;11:13-25. DOI: 10.1016/j.
fsigen.2014.02.012

[86] Butler K, Peck M, Hart J, Schanfield 
M, Podini D. Molecular “eyewitness”: 
Forensic prediction of phenotype and 
ancestry. Forensic Science International: 
Genetics. 2011;3:e498-e499. DOI: 
10.1016/j.fsigss.2011.09.109

[87] Scudder N, McNevin D, Kelty SF, 
Walsh SJ, Robertson J. Forensic DNA 
phenotyping: Developing a model privacy 
impact assessment. Forensic Science 
International: Genetics. 2018;34:222-230. 
DOI: 10.1016/j.fsigen.2018.03.005

[88] MacLen CE, Lamparello A. Forensic 
DNA phenotyping in criminal 
investigations and criminal courts: 
assessing and mitigating the dilemmas 
inherent in the science. Recent 
Advances in DNA & Gene Sequences. 
2014;8:104-112. DOI: 10.2174/23520922
09666150212001256

[89] Kayser M. Forensic DNA 
Phenotyping: Predicting human 
appearance from crime scene material for 
investigative purposes. Forensic Science 
International: Genetics. 2015;18:33-48. 
DOI: 10.1016/j.fsigen.2015.02.003

[90] Jia J, Wei YL, Qin CJ, Hu L, Wan 
LH, Li CX. Developing a novel panel 
of genome-wide ancestry informative 
markers for bio-geographical 
ancestry estimates. Forensic Science 
International: Genetics. 2014;8:187-194. 
DOI: 10.1016/j.fsigen.2013.09.004

[91] The National Database of Genetic 
Profiles. Regulation, functioning and 

operating [Internet]. 2014. Available 
from: http://www.agmf.es/az/
LA_BASE_DE_DATOS_NACIONAL_
DE_PERFILES_GENeTICOS._
HOMBREIRO_L.pdf [Accessed:  
04 August 2018]

[92] Ge J, Sun H, Li H, Liu C, Yan J, 
Budowle B. Future directions of forensic 
DNA databases. Croatian Medical 
Journal. 2014;55:163-166. DOI: 10.3325/
cmj.2014.55.163



43

Chapter 3

DNA Sequencing Resolves 
Misdiagnosed and Rare Genetic 
Disorders
Alice Abdel Aleem

Abstract

This chapter focuses on the mandatory requirement of DNA sequencing 
approaches for genetic diagnosis and recurrence prevention of inherited diseases. 
Sequencing the DNA and coded transcripts has intensely promoted our understand-
ing of functional genomics and the fundamental importance of non-coding genomic 
sequences in causing heritable diseases, when mutated. Though Sanger sequencing, 
the first employed approach in identifying genetic mutations has been replaced nowa-
days in many laboratories with the highly robust massive parallel sequencing tech-
niques, “Sanger” remains vital in countries with limited resources and also of essential 
importance in validating the results of large scale sequencing technologies. Next 
generation sequencing (NGS) enabled the parallel sequencing of the whole exome 
(WES) and whole genome (WGS) regions of human genome and has revolutionized 
the field of genetic and genomic research in human. WES and WGS have facilitated 
the identification of the role of previously unrecognized genes in causing neurologic 
phenotypes, brain structural malformation, and resolved the causal genes in puzzling 
and misdiagnosed genetic phenotypes. Role of fusion genes and non-coding RNA in 
causing neurogenetic recessive diseases has been uncovered by the application of NGS 
platforms, published examples are presented in this chapter. Extensive phenotypic 
variability that retained patients either as misdiagnosed or undiagnosed cases for 
years has been correctly diagnosed through NGS research applications.

Keywords: DNA sequencing in human genetic disorders, NGS platforms in  
rare diseases, leukodystrophies, neuromuscular disorders, muscle dystrophy,  
non-coding genetic mutation, puzzling phenotypes, NGS, WES, WGS

1. Introduction

Since the significant discovery made by Watson and Crick [1] delineating the DNA 
double helical structure of alternate units (nucleotides) composed of deoxyribose 
sugar phosphate backbone and nitrogen bases pyrimidines (Cytosine, C and Thiamine, 
T) and purines (Adenine, A and Guanine, G). And the following crucial findings, 
Chargaff’s rules [2] informing that the quantity of nitrogen bases differs in between 
species and the numbers of A equal to T, same for C and G [concluding the pairing 
status), the field of genetics, genomics, and hereditary is magnificently progressed.

The biology of the genetic code “central dogma” describes the flow of heritable 
genetic information from the nuclear DNA through the transcription process into 
the mRNA that is further translated into proteins or families of proteins. Central 
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dogma of noncoding regions of DNA has also its influences on the stability of 
mRNA, Exon-intron splicing machinery, and translational efficiency [3–6].

The order (sequence) of nucleotides within a known or yet undiscovered set of 
genes is the first check point that dictates the coded messenger message and translated 
proteins. DNA-regulatory sequences including promoters, un-translated regions, 
DNA-methylation related (epigenetic and posttranscriptional splicing modifications) 
interactively play in defining the transcriptome and proteome expression profiles in 
different tissues of the body. Newly developed sequencing technologies have enabled 
the discovery of these regulatory and expression-modifier sequences [7–9].

Changes in the sequence of DNA-nucleotides located at the coding, non-coding, or 
splicing regions of the genome are anticipated to amend, in different ways, the genetic 
message as well as properties of the coded proteins and hence its functions in the cell.

These sequence variations are either inherited (passing from a generation to 
the next through the germline’s cells; ovum/sperm) or spontaneous (de novo) in 
a subject germ cells. Spontaneous mutations will be further potentially inherited, 
mostly in a dominant pattern, through the subject’s descent when his/her reproduc-
tion ability is not affected by the mutation. Changes (polymorphic variations or 
disease underlying mutations) in the DNA sequence may arise through base substi-
tution, small insertion or deletion of bases, structural variations (large deletions or 
complex rearrangements), dynamic mutations (expansion of repetitive elements of 
the genome). DNA, cDNA, or RNA sequencing tools are the evidence based inves-
tigations that help us as scientists or physicians to identify or “see in Sanger’s chart” 
these nucleotide changes and accurately allocate its genomic position [10, 11].

Monogenetic (Mendelian) disorders caused by single gene defect(s) are regularly 
counted under rare (orphan) diseases. Population with high rate of consanguineous 
marriages described to have extended multiple generational families that harbor rare 
monogenetic diseases. The single gene defect can occur on the two copies (alleles) 
of a gene (homozygous mutant) or on one allele only (heterozygous). Inheritance of 
Mendelian disorders may be autosomal recessive (the two alleles of an autosomal gene 
should carry the causative mutation to produce the disease phenotype), dominant (one 
mutant allele will be enough to cause the genetic disease), or X-linked (the mutant 
gene is located on the X chromosome) with the disease transmission occurring mostly 
through the females who are obligate carrier of the X-linked mutation [12, 13].

Monogenetic diseases may affect various body systems; cardiovascular, central 
nervous, peripheral nerves, endocrine, renal, or pulmonary, etc. The clinical 
phenotypic spectrum of the different distinct categories of these diseases is likely 
heterogeneous or overlapping which harden the clinicians’ decision in making a 
definitive diagnosis. Academic studies in the field of human genetic diseases as well 
as diagnostics has been complicated for a long period of time by the remarkable 
clinical and genetic heterogeneity that were evident for the subgroups of a bunch 
of familial recurrent diseases involving: congenital muscle dystrophies, limb girdle 
muscle dystrophies, cortical brain malformation, hereditary spastic paraplegias, 
hereditary sensory neuropathies, neurodevelopmental, or others. With the evolving 
NGS technologies progress and discovery has been promptly started.

DNA and cDNA high throughput and validation sequencing tools are funda-
mental approaches that should be implemented in laboratories to reach a correct 
genetic diagnosis and provide accurate genetic counseling for rare heritable 
diseases. Genetic diseases may remain for decades undiagnosed or incorrectly 
managed when sequencing technologies are either not available or not accessible to 
patients due to its high cost. Genes and mutations identification in patients services 
all family members; siblings, cousins, nephews, or other relatives allowing carrier 
detection, premarital planning when first cousin or relative marriage is considered, 
prenatal diagnosis or preimplantation genetics. These sequencing outcomes mark 
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the long term goal of reducing the occurrence or recurrence of genetic disorders in 
the community achievable.

Discovery of new genes and novel genetic “mutations/etiologies” for rare dis-
eases, has exposed the basis of genetic heterogeneity, increased depth of genomic 
investigations and been intensely empowered, starting 2005, by the emerged 
technologies of next generation sequencing (NGS) that enabled the massive parallel 
sequencing (MPS) of millions of DNA or RNA nucleotides at a time [11, 14].

Whole Exome Sequencing (WES), one of the NGS platforms, grew into a 
widely used genetic diagnostic test in certified diagnostic labs over the world as 
well as a research tool in academic studies. WES targets the variants located in the 
coding regions and splicing boundaries of genes simultaneously at a time. The 
protein coding genes have been estimated to constitute ~2% of the human genome. 
Though WES is a powerful tool for the identification of underlying genetic defect in 
Mendelian disorders, obviously it lacks the capacity to detect non-coding or regula-
tory disease causing genetic variations [15–18].

Whole Genome Sequencing (WGS), most extensive NGS’ platform, has the capac-
ity to interrogate the whole genome of a subject; the promoters, the un-translated 
upstream and downstream genomic ends, intragenic and intergenic regions in addi-
tion to the coding and splicing parts. Its applications in monogenetic diseases are still 
mostly at the level academic research. Its value in discovering new causal roles of pre-
viously unrecognized genes in rare inherited diseases came from its nature in detecting 
non-coding, regulatory and large structural variations arise in subjects’ genome [19].

Advances in NGS wet lab methodologies, improvements in informatics pipelines 
(read alignment, variants call), and the huge released data annotation and analysis 
platforms lead the new genes discovery, the identification of new etiologies for rare 
diseases, and new cellular mechanisms contributing genetic syndromes and disor-
ders. The better understanding of molecular biology of gene’s mutation constitutes 
the essentials for new therapeutics [20].

In this chapter we shed the light on live recent examples demonstrating the role 
of DNA sequencing tools in gene discovery and in resolving the dilemma of certain 
genetic phenotypes that were undiagnosed for years.

2.  Sanger sequencing

2.1 Advances in diagnostics and research of Monogenetic diseases

To late nineties Sanger sequencing (Chain Terminator Method) was the tool we 
used to use both in service and research to identify gene mutations or recognize 
polymorphic sequence variations in particular gene(s). Sanger Sequence is named 
after Frederick Sanger and his colleagues who had developed the method in late 
seventies [21, 22]. This sequencing method enabled the identification of nucleotides 
sequence in a single DNA or RNA amplified fragments and hence the changes 
(variations) from the reference genomes. Sanger Sequencing was highly applicable 
in diagnostics when a particular gene or few alternative genes are in question.

2.2  Demonstrative example from author’s experience: a well-defined genetic 
phenotype with two alternative claimed causative genes confirmed true by 
Sanger sequencing

Here, we show the value of Sanger sequencing in resolving, in a fairly good turn-
around time, the genetic defect in a group of patients with a phenotype of abnormal 
cerebral white matter associated with subcortical cysts. The leukodystrophies are a 
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dogma of noncoding regions of DNA has also its influences on the stability of 
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patients due to its high cost. Genes and mutations identification in patients services 
all family members; siblings, cousins, nephews, or other relatives allowing carrier 
detection, premarital planning when first cousin or relative marriage is considered, 
prenatal diagnosis or preimplantation genetics. These sequencing outcomes mark 
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group of diseases, collectively characterized by primarily white matter involvements 
at variable degrees of severity ranged from a change in signal intensity, on brain 
images, to cystic cavitation or vanishing of the brain white matter contents [23, 24]. 
This group of diseases is genetically heterogeneous, however with a good clinical 
history, examination and high resolution brain imaging, a differential diagnosis 
can be set and Sanger sequencing can be applied for the few differential genes. The 
association of distinctive clinical features of macrocephaly (large sized head) detected 
since birth or shortly thereafter, motor developmental delay, seizures and ataxia 
precipitated by trauma as well as brain images of diffusely swollen white matter with 
the very characteristic finding of subcortical cysts preferentially occurring in brain 
temporal or frontoparietal lobes (Figure 1) suggested a clinical diagnosis of mega-
lencephalic leukoencephalopathy (MLC), an autosomal recessive disease [OMIM # 
604004]. A long list of metabolic disorders can be listed for a differential diagnosis.

In 75% of these patients, MLC1 gene’s mutations are causal for the disease 
phenotype, whereas in ~20% of cases it is another gene, the HEPACAM/Glia-CAM 
that contributes the MLC phenotype. Both MLC1 and Glia-CAM are of a reasonable 
coding regions’ size. Application of direct Sanger sequencing had helped several 
of such patients to get a solid genetic diagnosis of their diseases and allowed their 
families to use the Sanger sequencing results in performing premarital counseling 
and preventive measures through the carrier detection and prenatal diagnosis. Thus 
in cases feature a rather defined phenotype, average sized coding region of genes 
are in claim, and few alternative candidate causative genes, application of Sanger 
sequencing empowers the genetic diagnosis in a fair short turnaround time and 
makes the disease primary prevention quite possible [25].

2.3 Immunohistochemistry-guided Sanger sequencing

In some other diseases due to a known contributing family of proteins coded by a 
subset of genes, the roundabout time may be quite consuming to resolve the specific 
causal gene and hence Sanger sequencing may not be the suitable diagnostic tool par-
ticularly when there is a large flow of samples. A good such example is the Limb Girdle 
muscle dystrophies (LGMDs) which constitute a large group of progressive muscle 
weakness and wasting. Each of the several main groups of LGMD possesses a list of 
several subtypes caused by genetic mutations in many of muscle proteins related genes.

Muscle biopsy (a specimen of muscle fibers) used in immunohistochemical 
staining is an invasive diagnostic approach applied in patients with LGMDs aiming 
to detect the specific missing (deficient) muscle protein, secondary to gene’s altera-
tion using mono- or poly-clonal antibodies.

Sarcoglycanopathies is a known genetic group of LGMDs. It is comprised of a 
family of four proteins forming four subgroups of sarcoglycanopthies; alpha, beta, 
gamma, and delta annotated according to the encoded protein and the correspond-
ing gene [26].

The antibodies implemented in the immunohistochemistry procedure are antici-
pated to have the capacity to confirm the diagnosis of sarcoglycanopathy-LGMD and 
the level of the specific protein expression in the muscles, or in the best case scenario 
may also suggest the specific type of deficient sarcoglycan, whether alpha or beta, etc. 
However, in order to confidently determine which of the four sarcoglycan genes, α, β, 
Ƴ, or delta harbors a heritable causative pathogenic mutation, gene sequencing should 
follow the immunohistochemistry. In such cases, Sanger sequencing guided by the 
immunohistochemistry results possibly will be a valuable diagnostic approach in areas 
of limited resources, particularly in extended families with multiple affected subjects 
across successive generations (Figure 2). However, many of the times this is not the 
case since the antibodies cross react to its different proteins subtypes. In such situation, 
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though the time required to interrogate multiple related genes, each separately and 
release the results may be relatively long, however the sequencing outcomes’ signifi-
cance in disease’s prevention and recurrence worth the time and efforts.

Figure 1. 
Brain magnetic resonance imaging (MRI) in Egyptian patients with MLC1 mutations [25]. Permission 
obtained from the copyright owner. Images are of different MLC patients captured at ages between 2 and 
3 years old. Images T1-weighted sagittal (A and C), coronal (B), and axial (D): show extensive large vacuoles 
(A), widespread cystic changes involving frontal, temporal, most of the parietal, and occipital white matter 
(B), diffusely abnormal and swollen cerebral white matter (C and D). Cystic changes in frontal, parietal (C), 
and temporal subcortical regions (D). Images T1 weighted (E and F): display diffusely abnormal and swollen 
cerebral, subcortical, and periventricular, white matter. Cystic changes are visible in the frontal lobes (F). 
Axial T2 image at high level (G) demonstrates cystic changes (vacuolation) affecting different brain cortical 
regions. Sagittal T1 image of normal brain is included to support perception of the striking differences.
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2.4 Challenges for the diagnostic application of Sanger sequencing

Genes of extensively large coding regions like the FBN1, Titin, dystrophin, and 
many others constitute a challenge to use Sanger direct sequencing as a robust tool 
to characterize the underlying mutations. As a kind of solution, numerous commer-
cial labs are limiting their molecular diagnostic service to specific gene’s mutations’ 
hot spots reported in the populations, when applicable. However, this approach is of 
a limited value when the case harbors a new or rare gene mutation.

In rather complex or non-specific clinical genetic presentations that are either 
of un-determined causative genes or of negative gene panel’s results for a particular 
group of diseases, the Sanger sequencing remains unaccommodating.

The evolving roles of non-coding RNA and regulatory sequences alterations 
in causing heritable genetic diseases toughen the value of Sanger sequencing in 
diagnostics and human genetic research academic studies.

For all of these essentials new accommodating approaches were in need to 
satisfy the health care providers’ goals to better serve patients with genetic diseases 
and the researchers need toward discovery of new genes and new etiologies for 
undiagnosed or misdiagnosed genetic disorders.

Targeted genes panel is a designed approach aiming to collectively sequencing a 
group of genes of a known causative relation to a particular inherited genetic disease 
or a group of closely related diseases. Examples involve panels for Limb girdle muscle 
dystrophy, hereditary spastic paraplegias (HSPs), inherited deafness, etc. This 
approach essentially and basically requires a continuous update of the designed panel 
to involve newly discovered genes aiming at avoiding false negative results. HSPs are a 
large group of diseases characterized by progressive lower limb spasticity, raised heal 

Figure 2. 
Extended pedigree with autosomal recessive LGMD alpha-Sarcoglycanopathy. Diagrammatic representation 
of sarcoglycans complex. The pedigree displayed the effect of consanguineous marriages in producing multiple 
generations with AR-limb girdle muscle dystrophy (LGMD): subtype alpha sarcoglycan that was confirmed 
only on DNA sequencing. Immunohistochemistry to the core family reported delta sarcoglycan [cross reactivity 
pitfall]. The diagram demonstrates the sarcoglycans complex (alpha, beta, gamma, and delta), a family 
of skeletal muscle sarcolemma proteins that are connected to the extracellular matrix through the alpha 
dystroglycans (αDG) which connects to the intracellular dystrophin and actin proteins (muscle cytoskeleton) 
via βDG forming the dystrophin-glycoprotein complex (DGC).
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(tip toes) gait and associated in its complex phenotype with brain images abnormali-
ties, developmental delay, ataxia, and other features. The list for HSPs associated 
gene defects is huge involving around 80 genes and continues to expand further [27]. 
Commercial HSP gene’s panel are offered by various diagnostic laboratories, however 
pitfalls of negative results that falsely decline the diagnosis of HSPs is not uncommon.

Academic studies discover newly characterized HSP related genes yearly; this 
has to be regularly updating the diagnostic market. A proper alternative tool will be 
one of the cut edge NGS technologies.

3. Next Generation Sequencing (NGS)

3.1 NGS role in mapping genes and mutations to monogenetic diseases’ phenotypes

WES and WGS yield a high throughput set of data. Of the interpretation 
process, these raw sequencing data/reads should be aligned to human reference 
nuclear genome. Differences between the subjects’ sequencing reads and the refer-
ence genome are annotated as “variations” which may be counted either as common 
“polymorphic” or rare variants. The file contains all annotated variants of subject’s 
sample is designated as the variants calling files (VCF).

The NGS’ chemistry and nucleotide capture efficiency, depth of sequencing 
coverage, as well as bioinformatics pipelines employed in calling the variants of 
subjects’ genome including the quality of mapping/alignment to the reference 
genome govern the potentials of the NGS’ output [VCFs] in genes identification 
[28–30].

The key challenge in NGS data analysis is to identify the disease causal variants 
against the tremendous number of variants that are present at a low/rare frequency 
in genome or annotated, in-silico, as deleterious/pathogenic. Variants prioritization 
is the protocol employed to select the most potential disease causing variants. The 
diagram below (Figure 3) represents the number of variants originally called in 
WGS data of a subject and the filters sequentially applied aiming to highlight the 
most potential candidate disease related variants.

3.2  Gene discovery: identification of genes underlying a worldwide known 
clinical diagnosis

Kabuki syndrome (KS), OMIM # 147920 is a developmental, musculoskeletal, 
and intellectual disability with distinctive facial features genetic syndrome. This 
syndrome was first described, clinically, in families from Japan in 1981 [31] then 
described worldwide in patients from different ethnic groups. Intensive research has 
been made using the emerged high throughput sequencing technology to identify 
the KS causative gene, however unsuccessfully. The sporadic nature of KS (affected 
patients had negative family history and unaffected parent) harden the path of 
gene identification. The first Kabuki-associated gene (Lysine methyltransferase 2D, 
KMT2D, originally named as MLL2, a gene that regulates the expression of several 
downstream targets) was discovered only by late 2010 [32] along with the further 
developments made to WES and the process of variants identification and interpre-
tation. KMT2D spontaneous gene mutations were found in over 75% of patients. A 
second X linked functionally related gene lysine demethylase 6A (KDM6A) contrib-
utes 20% of KS cases [33].

This illustrates how it took about 30 years to identify the underlying gene(s) of a 
well-defined inherited genetic phenotype. Though the most modern high through-
put technology was available for quite number of years, however refinement and 
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optimization of variants calling pipeline and variants analysis was recurrently 
visited to evolve into successful gene discovery for KS.

3.3 NGS approach resolves puzzling clinical phenotypes

With the author experience and the clinical examples discussed below we are 
aiming to outline the significance of NGS in driving research’s discovery into clini-
cal implementation and patients care.

Hereditary sensory and autonomic neuropathies, HSANs, are a genetically 
heterogeneous group of diseases, its phenotypic characteristics involve pain sensi-
tivity (sensory loss) with its sequels, decreased sweating (hypohydrosis/autonomic 
function), plus mild motor weakness in a subset of patients [34]. Though the 
mechanism of development of disease pathology is not well understood, however; a 

Figure 3. 
Diagrammatic representation of filters applied in WGS-VCF data analysis. The first line showed number of 
variants and corresponding number of genes called out of WGS in that particular sample. The confidence 
filter reveals the number of variants and corresponding genes passed the quality settings selected for this filter 
including the reads coverage/depth. The common variants filter presents the number of variants and genes after 
exclusion of “common” variants presented in public data base at frequency high ≥1%. The predicted deleterious 
filter has several options in its setting; the user can opt in the parameters wished to be considered in the analysis. 
The genetic filter has alternative options to select pattern of inheritance/transmission; homozygosity vs. 
heterozygosity in cases vs. controls among multiple other options.
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known, short list of underlying genes were characterized and sequenced when the 
unique HSAN phenotype is suspected.

A consanguineous pedigree had two children, a boy and a girl aged 14 and 
10 years respectively displayed a phenotype resembled that of hereditary sensory 
and autonomic neuropathies (HSANs). The clinical presentations characterized by 
two distinct features, sever pain insensitivity associated with hypohydrosis since 
birth along with the sequels of impaired pain sensation and severe aseptic destruc-
tion of large and small joints as well as the vertebrae (Figure 4). The two affected 
siblings had been examined by multiple local and international experts, the clinical 
diagnosis given was a general one describing an immune inflammatory disease (due 
to the joints destruction), however the association of the severely remarkable pain 
insensitivity remained unexplained in the context of immune-inflammation.

WGS revealed, unexpectedly, a homozygous mutation in LIFR. LIFR mutations 
have been associated with Stüve-Wiedemann syndrome (SWS), a lethal autosomal 
recessive skeletal dysplasia that may be associated with mild reduced pain sensation 
in atypical long survivors.

The complexity (overlapping phenotypes) as well as the striking severity of pain 
insensitivity phenotype, which phenocopy HSANs and atypically associated with 
extensive bone destruction challenges the diagnosis. The WGS had resolved this 
case dilemma, provided the family opportunities for preimplantation genetics as 
well as premarital counseling for other family members. Not only had that, but also 
reveals a new mechanism of LIFR’s functional alteration (defective glycosylation 
of the mutant protein) [35]. WGS finding in these cases warrant the attention to 
consider LIFR testing in genetically unresolved phenotypes mimics HSAN.

3.4  NGS maps neurodevelopmental axonal guidance phenotype to a previously 
unrecognized gene

Neurodevelopmental disorders associated with brain malformation are the most 
extensively large group of neurological disorders. This group incorporates a broad 
spectrum of manifestations primarily involving the central nervous system and 
variably associated with motor and/or psychomotor delay, microcephaly, epilepsy, 
specific behavior, abnormal movements, eye symptoms, dysmorphic features, 
or hypotonia. Brain imaging is very helpful for the clinical diagnosis; however it 
remains challenging to reach a firm genetic diagnosis without NGS approaches. 
Each individual disease of this group is of the rare diseases. Some underlying genes 
have been identified and characterized; many others stay unknown or uncharacter-
ized for its role in causing such diseases, waiting further research and discoveries.

We present here such example of a family with three affected siblings, a boy 
and a twin sister born to a consanguineous parent. The clinical phenotype of global 
developmental delay, learning difficulties associated with mild dysmorphism, 
hearing impairment was presented at variable severity between the older boy and the 
two affected female siblings. This clinical phenotype though can be categorized as 
neurodevelopmental disorder, however is very nonspecific. The older boy was given a 
provisional diagnosis of autistic spectrum hyperactivity due to some related features. 
The brain imaging of cortical malformation (polymicrogyria-cobblestone complex), 
central atrophy, and axonal guidance defects were variably shown in the three 
siblings. WGS applied for 8 members of this family (6 siblings: 3 affected and 3 unaf-
fected plus parent) followed by bioinformatic variants analysis and genes functional 
reviews have successfully filtered the SNVs yield and identified a novel nonsense 
mutation in a previously unrecognized gene, Schwanomin-Interacting Protein1 
(SCHIP1) (Figure 5) [36]. SCHIP1 was not previously associated to human neurode-
velopmental disorders or brain malformation. However, mouse studies knocked out 



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

50

optimization of variants calling pipeline and variants analysis was recurrently 
visited to evolve into successful gene discovery for KS.

3.3 NGS approach resolves puzzling clinical phenotypes

With the author experience and the clinical examples discussed below we are 
aiming to outline the significance of NGS in driving research’s discovery into clini-
cal implementation and patients care.

Hereditary sensory and autonomic neuropathies, HSANs, are a genetically 
heterogeneous group of diseases, its phenotypic characteristics involve pain sensi-
tivity (sensory loss) with its sequels, decreased sweating (hypohydrosis/autonomic 
function), plus mild motor weakness in a subset of patients [34]. Though the 
mechanism of development of disease pathology is not well understood, however; a 

Figure 3. 
Diagrammatic representation of filters applied in WGS-VCF data analysis. The first line showed number of 
variants and corresponding number of genes called out of WGS in that particular sample. The confidence 
filter reveals the number of variants and corresponding genes passed the quality settings selected for this filter 
including the reads coverage/depth. The common variants filter presents the number of variants and genes after 
exclusion of “common” variants presented in public data base at frequency high ≥1%. The predicted deleterious 
filter has several options in its setting; the user can opt in the parameters wished to be considered in the analysis. 
The genetic filter has alternative options to select pattern of inheritance/transmission; homozygosity vs. 
heterozygosity in cases vs. controls among multiple other options.

51

DNA Sequencing Resolves Misdiagnosed and Rare Genetic Disorders
DOI: http://dx.doi.org/10.5772/intechopen.86556

known, short list of underlying genes were characterized and sequenced when the 
unique HSAN phenotype is suspected.

A consanguineous pedigree had two children, a boy and a girl aged 14 and 
10 years respectively displayed a phenotype resembled that of hereditary sensory 
and autonomic neuropathies (HSANs). The clinical presentations characterized by 
two distinct features, sever pain insensitivity associated with hypohydrosis since 
birth along with the sequels of impaired pain sensation and severe aseptic destruc-
tion of large and small joints as well as the vertebrae (Figure 4). The two affected 
siblings had been examined by multiple local and international experts, the clinical 
diagnosis given was a general one describing an immune inflammatory disease (due 
to the joints destruction), however the association of the severely remarkable pain 
insensitivity remained unexplained in the context of immune-inflammation.

WGS revealed, unexpectedly, a homozygous mutation in LIFR. LIFR mutations 
have been associated with Stüve-Wiedemann syndrome (SWS), a lethal autosomal 
recessive skeletal dysplasia that may be associated with mild reduced pain sensation 
in atypical long survivors.

The complexity (overlapping phenotypes) as well as the striking severity of pain 
insensitivity phenotype, which phenocopy HSANs and atypically associated with 
extensive bone destruction challenges the diagnosis. The WGS had resolved this 
case dilemma, provided the family opportunities for preimplantation genetics as 
well as premarital counseling for other family members. Not only had that, but also 
reveals a new mechanism of LIFR’s functional alteration (defective glycosylation 
of the mutant protein) [35]. WGS finding in these cases warrant the attention to 
consider LIFR testing in genetically unresolved phenotypes mimics HSAN.

3.4  NGS maps neurodevelopmental axonal guidance phenotype to a previously 
unrecognized gene

Neurodevelopmental disorders associated with brain malformation are the most 
extensively large group of neurological disorders. This group incorporates a broad 
spectrum of manifestations primarily involving the central nervous system and 
variably associated with motor and/or psychomotor delay, microcephaly, epilepsy, 
specific behavior, abnormal movements, eye symptoms, dysmorphic features, 
or hypotonia. Brain imaging is very helpful for the clinical diagnosis; however it 
remains challenging to reach a firm genetic diagnosis without NGS approaches. 
Each individual disease of this group is of the rare diseases. Some underlying genes 
have been identified and characterized; many others stay unknown or uncharacter-
ized for its role in causing such diseases, waiting further research and discoveries.

We present here such example of a family with three affected siblings, a boy 
and a twin sister born to a consanguineous parent. The clinical phenotype of global 
developmental delay, learning difficulties associated with mild dysmorphism, 
hearing impairment was presented at variable severity between the older boy and the 
two affected female siblings. This clinical phenotype though can be categorized as 
neurodevelopmental disorder, however is very nonspecific. The older boy was given a 
provisional diagnosis of autistic spectrum hyperactivity due to some related features. 
The brain imaging of cortical malformation (polymicrogyria-cobblestone complex), 
central atrophy, and axonal guidance defects were variably shown in the three 
siblings. WGS applied for 8 members of this family (6 siblings: 3 affected and 3 unaf-
fected plus parent) followed by bioinformatic variants analysis and genes functional 
reviews have successfully filtered the SNVs yield and identified a novel nonsense 
mutation in a previously unrecognized gene, Schwanomin-Interacting Protein1 
(SCHIP1) (Figure 5) [36]. SCHIP1 was not previously associated to human neurode-
velopmental disorders or brain malformation. However, mouse studies knocked out 



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

52

schip1 isoforms produced a phenotype of brain axonal guidance defects, similarly to 
that detected in these patients. This gene has multiple isoforms including a fused gene 
(IQCJ-SCHIP1) isoform with variable tissue expression pattern and reported to have 
a role in axonogenesis during brain development. This example demonstrated the 
significant role of massive parallel sequencing approach as well as reviews of studies 
developed in mice with rather similar brain imaging phenotype in characterizing a 
new gene contributing neurodevelopmental-brain malformation phenotype.

Figure 4. 
Phenotypic sequels of severe pain insensitivity, aseptic painless fractures and inflammation of large and 
small joints in patients with LIFR mutation [35]. Permission obtained from the copyright owner. Multiple 
images display: prominent spine kyphoscoliosis. Swollen knee joints; the scar in the left knee is due to surgical 
procedure treating joint’s inflammation. Neuropathic chronic planter ulcerations: extensive and penetrating 
at the right heel, healing at the left big toe; evident hyperkeratosis of surrounding skin. Inflamed and painless 
distal inter-phalangeal joint of the left finger. Kyphoscoliosis, obvious corneal opacity (abnormal white 
band), tongue ulceration, and fissured lips (due to hypohydrosis-dryness) featured the pain insensitivity in the 
younger affected subject. This figure aims to demonstrate how the clinical picture mimics the diseases of pain 
insensitivity however the gene sequencing reveals a different disease category.
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3.5  WGS reveals new non-coding RNA minor splicing component’s machinery 
that maps to a pure congenital cerebellar ataxia phenotype

Hereditary Cerebellar Ataxias (HCAs), the uncoordinated gait and body move-
ments, can be inherited as autosomal dominant or recessive traits or in association 
with other neurological diseases. Hereditary ataxias are due to degeneration of 
cerebellar neurons or spinocerebellar tracts dysfunction [37]. Many several genes, 
its coding regions have been identified as causatives for the HCAs.

The emerging regulatory role of small non-coding RNA is evolving as a new 
mechanism leading human genetic diseases. WGS is particularly relevant to the 
identification of mutations in non-coding regions of the genome. An example, 
the 2nd worldwide of such condition was recently published [38]. In this refer-
enced article, a large interrelated kindred had 6 patients with hereditary ataxias 
of unknown genetic etiology. Delayed speech and developmental milestones, 
congenital hypotonia, dysarthric speech, intention tremor, head nodding, and 
ataxic gait with a falling tendency were the main complains, however at variable 
severity among the affected patients. Brain images support the cerebellar involve-
ments (Figure 6). Clinical diagnosis of an autosomal recessive cerebellar ataxia 

Figure 5. 
NGS maps neurodevelopmental axonal guidance phenotype in a consanguineous family to SCHIP1 [36]. 
Permission obtained from the copyright owner. Images showed (A) the family pedigree, the Sanger sequencing 
validating the nonsense mutation positioned in SCHIP1 and fused IQCJ-SCHIP1 isoform and its recessive 
segregation in family members. (B) Diagrammatic assembly of the IQCJ/SCHIP1 locus (exons illustrated as 
boxes, introns as lines) and the alternatively spliced transcriptional isoforms. The mutation position is marked 
in red. The asterisks indicate a mouse isoform of the human protein.



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

52

schip1 isoforms produced a phenotype of brain axonal guidance defects, similarly to 
that detected in these patients. This gene has multiple isoforms including a fused gene 
(IQCJ-SCHIP1) isoform with variable tissue expression pattern and reported to have 
a role in axonogenesis during brain development. This example demonstrated the 
significant role of massive parallel sequencing approach as well as reviews of studies 
developed in mice with rather similar brain imaging phenotype in characterizing a 
new gene contributing neurodevelopmental-brain malformation phenotype.

Figure 4. 
Phenotypic sequels of severe pain insensitivity, aseptic painless fractures and inflammation of large and 
small joints in patients with LIFR mutation [35]. Permission obtained from the copyright owner. Multiple 
images display: prominent spine kyphoscoliosis. Swollen knee joints; the scar in the left knee is due to surgical 
procedure treating joint’s inflammation. Neuropathic chronic planter ulcerations: extensive and penetrating 
at the right heel, healing at the left big toe; evident hyperkeratosis of surrounding skin. Inflamed and painless 
distal inter-phalangeal joint of the left finger. Kyphoscoliosis, obvious corneal opacity (abnormal white 
band), tongue ulceration, and fissured lips (due to hypohydrosis-dryness) featured the pain insensitivity in the 
younger affected subject. This figure aims to demonstrate how the clinical picture mimics the diseases of pain 
insensitivity however the gene sequencing reveals a different disease category.

53

DNA Sequencing Resolves Misdiagnosed and Rare Genetic Disorders
DOI: http://dx.doi.org/10.5772/intechopen.86556

3.5  WGS reveals new non-coding RNA minor splicing component’s machinery 
that maps to a pure congenital cerebellar ataxia phenotype

Hereditary Cerebellar Ataxias (HCAs), the uncoordinated gait and body move-
ments, can be inherited as autosomal dominant or recessive traits or in association 
with other neurological diseases. Hereditary ataxias are due to degeneration of 
cerebellar neurons or spinocerebellar tracts dysfunction [37]. Many several genes, 
its coding regions have been identified as causatives for the HCAs.

The emerging regulatory role of small non-coding RNA is evolving as a new 
mechanism leading human genetic diseases. WGS is particularly relevant to the 
identification of mutations in non-coding regions of the genome. An example, 
the 2nd worldwide of such condition was recently published [38]. In this refer-
enced article, a large interrelated kindred had 6 patients with hereditary ataxias 
of unknown genetic etiology. Delayed speech and developmental milestones, 
congenital hypotonia, dysarthric speech, intention tremor, head nodding, and 
ataxic gait with a falling tendency were the main complains, however at variable 
severity among the affected patients. Brain images support the cerebellar involve-
ments (Figure 6). Clinical diagnosis of an autosomal recessive cerebellar ataxia 

Figure 5. 
NGS maps neurodevelopmental axonal guidance phenotype in a consanguineous family to SCHIP1 [36]. 
Permission obtained from the copyright owner. Images showed (A) the family pedigree, the Sanger sequencing 
validating the nonsense mutation positioned in SCHIP1 and fused IQCJ-SCHIP1 isoform and its recessive 
segregation in family members. (B) Diagrammatic assembly of the IQCJ/SCHIP1 locus (exons illustrated as 
boxes, introns as lines) and the alternatively spliced transcriptional isoforms. The mutation position is marked 
in red. The asterisks indicate a mouse isoform of the human protein.



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

54

was suggested. Genetic investigations involving gene panel test and WES were 
performed; however results came back as negative.

WGS performed, on research basis, for 11 members of two branches of the 
extended family revealed interesting, nevertheless complex result that required 
functional testing to verify the causative gene and the biological impact of the 

Figure 6. 
Brain MRI-sagittal views in normal and patients with ncRNU12 mutations [38]. Permission from the 
copyright owner was obtained. Normal sagittal T1-weighted midline image (A) showing normal cerebellar 
foliation as well as normal brainstem proportions. A normal variant of prominent cisterna magna, the space 
at the posterior fossa (white arrow). Sagittal T2 weighted images (B and C) are of two affected female cousins, 
with variable degrees of clinical severity: pictures displayed dilatation of the cerebellar interfolia spaces 
indicating cerebellar atrophy or hypoplasia, reduction in the superior and inferior vermis’ sizes (arrows). 
Brainstem is moderately affected (smaller in size). Widened CSF spaces around the posterior fossa, 2ndry to 
cerebellar and brain stem atrophy, more obvious in image B.
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genomic mutation. WGS data analysis identified a variant (SNV) that was located 
in the promoter region of a protein coding gene POLDIP3 and fell as well in a small 
nuclear non-coding RNA gene (RNU12) that was transcribed from the opposite 
strand (Figure 7). Interestingly, RNU 12 was reported as a component of the 
U12-minor splicing machinery that functions in splicing of genes containing minor 
introns. Experimental investigations involved quantitative expression of the genes, 
RNA seq, semi-quantitative analysis of retention of minor introns containing genes 
(due to defective splicing machinery) established the causal relation of RNU12 to 
the disease phenotype in this large family. This story underscores the value of WGS 
in uncovering the unrecognized regulatory role of snRNU12 gene in human brain 
development and function. And the value in identifying the molecular gene defect 
in an example of monogenetic diseases that would have been remained uncovered 
when only WES was undertaken. This gene’s result has been used by healthy family 
members in carrier detection, premarital counseling and prenatal diagnosis.

The ages at which patients of this kindred have getting the genetic diagnosis 
of their disease were as of 25 year old (for the female proband), 22 year old for 
her brother, 15 and 10 years old of her sisters (first branch), 19 and 13 years old of 
female siblings of second branch. This highlights how NGS empowered the diagnos-
tic odyssey of monogenetic diseases translating research into clinic improving tar-
geted patients care and prevention of diseases’ recurrence in family and community.

4. Conclusion

Advancement of new therapeutics for genetic diseases is definitely influenced 
by research and technologies that support swift, reliable, and interpretable OMICs 

Figure 7. 
WGS variant identification, Sanger validation, and genomic organization of the region encompassing the 
RNU12 variant [38]. Permission from the copyright owner was obtained. (A) Filters of ingenuity variant analysis 
(IVA) tool used to analyze the WGS data of 11 members of the extended family concluded two variants (one 
pathogenic, the 2nd was a kind of haplotype-linked polymorphism] passed all filters, corresponding to 3 genes, 2 
that were recognized by IVA and a third gene identified by direct inspection of the locus. (B) Sanger sequencing of 
subjects’ DNA validating the single nucleotide substitution on chromosome 22 and its recessive segregation with the 
phenotypes (normal/wild, normal/carrier, patient/mutant). (C) Diagrammatic representation of the chromosome 
22 region, incorporating the variant that maps to the proximal promoter of POLDIP3 and a functional sequence of 
RNU12. POLDIP3 and RNU13 are transcribed from opposite strands (arrows). Multiple functional experiments 
were done and confirmed RNU12 contribution to the phenotype and disease pathomechanism.
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Abstract

Schizosaccharomyces pombe or fission yeast has been called micromammal due to 
the potential application of the knowledge derived from the yeast in the physiology 
of higher eukaryotes. Fission yeast has been consolidated as an excellent model for 
the study of highly conserved cellular processes. The possibility of using haploid or 
diploid strains facilitates the analysis of the dominant or recessive phenotype of an 
allele as well as its function, making it a model of first choice for the development 
of any investigation in eukaryotes cells. With a growing community that employs 
fission yeast as a model system for the study of numerous cellular processes, it has 
motivated the simultaneous development of molecular tools that facilitate the study 
of genes and proteins in the yeast. In this review, we present the most used molecu-
lar techniques in fission yeast for the analysis of genes, its characterization, as well 
as the determination of its function.

Keywords: fission yeast, gene replacement, mutants, gene expression, CRISPR/Cas, 
RNAi, yeast two-hybrid, microarrays, NGS, ChiP

1. Introduction

Schizosaccharomyces pombe (S. pombe) is a single-cell, nonpathogenic yeast, 
described in Germany in 1893 by P. Linder, named “pombe,” and was originally 
isolated from East African millet beer [1]. S. pombe is an ascomycete fungus, whose 
lineage is evolutionarily remote from the yeast Saccharomyces cerevisiae [2]. Actually, 
S. pombe is phylogenetically as distant from budding yeasts as it is from humans. In 
1950, two homothallic strains, h90 (968) and h40, and two heterothallic strains with 
opposite mating types, h− and h+, were isolated [3, 4]. There are several heterothallic 
strains with different genomic configurations at the mating type locus, but the het-
erothallic strains commonly used in the laboratory are h+N (975) and h−S (972) [5].

S. pombe is also called fission yeast because it is divided by binary fission. 
However, it has two forms of reproduction: one by binary fission and another by 
sporulation. Therefore, it is possible to find it in both haploid and diploid states. S. 
pombe cells are cylindrical, 3–4 μm in diameter and 7–15 μm long in haploid state, 
while in diploid state, they measure from 4 to 5 μm in diameter and 20–25 μm long 
[6]. S. pombe was the sixth eukaryote to have its entire genome sequenced [7]. The 
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genome of S. pombe has a size of 13.8 Mb and is organized in chromosome I of 
5.7 Mb, chromosome II of 4.6 Mb, and chromosome III of 3.5 Mb, along with a mito-
chondrial genome of 20 Kb [8]. It contains the ribosomal RNA genes 5.8S, 18S, and 
25S with a length of approximately 1.1 Mb [9]. Approximately, 4940 genes encoding 
proteins (including 11 mitochondrial genes) and 33 pseudogenes have been pre-
dicted. Almost 50% of fission yeast genes have at least one intron, and in total, there 
are 5300 introns in 2510 protein-coding genes. The process of splicing also appears 
to be more similar to splicing in human cells (http://www.pombase.org/status/statis-
tics). The telomeres, centromeres, and origins of replication are more similar to com-
plex eukaryotes than they are with the case of budding yeast. The three centromeres 
are 35, 65, and 110 Kb in length for chromosomes I, II, and II, respectively, with a 
total of 0.2 Mb [7]. The complete information of the yeast genome, gene expression 
data, mutations and proteins, curated literature up to tools for sequence and struc-
ture analysis is located in the main databases in the world on the NCBI, EMBL and 
DDBJ informatics domains as well as the Pombase database [10].

In its haploid state and in favorable conditions, S. pombe grows through a mitotic 
cycle. The optimal growth temperature for S. pombe cells is 30°C (25–36°C) with a 
doubling time of 2–4 hours [11]. In both haploid and diploid cells, S. pombe mitotic 
cell cycle is organized into the G1, S, G2, and M phases. There are two major con-
trols regulating progress through the cell cycle: the G1–S transition and the G2–M 
transition. Both points are regulated by cyclin-dependent serine/threonine protein 
kinase Cdc2 [12, 13]. The meiotic cell cycle is a modified mitotic (M) cell cycle  
[14, 15]. Like other eukaryotes, in the meiotic cell cycle of fission yeast, MI is a 
reductional division, without intervening S phase before the second meiotic divi-
sion (MII). The meiosis process concludes with the formation of an ascus including 
four haploid spores [15].

Under conditions of nutrient restriction especially nitrogen, cells become 
arrested in G1, and if the two sexual types (h+ and h−) are present, they will conju-
gate to form a diploid zygote, known as zygotic ascus [16, 17]. In a similar way as in 
mammals, two cells of opposite sex are recognized by the system of communication 
of pheromones. A cell experiment a polarized morphogenesis in the direction in 
the direction of the pheromones source cell by a process called shmooing. Next, 
two cells will merge by conjugation or “mating” producing a zygote. The zygote is 
diploid and could be kept in a diploid mitotic cycle if the conditions of the medium 
improve at this point in the cycle. If the growing conditions are unfavorable, the 
diploid yeast will enter into meiosis to culminate with the formation of an ascus 
with four haploid spores. The spores will germinate and enter again into the mitotic 
cycle when the environmental conditions allow it, thus closing the cycle.

S. pombe has become one of the best-studied eukaryotes today. Dr. Forsburg gave 
it the name of micromammal [18]. In fission yeast, genes and proteins homologous 
to higher eukaryotes have been described related to recombination, chromosomal 
organization, chromatin modification, stress response mechanisms, DNA damage 
response, mitosis, meiosis, cell cycle control, mRNA splicing, cell morphogenesis 
and polarity, and post-translational modifications of proteins such as glycosylation 
[19–27].

2. Gene replacement

In fission yeast, gene deletion or one-step gene deletion by gene replacement 
via homologous recombination is probably the most used molecular tool in the 
functional characterization of the function of the gene and the protein. Gene 
disruption is a genetic analysis strategy to achieve gene modifications, generation of 
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tagged protein fusions, genetic expression placed under the control of a regulated 
promoter, specific mutations, insertions, and deletion [28, 29]. Gene replacement 
by homologous recombination in S. pombe has allowed the construction of chromo-
somal interruptions of genes such as sts1, gcs1, gsh2, hmt1 [30], and git2/cyr1 [31].

Gene replacement requires a switch construction that contains 5′ and 3′ homolo-
gous regions of the target locus that flank a selection marker gene, and its efficiency 
in homologous recombination depends largely on the size of these regions [28]. The 
genetic construct is incorporated into the cells by transformation, then the reporter 
gene that will be used for gene replacement is inserted into the target gene due to 
the presence of terminal homologous regions in the construct, thus eliminating a 
large fragment of the target gene and incorporating instead, the reporter gene. At 
the beginning of the use of this technique, the protocol was based on obtaining the 
homologous regions to the target gene by digestion to flank a selection marker gene 
that was obtained from a plasmid containing the desired selection gene as well as 
the restriction sites resulting from the digestion of the homologous regions.

For this method, it was essential that DNA fragments share the restriction site 
for subsequent linkage. With the advance in molecular biology, methods based on 
PCR were developed [32]. The PCR strategy was improved by Wang et al. [32], and 
the protocol described the generation of construction switch gene called two-step 
PCR. Four oligonucleotides are required for the amplification of the homologous 
regions of the target gene to eliminate or modify. These PCR fragments can be 
called AB located in the 5′ region and CD located in the 3′ region of the target gene. 
A novel strategy was a little modification in the 3′ antisense oligonucleotide from 
AB region and 5′ sense oligonucleotide from CD region, which contains a short 
complementary sequence and a single restriction site to facilitate the link of the 
two products generated in the first PCR and then forming a product that serves as 
template for the second PCR. The final PCR product can be called ABCD and is 
cloned into a plasmid. At the same time, the gene marker selection used in the gene 
replacement like leu1 or ura4+ is amplified by PCR with oligonucleotides including 
the same restriction site in both ends, used in the 3′ antisense oligonucleotide from 
AB region and 5′ sense oligonucleotide from CD region of target gene to replace-
ment. The PCR product of marker gene is incorporated into a cloning vector, and 
then it’s digested with the unique restriction enzyme selected. Finally, the plasmid 
containing ABCD fragment is digested with the same restriction enzyme used to 
prepare the marker gene and linked to produce the AB-selection marker gene-CD 
gene deletion cassette.

In order to achieve the gene modification, a one-step gene deletion technique 
by pop-in homologous must be performed [29]. The gene deletion cassette is 
transformed into a yeast strain with a deletion in the endogenous gene selected 
like ura+ (ura4-D18) to the gene replacement [33] by the lithium acetate protocol 
[34]. Then, it is efficiently targeted to its homologous location in the chromosome 
DNA. Moreover, it is widely known that the efficiency of homologous recombination 
is greatly stimulated if the incoming DNA sequence has free ends. The DNA flanking 
to the marker gene, on each side, recombines with the genome, inserting the marker 
gene into the target gene, therefore disrupting or completely replacing it.

It has been reported that the optimal length of homologous sequences to achieve 
an efficient elimination of the gene is 80–100 pb. Nevertheless, high efficiency 
in mutagenesis directed for S. pombe has been brought, using long segments of 
homologia of the gene target (≥250 pb), with efficiencies in the homologous inte-
gration of up to 100% [35]. The selection marker genes used in S. pombe are based 
on gene markers of Saccharomyces cerevisiae. The most used genes are ura3, leu2, 
ade6, trp1, and his3 that synthesize enzymes used for the biosynthesis of uracil, 
leucine, adenine, tryptophan, and histidine, respectively [36]. A high and efficient 
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S. pombe has become one of the best-studied eukaryotes today. Dr. Forsburg gave 
it the name of micromammal [18]. In fission yeast, genes and proteins homologous 
to higher eukaryotes have been described related to recombination, chromosomal 
organization, chromatin modification, stress response mechanisms, DNA damage 
response, mitosis, meiosis, cell cycle control, mRNA splicing, cell morphogenesis 
and polarity, and post-translational modifications of proteins such as glycosylation 
[19–27].

2. Gene replacement

In fission yeast, gene deletion or one-step gene deletion by gene replacement 
via homologous recombination is probably the most used molecular tool in the 
functional characterization of the function of the gene and the protein. Gene 
disruption is a genetic analysis strategy to achieve gene modifications, generation of 

63

Molecular Tools for Gene Analysis in Fission Yeast
DOI: http://dx.doi.org/10.5772/intechopen.84896

tagged protein fusions, genetic expression placed under the control of a regulated 
promoter, specific mutations, insertions, and deletion [28, 29]. Gene replacement 
by homologous recombination in S. pombe has allowed the construction of chromo-
somal interruptions of genes such as sts1, gcs1, gsh2, hmt1 [30], and git2/cyr1 [31].

Gene replacement requires a switch construction that contains 5′ and 3′ homolo-
gous regions of the target locus that flank a selection marker gene, and its efficiency 
in homologous recombination depends largely on the size of these regions [28]. The 
genetic construct is incorporated into the cells by transformation, then the reporter 
gene that will be used for gene replacement is inserted into the target gene due to 
the presence of terminal homologous regions in the construct, thus eliminating a 
large fragment of the target gene and incorporating instead, the reporter gene. At 
the beginning of the use of this technique, the protocol was based on obtaining the 
homologous regions to the target gene by digestion to flank a selection marker gene 
that was obtained from a plasmid containing the desired selection gene as well as 
the restriction sites resulting from the digestion of the homologous regions.

For this method, it was essential that DNA fragments share the restriction site 
for subsequent linkage. With the advance in molecular biology, methods based on 
PCR were developed [32]. The PCR strategy was improved by Wang et al. [32], and 
the protocol described the generation of construction switch gene called two-step 
PCR. Four oligonucleotides are required for the amplification of the homologous 
regions of the target gene to eliminate or modify. These PCR fragments can be 
called AB located in the 5′ region and CD located in the 3′ region of the target gene. 
A novel strategy was a little modification in the 3′ antisense oligonucleotide from 
AB region and 5′ sense oligonucleotide from CD region, which contains a short 
complementary sequence and a single restriction site to facilitate the link of the 
two products generated in the first PCR and then forming a product that serves as 
template for the second PCR. The final PCR product can be called ABCD and is 
cloned into a plasmid. At the same time, the gene marker selection used in the gene 
replacement like leu1 or ura4+ is amplified by PCR with oligonucleotides including 
the same restriction site in both ends, used in the 3′ antisense oligonucleotide from 
AB region and 5′ sense oligonucleotide from CD region of target gene to replace-
ment. The PCR product of marker gene is incorporated into a cloning vector, and 
then it’s digested with the unique restriction enzyme selected. Finally, the plasmid 
containing ABCD fragment is digested with the same restriction enzyme used to 
prepare the marker gene and linked to produce the AB-selection marker gene-CD 
gene deletion cassette.

In order to achieve the gene modification, a one-step gene deletion technique 
by pop-in homologous must be performed [29]. The gene deletion cassette is 
transformed into a yeast strain with a deletion in the endogenous gene selected 
like ura+ (ura4-D18) to the gene replacement [33] by the lithium acetate protocol 
[34]. Then, it is efficiently targeted to its homologous location in the chromosome 
DNA. Moreover, it is widely known that the efficiency of homologous recombination 
is greatly stimulated if the incoming DNA sequence has free ends. The DNA flanking 
to the marker gene, on each side, recombines with the genome, inserting the marker 
gene into the target gene, therefore disrupting or completely replacing it.

It has been reported that the optimal length of homologous sequences to achieve 
an efficient elimination of the gene is 80–100 pb. Nevertheless, high efficiency 
in mutagenesis directed for S. pombe has been brought, using long segments of 
homologia of the gene target (≥250 pb), with efficiencies in the homologous inte-
gration of up to 100% [35]. The selection marker genes used in S. pombe are based 
on gene markers of Saccharomyces cerevisiae. The most used genes are ura3, leu2, 
ade6, trp1, and his3 that synthesize enzymes used for the biosynthesis of uracil, 
leucine, adenine, tryptophan, and histidine, respectively [36]. A high and efficient 
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integration in the strains that have mutations in the locus leu1-32 and Ura4-294 of 
S. pombe with own genes leu1+ and ura4+ has been showed.

In addition, to make the functional analyses of various genes as well as mini-
mize incidental recombination events between DNA sequences within the marker 
gene and a chromosomal sequence, gene deletion cassettes consisting entirely of 
heterologous DNA sequences have been designated. Those gene deletion cassettes 
even allow multiple gene deletions to be performed. Because the incorporation of 
loxP sites flanking the marker gene allows Cre recombinase-mediated rescue, the 
marker can be reused for the next gene deletion. Genes can be deleted in sequential 
order using different gene deletion cassettes carrying different selectable markers. 
Then, a gene deletion cassette would be removed from the chromosome DNA by 
mitotic or recombinase-mediated recombination. The strategy allows the use of 
the recyclable deletion cassettes, useful to disrupt the next gene of interest with the 
same marker gene [37, 38].

3. Heterologous protein expression

Fission yeast is a very popular system for protein expression with potential 
biotechnological applications. The choice of yeasts for the purification of proteins, 
their structural analysis, and the generation of mutants aimed at knowing the func-
tion of proteins is based on the shared conserved biological processes as cell cycle 
progression, protein turnover, vesicular trafficking, and signal transduction with 
cells of higher eukaryotes [39, 40]. In yeasts, the appropriate expression of proteins 
with the posttranslational modifications required allows to obtain the correct 
protein structure and function. So, the use of yeast in the industrial production of 
enzymes employed in food, medicine and health, environment, and other applica-
tions has been proposed [41, 42]. To fulfill this purpose, “humanized yeast model 
systems” have been created as tools to study the molecular mechanisms involved 
in chronic degenerative diseases such as neurological disorders [43, 44]. Due to the 
accessibility of the yeast to simple genetic and environmental manipulations, it 
reduced complexity compared to the mammalian models.

Fission yeast is an excellent system to study the complex intracellular mecha-
nisms underlying neurodegenerative diseases such as Alzheimer’s disease (AD). 
Heterologous expression of Tau and Aβ can provide new insights into the pathobiol-
ogy of these proteins in vivo as well as the screening of compounds that may be 
useful in treatment and/or prevention of AD [45]. Recently, it was reported that 
ginger (dietary condiment) fermented with S. pombe had neuroprotective effects 
on in vivo models of AD. FG improved recognition memory, ameliorated memory 
impairment in amyloid beta1–42 (Aβ1–42) plaque-injected mice, reinstated the pre- 
and postsynaptic protein levels decreased by amyloid plaque toxicity, as well as 
attenuated memory impairment in Aβ1–42 plaque-induced AD mice [46].

Numerous expression vectors have been used in molecular studies on S. pombe 
[47–49]. A typical plasmid of S. pombe contains an origin of bacterial replication, 
an antibiotic resistance gene to select recombinant cells in bacteria, an autonomous 
replication sequence (ARS1), and a marker of selection of yeast. More complex 
plasmids can include a regulated or constitutive promoter, a transcription termina-
tor, or epitope tags [47, 50].

The use of antibiotics to induce genes to antibiotic resistance genes as selection 
markers into the yeast plasmid is very frequent. The kanamycin/G418, hygromycin 
B, phleomycin/bleomycin, and nourseothricin/clonNat are excellent markers in 
fission yeast [51]. Relative to auxotrophy, new markers such as ade7, his1, his2, his3, 
his5, arg3, arg12, lys1, lys2, and tyr1 are being developed [51–55].
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However, ade6, his3+, LEU2, and ura4+ remain the most widely used markers 
for the selection of multi-copy vectors in common use. The pDUAL series and 
pJK148 vectors have been used to achieve the conversion of the leucine auxotrophy 
of leu1.32 to leucine prototrophy to select integration at the leu1 locus by recombi-
nation as well as pJK210 has been used to rescue ura4.294 to target integration at the 
ura4 locus [36].

In regard to the promoters used in the cloning vectors to protein expression, 
there are many promoters between the most used such as adh1+, which is a constitu-
tive promoter. The fbp1+ is repressed by exogenous cAMP. The SV40 promoter is of 
constitutive expression. The CaMV promoter is tetracycline inducible. The inv1+ 
is glucose repressible. The ctr4+ is copper repressible and nmt1 (strong, intermedi-
ate, and weak promoters) is thiamine repressible [47]. The latter is the most used 
promoter and was the first characterized in the expression of protein heterologous. 
The nmt1 (no message in thiamine) promoter (Pnmt1) is considered as an inducible/
repressible strong promoter that directs the transcription. It can be repressed by 
the addition of thiamine to a medium or induced in the absence of thiamine [56]. 
Pnmt1 has excellent dynamic range and a low off-state transcription but takes 
14–16 h to induce upon thiamine withdrawal. Pnmt1 responds to the lack of exog-
enous thiamine and is induced approximately 75-fold when thiamine is removed 
from the growth media. However, the activity of Pnmt1 is repressed by the yeast 
extract present in a medium rich in YE and YES. So, some modifications into the 
TATA box of Pnmt1 have been made. Variants of this promoter were developed 
to reduce both off-state and on-state transcription [57, 58]. Pnmt4 and Pnmt8 are 
excellent options to choose the desired level of expression. However, an induction 
of transcription of 14–16 his also required.

To solve the problem, other promoters were generated to avoid the inactivation 
of the promoter nmt1 in the YES culture medium. The promoters of the 276-bp eno 
and 273-bp gpd were modified from eno101 and gpd3 genes in S. pombe. Both are 
stronger and constitutive promoters, which increase 1.5-fold higher expression of 
lacZ gene than nmt1 promoter. In addition, the 276-bp eno and 273-bp gpd promot-
ers were not affected by the components of YES medium like Pnmt1.

As it was mentioned, there are other constitutive promoters widely used in S. 
pombe. The CaMV 35S promoter is a moderate constitutive promoter in S. pombe 
derived from the native 35S promoter of the plant viral cauliflower mosaic virus 
through deletion of the Tet repressor [59]. The adh1+ promoter of alcohol dehy-
drogenase is constitutively transcribed at high levels in cells grown in glucose and 
glycerol. However, the adh1+ promoter is weaker than the nmt1 promoter and may 
only be useful if a low level of gene expression is desired [58, 60]. Padh1 has two 
mutant variants, namely Padh41 (a mildly weak version of the adh1+ promoter) 
and Padh81 (a weak version of the adh1+ promoter, where the TATA box sequence 
TATAAATA is changed into TA), and both of these promoters express the down-
stream gene constitutively. Padh81 has been used in the study of the dynamic of the 
kinetochores [61, 62].

Therefore, it is necessary to find more efficient promoters for high-expression 
proteins in S. pombe. Other induction systems have rapid response times, but have 
a short dynamic range or relatively high levels of off-state transcription. The lsd90 
promoter that is strongly induced by heat stress was cloned into the pJH5 vector, 
which contains an ARS element and a truncated URA3m as selectable marker. 
Following the expression of the luciferase reporter into the vector and making the 
comparison with other promoters such as Pnmt1, Padh1, and AOX1, it was found 
that lsd90 promoter promotes a constitutive expression of luciferase, at a level of 
19-, 39-, and 10-fold higher than the promoters above mentioned, respectively [63]. 
The urg1 gene was identified as a rapidly induced transcript, responding to uracil 
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addition in ~30 min and exhibiting low off-state transcription and high dynamic 
range [64] Other useful constitutive promoters in the protein expression are tif471 
(with moderate force) and lys7 (weak promoter) [27, 65].

The pREP series vectors are general-purpose episomal vectors widely used in 
fission yeast research that contains a replication origin ARS1, ura4+, or LEU2 as the 
selective marker and kan, nat, hph, and bsd genes as a second type of marker of 
resistance to the specific antibiotics G418, clonNAT, hygromycin B, and blasticidin 
S, respectively. The latter are used routinely during chromosomal integration. The 
pREP vectors have been modified to produce novel and versatile plasmids pREP1 
and pREP41. pREP1 contains a promoter derived from the gene nmt1. pREP41 
contains a moderate-activity promoter (Pnmt41), whereas pREP81 contains a 
weaker promoter (Pnmt81). pREP vectors that contain ura4+ along with Pnmt1, 
Pnmt41, and Pnmt81 are named pREP2, pREP42, and pREP82, respectively [57]. 
The dominant selection marker genes kan, nat, hph, and bsd, which confer resis-
tance against the specific antibiotics G418, clonNAT, hygromycin B, and blasticidin 
S, respectively, are used routinely during chromosomal integration [66–69].

Other important kinds of vectors of S. pombe are those of the pRI series gener-
ated from vector pREP, which were produced by deleting the ars1 origin of replica-
tion sequence, and it has been used for the creation and expression of a single copy 
gene integrated into the chromosome [70].

The pYZ vectors are derivatives from the pREP series, which were designated 
for general purposes of cloning and large scale random gene cloning, as well as 
for allowing positive identification of cloning gene insertion and fusion to the 
GFP gene for analysis of gene expression. The pYZ vectors were constructed by 
inserting an E. coli α-peptide (position 239–684 on the pUC19 plasmid) of the lacZ 
(β-galactosidase) in opposite orientation to the Pnmt1 on the pREP series, leading 
to the complementation of the lacZΔM15 deletion in E. coli strains such as DH5α or 
JM105 [56, 71, 72].

The pREP1, pREP41, pREP81, and pSGA plasmids were generated from the pREP 
series called pYZ1N, pYZ41N, pYZ81N (N represents an additional Not I site), and 
pYZ3N-GFP, respectively. In those vectors, the distance between the Pnmt1 and the 
ATG start codon remains the same as in the pREP vectors, and the promoter strength 
is unchanged [71]. The pYZ vectors have been useful because they were designated 
to produce a correct positive identification of cloning gene, fusion to the GFP, and 
large-scale random gene screening. The versatility of the pYZ vectors has allowed 
their use in numerous researches. HIV-1 vpr is a virion-associated viral protein of 
about 12.7 kD, whose function is required for efficient viral infection of nondividing 
mammalian cells such as monocytes and macrophages [73].

The HIV-1 protease (PR) is a viral enzyme encoded by vpr gene that was initially 
expressed in S. pombe from pREP1N. Vpr makes proteolytic processing required to 
the production of viral enzymes and structural proteins and for maturation of infec-
tious viral particles [74].With the aim to improve the functional studies, HIV-1 vpr 
gene was cloned in the pYZ vectors. The vpr gene was fused to GFP in the pYZ3N-
GFP vector and expressed in the yeast, where Vpr localizes to the nucleus of fission 
yeast cells. Expression of the vpr gene from the pYZ1N vector allows the analysis of 
the effects on cell morphology, the cell cycle G2 arrest, and cell killing [75].

In the molecular analysis of the Zika virus (ZIKV) infection, a large-scale 
molecular cloning and functional characterization of the viral proteins were 
performed. The Zika virus (ZIKV) is the causal agent of the microcephaly and the 
Guillain-Barré syndrome after the viral infection. However, there is insufficient 
knowledge about how ZIKV viral proteins are involved in cell damage. So, S. pombe 
was used to identify ZIKV factors responsible for the ZIKV-mediated cytopathic 
effects as well as the pathogenic factors associated with the viral infection. 
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By cloning the 14 coding-genes into the pYZ3N including the N-terminal GFP, it 
was possible to determine the subcellular localizations (nuclear, ER, Golgi, and 
cytoplasm) of ZIKV proteins expressed in a wild-type fission yeast strain, SP223 
[70]. Importantly, seven ZIKV proteins affect cellular proliferation, which would 
be related to the microcephaly. So, ZIKV-induced microcephaly was proposed due 
to the intrauterine growth restriction, reduced cell proliferation, reduced neuronal 
cell layer volume, or cell death/apoptosis. Also, it was observed that prM, C, M, E, 
and NS4A proteins cause cell-cycle dysregulation because of cell cycle G2/M phase 
accumulation. These findings allow to follow the study of ZIKV infection.

Other interesting series of vectors are those that were produced as the pREP-X 
vectors that lack an ATG start codon [76]. Between them, pREP3X (promoter 
strength high), pREP41X (promoter strength medium), and pREP81X (promoter 
strength low), the three vectors lack tags and used Leu2 as marker. The pSLF 
vectors contain N-terminal or C-terminal triple hemagglutinin (3× HA) epitope 
tag. Between them, pSLF173 (promoter strength high), pSLF273 (medium), and 
pSLF373 (low), all of them contain 3xHA as tag and use ura4+ as the selective 
marker and the inducible promoter nmt1. From the pREP-X series were constructed 
several vectors with the purpose of being utilized for high-throughput functional 
analysis of heterologous genes in S. pombe such as pDS vectors that add GST tag-
gings [50] as well as pSGA vector that includes GFP fusions.

There are many expression vectors constructed containing a destination cassette 
suitable for high-throughput cloning of target genes via the gateway system. There 
are vectors with N-terminal tagging such as the pDES173N, 273 N, and 373 N series, 
which add a 3XHA tag with the ura4+ gene as marker, and the vectors were con-
structed from the pSLF173, 273, and 373 vectors. The pDES175N, 275 N, and 375 N 
series add a GFP tag with the LEU2 marker, and those plasmids were built from 
the pSLF175, 275, and 375 vectors. The pDES177N, 277 N, and 377 N vectors add a 
GFP tag using ura4+ as marker selection. The pDES5XN, 45XN, and 85XN series 
add a RFP tag, with the LEU2 marker, which were derived from the pSLF5X, 45X, 
and 85X vectors. The pDES179, 279, and 379 series add a RFP tag, with the ura4+ 
marker, which were derived from the pSLF179, 279, and 379 vectors [77].

There are vectors with C-terminal tagging; those in the pDes173C, 273C, and 
373C series add a 3XHA tag with ura4+ as marker, and the plasmids were con-
structed from the pSLF173, 273, and 373 vectors. The pDEs175C, 275C, and 375C 
series add a GFP tag with the LEU2 as marker, and those were constructed from the 
pSLF175, 275, and 375 vectors. The pDEs179C, 279C, and 379C series that add an 
RFP tag with the ura4+ marker were constructed from the pSLF179, 279, and 379 
plasmids [77, 78]. These vectors exposed above lead the protein expression with 
N-terminal or C-terminal tagged, useful for the affinity purification or the func-
tional analysis of target genes [77].

In 2013, an interesting series of vectors was described to PCR-based epitope tagging 
and gene disruption. The vectors developed were pFA6a-LEU2MX6, pFA6a-his3MX6, 
and pFA6a-ura4MX6. All of them were designed from the pFA6a-MX6-based plasmid  
(which contains antibiotic-resistance markers as kan) for amplification of gene- 
targeting DNA cassettes and integration into specific genetic loci, allowing expres-
sion of proteins fused to 12 tandem copies of the Pk (V5) (epitope from the P and V 
proteins of the paramyxovirus SV5), or 5 tandem copies of the FLAG epitope with 
a glycine linker. All vectors can use the LEU2, his3+, and ura4 + genes as selection 
markers. Also, some vectors as pFA6a-G9–5FLAG-kanMX6 and pFA6a-G11–5FLAG-
kanMX6 were created, which were generated for studies of proteins when the direct 
epitope tagging compromises protein conformation and/or function. Other vectors 
were constructed to add a green fluorescent protein (GFP(S65 T)) or a monomeric red 
fluorescent protein (mRFP) genomic tagging as FA6A-GFP-bleMX6 [79].
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addition in ~30 min and exhibiting low off-state transcription and high dynamic 
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The dominant selection marker genes kan, nat, hph, and bsd, which confer resis-
tance against the specific antibiotics G418, clonNAT, hygromycin B, and blasticidin 
S, respectively, are used routinely during chromosomal integration [66–69].

Other important kinds of vectors of S. pombe are those of the pRI series gener-
ated from vector pREP, which were produced by deleting the ars1 origin of replica-
tion sequence, and it has been used for the creation and expression of a single copy 
gene integrated into the chromosome [70].
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effects as well as the pathogenic factors associated with the viral infection. 
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By cloning the 14 coding-genes into the pYZ3N including the N-terminal GFP, it 
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RFP tag with the ura4+ marker were constructed from the pSLF179, 279, and 379 
plasmids [77, 78]. These vectors exposed above lead the protein expression with 
N-terminal or C-terminal tagged, useful for the affinity purification or the func-
tional analysis of target genes [77].

In 2013, an interesting series of vectors was described to PCR-based epitope tagging 
and gene disruption. The vectors developed were pFA6a-LEU2MX6, pFA6a-his3MX6, 
and pFA6a-ura4MX6. All of them were designed from the pFA6a-MX6-based plasmid  
(which contains antibiotic-resistance markers as kan) for amplification of gene- 
targeting DNA cassettes and integration into specific genetic loci, allowing expres-
sion of proteins fused to 12 tandem copies of the Pk (V5) (epitope from the P and V 
proteins of the paramyxovirus SV5), or 5 tandem copies of the FLAG epitope with 
a glycine linker. All vectors can use the LEU2, his3+, and ura4 + genes as selection 
markers. Also, some vectors as pFA6a-G9–5FLAG-kanMX6 and pFA6a-G11–5FLAG-
kanMX6 were created, which were generated for studies of proteins when the direct 
epitope tagging compromises protein conformation and/or function. Other vectors 
were constructed to add a green fluorescent protein (GFP(S65 T)) or a monomeric red 
fluorescent protein (mRFP) genomic tagging as FA6A-GFP-bleMX6 [79].
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Between the PK-tagging vectors are the pFA6a-6 × GLY-V5-(marker) and 
C-terminal FLAG-tagging vectors using KanMX6 and hphMX4 as markers. 
The FLAG-tagging vectors with N-terminal and C-terminal tags included the 
pFA6a-6 × GLY-FLAG-(maker), with kanMX6, hphMX6, natMX6, bleMX6, 
and his3MX6 as possible markers. Between the GFP-tagging vectors are pFA6a-
GFP(S65 T)-(maker) and N-terminal and C-terminal GFP(S65 T)-tagging, which 
include kanMX6, hphMX6, natMX6, bleMX6, and ura4MX6. Also, some disrup-
tion plasmids as pFA6a-(maker), which has been used for gene deletions using 
kanMX6, hphMX6, natMX6, bleMX6, ura4MX6, his3MX6, and LEU2MX6, were 
constructed [79].

A novel system to cloning several DNA fragments, into a plasmid, is the Golden 
Gate shuffling method. Golden Gate cloning [80–82] is a modular cloning system 
and was set up for simultaneous overexpression of multiple genes. Some of the appli-
cations of the Golden Gate that have been tested in Pichia pastoris are the develop-
ment of strain engineering, pathway expression, and protein production [83].

The use of this methodology for the construction of pREP1-type plasmids that 
expressed GOI-FPtag was reported S. pombe. To apply the Golden Gate cloning, 
several modules including promoters, tags, marker genes, terminators, and the 
gene of interest (GOI), which are cloned separately, are produced separately. They 
are digested with the enzyme BsaI that recognizes a specific sequence GGTCTC 
and cleaves any four-base sequence after it (such as nNNNN, mMMMM, and 
kKKKK) at 37°C but generates cohesive ends for various sequences. The Golden 
Gate method connects all the modules in the order desired in a single reaction. 
The cleaved fragments are joined by DNA ligase at 16°C. Once complementary 
four-base overhangs are connected, the site can no longer be cleaved with BsaI. The 
temperature shift is repeated up to 50 times until circular plasmids are efficiently 
produced. The system allows the assembly of up to eight expression units on one 
plasmid with the ability to use different characterized promoters and terminators 
for each expression unit [84].

In first place, modules were prepared using the pREP1 vector [70]. A segment 
from pREP1, which includes ars1 and Amp, was amplified by PCR with a pair of 
oligonucleotides containing BsaI and NotI sites. A typical expression plasmid for  
S. pombe is composed of six modules in total. The modules are a promoter, a ter-
minator, a GOI, an FPtag fused at the N- or C-terminus, a selection marker such 
as an antibiotic resistance gene, and auxotrophic marker gene required to select 
colonies that harbor the expression plasmid. With this method, several plasmids 
were generated. The first plasmid was named pBMod-exv (colEI ori, Amp, ars1, 
NotI, and KanR sites), and this plasmid was the backbone of all vectors. Plasmids 
named pRGG (from pRGG-1 to pRGG-5) are expression vectors designed to express 
GFP-Atb2 from pREP-type multicopy plasmids. For the construction of pRGG-1, 
LEU2 was chosen as a marker module, whereas for pRGG-2, kan was chosen. To 
further demonstrate the convenience of the Golden Gate method, a series of plas-
mids of variable promoter strength were designed to express GFP-Atb2. The genetic 
elements included were the promoter (nmt1–41-81 and adh1–41-81 y urg1), an 
FPTag-N (GFP+ linker, mCherry+ linker, and CFP+ linker), an FPTag-C (linker+ 
GFP, linker+ mCherry, and linker+ CFP), GOI, and Terminator + marker (Tadh + 
Kan, Tadh + hpd, Tadh+nat, and Tadh+bsd) [84].

Recently, pheromone-inducible expression vectors for were developed S. 
pombe. By replacing the native Pnmt1+, the promoter regions of the sxa2+ and 
rep1+ genes were utilized to couple pheromone signaling to the expression of 
reporter genes for quantitative assessment of the cellular response to mating 
pheromones. The rep1+ and sxa2+ genes were chosen considering that sxa2+ 
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mRNA increases more than 1600-fold upon pheromone perception in M-type 
cells [85, 86]. The EGFP open reading frame was placed downstream of the 
pheromone-inducible promoters, yielding pJR1-rep1-EGFP and pJR1-sxa2-EGFP, 
respectively [87].

In some cases of the heterologous protein expression, the better way to obtain 
the right protein production host is through its ability to secrete high titers of 
properly folded post-translationally processed and active recombinant proteins 
into the culture media. Proteins secreted in their native hosts will also be secreted 
in the culture medium. Some signal sequences used to secrete the protein into 
the extracellular space include α-MF and SUC2 invertase. Both are derived from 
S. cerevisiae α. α-MF is composed of a pre- and proregion and has proven to be 
most effective in directing protein through the secretory pathway. Other signal 
peptides to sorting are PHO1 P.p. acid phosphatase, SUC2 S.c. invertase, PHA-E 
phytohemagglutinin, KILM1 Kl toxin, pGKLpGKL killer protein, CLY and CLY-L8 
C-lysozyme and syn., leucin-rich peptide, and K28 pre-pro-toxin K28 virus toxin, 
to produce molecules such as human interferon, α-amylase, α-1-antitrypsin, and 
human lysozyme [88].

One of the major problems to the correct production and purification of heterol-
ogous proteins from fission yeast is the proteolytic degradation of the recombinant 
gene product by host-specific proteases. To avoid that problem, a protease-deficient 
disruptant was constructed set by disruption of 52 S. pombe protease genes using 
the PCR-mediated single gene-targeted gene disruption method. This technique was 
used to delete the full open reading frame (ORF) sequence of each target protease 
gene, using ura4+ as the selection marker [89].

In the first place, the protease-deficient disruptant was obtained, which was 
amplified from genomic DNA of the S. pombe ARC010 strain, using appropriate 
adapter designed to fuse with the 5′ and 3′ termini of ura4 (1762 bp), respectively. 
Then, by fusion extension PCR, ura4 was sandwiched with the resultant PCR 
products to obtain the gene disruption fragment (2.2–2.3 bp). The resultant DNA 
fragments were then introduced into competent cells of the ARC010 strain, using 
the lithium acetate-based transformation method. Then, the efficient protecting 
activity of protease of the mutant strains was analyzed. A chromosome-integrative 
hGH expression vector using the pXL4 plasmid was constructed [89].

To analysed the levels of the secretory production of human growth hormone 
(hGH), that its known to be a proteolytically sensitive model protein. The results 
indicated that some of the resultant disruptants were effective in reducing hGH 
degradation. Although in some cases, added inhibitors of proteasas like Antipain, 
bestatin, Chymostatin, E-64, Leupeptin, pepstatin, Phosphoramidon, EDTA, apro-
tininto avoid protein degradation were necessary. Eight protease coding genes useful 
for reducing degradation of recombinant proteins [isp6 (subtylase type 9 protein-
ase), pgp1 (endopeptidase), psp3 (subtylase type peptidase), sxa2 (serine carboxy-
peptidase), ppp51 (aminopeptidase), ppp53 were identified (zinc metallopeptidase), 
ppp60 (metalloprotease) and ppp80 (peptidase)], the use of a strain lacking the 
aforementioned enzymes allowed a high level of recombinant hGH production. 
This publication raised the need to evaluate different proteases to identify those that 
are the best candidates for the production of recombinant proteins, as well as for 
functional screening, specification, and modification of proteases in S. pombe [89].

In relation to the methods for the transformation of S. pombe, the lithium acetate 
and polyethylene glycol-based transformation of plasmid DNA are the most popu-
lar and temperature stresses. With these methods, it is possible to achieve transfor-
mation efficiencies between 1.0 × 103 and 1.0 × 104 transformants per microgram of 
the plasmid with 108 S. pombe cells [90, 91].
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mRNA increases more than 1600-fold upon pheromone perception in M-type 
cells [85, 86]. The EGFP open reading frame was placed downstream of the 
pheromone-inducible promoters, yielding pJR1-rep1-EGFP and pJR1-sxa2-EGFP, 
respectively [87].

In some cases of the heterologous protein expression, the better way to obtain 
the right protein production host is through its ability to secrete high titers of 
properly folded post-translationally processed and active recombinant proteins 
into the culture media. Proteins secreted in their native hosts will also be secreted 
in the culture medium. Some signal sequences used to secrete the protein into 
the extracellular space include α-MF and SUC2 invertase. Both are derived from 
S. cerevisiae α. α-MF is composed of a pre- and proregion and has proven to be 
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ogous proteins from fission yeast is the proteolytic degradation of the recombinant 
gene product by host-specific proteases. To avoid that problem, a protease-deficient 
disruptant was constructed set by disruption of 52 S. pombe protease genes using 
the PCR-mediated single gene-targeted gene disruption method. This technique was 
used to delete the full open reading frame (ORF) sequence of each target protease 
gene, using ura4+ as the selection marker [89].

In the first place, the protease-deficient disruptant was obtained, which was 
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fragments were then introduced into competent cells of the ARC010 strain, using 
the lithium acetate-based transformation method. Then, the efficient protecting 
activity of protease of the mutant strains was analyzed. A chromosome-integrative 
hGH expression vector using the pXL4 plasmid was constructed [89].

To analysed the levels of the secretory production of human growth hormone 
(hGH), that its known to be a proteolytically sensitive model protein. The results 
indicated that some of the resultant disruptants were effective in reducing hGH 
degradation. Although in some cases, added inhibitors of proteasas like Antipain, 
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aforementioned enzymes allowed a high level of recombinant hGH production. 
This publication raised the need to evaluate different proteases to identify those that 
are the best candidates for the production of recombinant proteins, as well as for 
functional screening, specification, and modification of proteases in S. pombe [89].

In relation to the methods for the transformation of S. pombe, the lithium acetate 
and polyethylene glycol-based transformation of plasmid DNA are the most popu-
lar and temperature stresses. With these methods, it is possible to achieve transfor-
mation efficiencies between 1.0 × 103 and 1.0 × 104 transformants per microgram of 
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4. Mutants to analyze the function of genes

The use of mutants to analyze the function of genes has been a tool widely used 
in S. pombe. In this yeast, several types of mutants have been produced such as the 
temperature-sensitive mutants with conditional defects in the ability to participate 
in some cellular process in the cell cycle, cytokinesis, lipid metabolism, or DMSO-
sensitive [92]. The use of temperature changes to impose a restrictive condition is 
a strategy widely employed. But, there are methods such as altered sensitivity to 
drugs, pheromones, and changes in ionic strength, among others. For mutational 
analysis, the haploid state offers the advantage to observe the effect of specific 
mutations [93].

In the case of the essential genes, a lethal phenotype is frequently observed. 
To achieve the study of essential genes, there are two strategies. First, the muta-
tions or gene deletions are created in the diploid state and then the synthetic 
lethality is studied in the haploid state. Sometimes, it’s possible to observe a slow-
growth phenotype, in which haploid cells can partially survive without function 
of the inactivated gene. Second, the creation of the conditional lethal mutations 
allows to study a relatively normal gene function under permissive conditions, 
and then the loss of function is observed under nonpermissive conditions. The 
most used conditional mutants are the temperature sensitivity, sensitivity to 
DNA-damaging agents, sensitivity to drugs and inhibitors, and dependence on 
amino acids or certain carbon sources for viability. Three methods highly used 
to produce mutants are gene knockouts, random mutagenesis, and site-directed 
mutagenesis [94].

5. CRISPR/Cas9

The CRISPR/Cas system is a bacterial defense mechanism, and its main func-
tion is to identify and degrade exogenous nucleic acid sequences [95]. CRISPR-
CAs is organized in an operon, which codes the CAS proteins, and a series of 
identical repeated sequences separated by other sequences known as spacers, 
which are recognized by intruding DNA molecules [96]. A part of the nucleic 
acid stranger is incorporated into the spacer’s zone of the operon using the Cas 
proteins, which degrade the strange DNA. Next, the transcription of CRISPR-Cas 
generates a precursor CRISPR-RNA or pre-crRNA, which is then processed to 
generate crRNAs of small size, which are complementary to the sequence of the 
foreign DNA. In the last known phase of interference, Cas proteins, using as a 
guide to crRNAs, detect intruding sequences and degrade them [96].

The CRISPR/Cas technology allows to identify a specific segment of DNA, 
remove, or replace it using always the same tools: a duplex RNA with the copy of 
the DNA to be identified (sgARN) and a short sequence adjacent to the proto-
spacer (PAM) that will bind to DNA and stabilize the protein Cas9, protein with 
endonuclease activity, and helicase guided by the sgARN that separates and cuts the 
two strands of DNA. A Cas9-gRNA plasmid expressing the active Cas9 enzyme and 
sgRNA, as well as another plasmid with donor DNA for each deletion are required. 
The CRISPR-Cas technology allows targeting of multiple genetic manipulations to 
the same strain, it avoids indirect physiological effects, and it limits the perturba-
tion of the local chromatin and transcriptional environment to the gene manipula-
tion of interest. In fission yeast, this technique has allowed to produce genetic 
modifications as point mutation knock-in, endogenous N-terminal tagging, and 
genomic sequence deletion [97].
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Recently, a web-tool called CRISPR4P CRISPR for Pombe or CRISPR Pombe PCR 
Primer Program was developed as freely available from the website (bahlerlab.info/
crispr4p) [98]. This tool was created to support the design of all kinds of prim-
ers required for the deletion of any genomic region: PCR-based sgRNA cloning, 
PCR-based synthesis of DNA template for the deletion by homologous recombina-
tion, and checking primers to confirm the deletion. Through CRISPR/Cas9-based 
approach in S. pombe, the success in the deletion of over 80 different noncoding 
RNA genes that were lowly expressed was reported. Using the web tool, the prepa-
ration of G1-synchronized and cryopreserved S. pombe cells was achieved, whose 
major property was the efficiency and speed for transformations. The steps to 
achieve the deletions reported by Rodríguez-López et al., 2016, are: (1) identify bet-
ter sgRNAs to target region of modification using CRISPR4P tool. (2) Design prim-
ers required for whole process using CRISPR4P including sgRNA cloning; synthesis 
DNA template for homologous recombination (HR template) for gene deletion; 
and check primers to confirm gene deletion. (3) Clone sgRNAs into nourseothricin-
selectable plasmid pMZ379 that contains Cas9 enzyme gene, the natMX6 selection 
marker, and the rrk1 promoter/leader. (4) Produce the HR template by PCR using 
primers with sequences flanking the region of modification (deletion) and over-
lapping at their 3′ ends. (5) Delete region of interest by co-transforming sgRNA/
Cas9-plasmid and HR template into S. pombe cells, previously synchronized and 
cryopreserved to increase transformation efficiency [99].

A gap-repair-based CRISPR/Cas9 procedure allows to efficiently knockin a 
point mutation in fission yeast. The rpl42-P56Q mutation confers cycloheximide 
resistance (CYHR) [100]. Employing this technique, a CCC codon for proline was 
changed, and with the use of a pair of 90-nt complementary oligos as donor DNA, 
the gap repair procedure achieved a high editing efficiency (84%).

Using the CRISPR-Cas9, yeast strains, functional and successfully comple-
mented with the markers ura4-D18, leu1-Δ0, his3- Δ0, and lys9-Δ0, were created. 
To achieve the goal, all the components were assembled with the “BsaI-pad,” a single 
42 bp region containing two BsaI cutting sites to produce the plasmids pYZ182, 
pYZ183, and pYZ184 with nmt1, nmt41, and nmt81 cassettes, respectively. Using 
that design, the marker genes ura4, leu1, his3, and lys9 were integrated separately. 
Later, the plasmids were transformed into yeast [101].

Recently, the type VI CRISPR system, Cas13a from Leptotrichia shahii 
(LshCas13a), was employed to introduce genetic changes on the DNA, disrupting 
or editing to target and knockdown endogenous gene transcripts with different 
efficiencies in S. pombe [102].

6. RNAi

RNA interference (RNAi) is a highly conserved eukaryotic gene regulatory 
mechanism, which uses small noncoding RNAs to mediate posttranscriptional gene 
silencing as a host defense mechanism. It was described that S. pombe has the entire 
RNAi machinery (Dcr1, DICER ribonuclease; the Rdp1, RNA-dependent RNA 
polymerase 1; and the Ago1, Argonaute family member). In S. pombe, the role of 
the RNAi pathway on the heterochromatin assembly has been widely studied [103]. 
RNAi plays a role in regulating expression of Tf2 retrotransposons, and it is also 
involved in the RNAi-dependent heterochromatin assembly by the Hsps, Hsp90 and 
Mas5 (a nucleocytoplasmic type-I Hsp40 protein).

siRNA is generated by the Dicer family endoribonuclease Dcr1, from double-
stranded noncoding RNA that is complementary to heterochromatin. The siRNA 
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4. Mutants to analyze the function of genes

The use of mutants to analyze the function of genes has been a tool widely used 
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temperature-sensitive mutants with conditional defects in the ability to participate 
in some cellular process in the cell cycle, cytokinesis, lipid metabolism, or DMSO-
sensitive [92]. The use of temperature changes to impose a restrictive condition is 
a strategy widely employed. But, there are methods such as altered sensitivity to 
drugs, pheromones, and changes in ionic strength, among others. For mutational 
analysis, the haploid state offers the advantage to observe the effect of specific 
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endonuclease activity, and helicase guided by the sgARN that separates and cuts the 
two strands of DNA. A Cas9-gRNA plasmid expressing the active Cas9 enzyme and 
sgRNA, as well as another plasmid with donor DNA for each deletion are required. 
The CRISPR-Cas technology allows targeting of multiple genetic manipulations to 
the same strain, it avoids indirect physiological effects, and it limits the perturba-
tion of the local chromatin and transcriptional environment to the gene manipula-
tion of interest. In fission yeast, this technique has allowed to produce genetic 
modifications as point mutation knock-in, endogenous N-terminal tagging, and 
genomic sequence deletion [97].
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duplex is loaded onto a non–chromatin-associated complex called Argonaute, small 
interfering RNA chaperone (ARC), which contains the Ago1 endoribonuclease. The 
loading of the siRNA duplex onto the Ago1 subunit requires the two ARC-specific 
subunits, Arb1 and Arb2, which also inhibit the release of the passenger strand 
[104]. Thus, this complex changes its subunits’ composition to form a chromatin-
associated effector complex called RNA-induced transcriptional silencing (RITS) 
[105]. The RITS complex is composed of Ago1, now binding single-stranded siRNA 
as a guide for target recognition, and the two RITS-specific subunits: Chp1 and 
Tas3. Chp1 uses a chromodomain to recognize H3K9me, whereas Tas3 bridges Ago1 
and Chp1 [106].

To analyze the role of the RNAi in fission yeast, the lacZ fission yeast system 
was employed. With this system, it was possible to know that the gene inhibition is 
dependent on the dose of the antisense RNA, the size of the antisense transcript, 
as well as the targeted region. Any of them can affect the efficacy of target gene 
inhibition. The generation of dsRNA through either intermolecular or intramolecu-
lar hybridization is central to make the antisense RNA-mediated gene silencing in 
S. pombe [107]. As a genetic tool to analyze the function of genes, the ura4-based 
RNAi-based selective assay was developed using a repressible thiamine promoter 
[108]. The RNAi must be optimized in order to know the minimum requirements 
to achieve the knockdown of a specific gene. U-HP construct was produced as a 
hairpin complementary to 200 bp of ura+ gene expressed from the nmt1 promoter 
and integrated at ars1 on chromosome 1. U-HP silences ura4+ inserted nearby 
to centromere 1, but not the endogenous ura4+ gene. Interestingly, in S. pombe, 
exogenous siRNAs can only silence efficiently in trans, when the target locus is near 
endogenous sites of heterochromatin.

An interesting proposal to analyze the role of the siRNAs in S. pombe was 
achieved with the development of a GFP-HP construct. This system was generated 
under control of the Pnmt1, and it contains two GFP open reading frames arranged 
in an inverted orientation, around the first intron from the rad9 gene. When it was 
probed, it was demonstrated that GFP-HP induces trans-silencing of target genes. 
GFP siRNAs generated by the expression of a GFP-HP can act in trans to establish 
heterochromatin on target genes bearing homology to GFP siRNAs and silencing 
their expression. This silencing does not require other manipulations, such as dele-
tion of eri1+ or increased expression of Swi6HP1, a heterochromatin component, to 
promote RNAi-mediated silencing in trans [109].

7. Yeast two-hybrid system

The yeast two-hybrid system (Y2H) is a method widely employed to study 
the physical interaction of proteins by the downstream activation of a reporter 
gene. Considering that many eukaryotic transcription factors are organized in a 
modular way with at least two domains, it is possible to separate them into their 
domains [110].

In this assay, two plasmids are created; the first is named the bait plasmid 
including the DNA-binding domain of a transcription factor joined to one of 
the proteins to analyze and it is named Bait. In this vector, a selection marker is 
included such as HIS3, ADE2 (Gal4 system), or LEU2 (LexA system with binding 
sites for the DNA-binding domain). The second vector is named prey including 
the activation domain of the transcription factor joined to the second protein to 
study in the interaction, named Prey. As in the other vector, a different selection 
marker is included. When the Bait and Prey proteins are put together by protein 
interaction, they restored the organization of the transcription factor, and then 
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they can activate the transcription of the reporter gene as the E. coli lacZ gene. The 
transcription factors more frequently used are Escherichia coli LexA protein and the 
yeast Gal4 protein, as well as herpes simplex virus VP16 protein and the B42 acid 
blob from E. coli [111].

Gal4 is a transcriptional activator in yeast that binds to UAS (upstream activa-
tion domain), a specific DNA sequence, and activates transcription in the presence 
of galactose. The separation of Gal4 in two fragments produces N-terminal DNA-
binding domain (DBD) and C-terminal transcriptional activation domain (AD), 
but did not activate transcription in the presence of galactose until both domains 
are associated to reconstitute a fully functional Gal4. Some disadvantages of the 
assay consider that in some cases, it’s necessary to modify the bait proteins because a 
protein with both DNA-binding and transcriptional activating properties is pos-
sible to be found. Some fused proteins may not be able to enter or be expressed in 
the yeast nucleus. The GAL4 BD has its own nuclear localization signal (NLS). If 
the GAL4-based Y2H system fails, the interaction could be analyzed and detected 
successfully using a LexA-based Y2H system [110, 111].

The Y2H system has been widely used. In S. pombe, its use in the searching of 
the new determinants of aging was reported. Chen et al. described a method to 
select long-lived mutants from S. pombe bar code-tagged insertion mutant library 
(each insertion had a unique sequence tag called a bar code produced by random 
barcode). With this strategy, it was possible to identify an insertion mutation or 
deletion in the cyclin gene clg1+ that extended the chronological aging of the yeast. 
At the same time, it was determined that depletion of Clg1p also decreases the 
cyclin-dependent kinase Pef1p and an extended longevity was observed. To analyze 
if the phenotype was produced by direct or indirect contact, a yeast two-hybrid 
analysis and immunoprecipitation assay were performed [112].

To the assay, the entire pef1+ ORF was fused to the Gal4p DNA-binding domain 
and the entire clg1+ ORF was fused to the Gal4p activation domain. A physical 
interaction was observed between Clg1 and Pef1. To perform this assay, the pGBT9-
Pef1 and pGAD424-Clg1(full length) or pGAD424-Clg1(1–590) plasmids were 
constructed and transformed into the Saccharomyces cerevisiae two hybrid indicator 
strain Y187 (MATα, ura3–52, his3–200, ade2–101, trp1–901, leu2–3112, gal4Δ, met-, 
gal80Δ, MEL1, and URA3::GAL1UAS-GAL1TATAlacZ, Clontech). Positive transfor-
mants were selected on complete medium plates without leucine and tryptophan at 
30°C for 3 days. The reporter gene lacZ expression was probed from five individual 
colonies from each transformation and was patched on plates that require both 
plasmids for growth and incubated at 30°C for 2 days. Then, the coimmunopre-
cipitation was performed with FLAG-tagged Clg1p, which was expressed in cells 
that also expressed triple HA (3HA)-tagged Pef1p [113]. Using Western blotting 
of FLAG-Clg1p immunoprecipitates revealed the presence Pef1p-3HA. Chen et al. 
concluded that Clg1p interacts with the cyclin-dependent kinase Pef1p in S. pombe 
cells. In addition, a third Pef1p cyclin named Psl1p was identified. Genetic and 
coimmunoprecipitation assays indicated Pef1p controls lifespan by downstreaming 
the protein kinase Cek1p [114].

8. DNA microarray

DNA microarray is an orderly set of segments of genes that are immobilized on 
a surface called chip. The DNA arrangements allow the massive study of the gene 
expression of an organism, and it allows to know the differences of gene expres-
sion between two samples of RNA in a given cellular condition. In cells that present 
some mutation or elimination in some genes or cells derived from individuals 
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with some infectious disease or not, the microarrays allow the identification of 
sets of genes related to the gene or genes under study or the condition of disease. 
Comparing RNA prepared from diseased cells and normal cells can lead to the 
identification of sets of genes that play key roles in diseases. Genes that are overex-
pressed or underexpressed in the diseased cells often present excellent targets for 
therapeutic drugs.

The application of DNA microarray technology requires a genomic library 
conformed by a set of DNA segment derived from each of the genes of the model 
of interest, which is generated from PCR products or synthetic oligonucleotides, 
as well as the design and construction of the arrangement, to determine the physi-
cal location and accurate identification for the analysis and interpretation of gene 
expression data. Microarray analysis requires total RNA extraction from control 
and the problem obtained by any strategy optimized for certain cell type [115]. 
Total RNA control and the problem should be submitted to retrotranscription 
incorporating uracil marked with a fluorescent molecule as dUTP-Cy3, dUTP-Cy5, 
dUTP-Alexa 555, dUTP-Alexa 647, and biotin, among others. The labeling of the 
cDNA must be differentiable between the two tissues to be analyzed [116]. The 
hybridization of the microarray containing probe sets that represent a finite num-
ber of transcripts is carried out. Fluorescence reading is obtained with a microarray 
reader. The quantification of the signal produced by the fluorescence of the spots 
allows to calculate for each point the mean density value of the nucleotides marked 
cDNA (g. e. of Alexa555, Alexa647) and the average value of the background. To 
identify the genes expressed differentially in the experiment, it is necessary to per-
form a statistical analysis, from the normalization of the data. The goal is to analyze 
those genes that move away from normalization through the value of Z [117]. The 
genes with the value of Z > 2 present a statistically significant change between the 
experimental condition and the control (genes with greater or lesser expression). 
[116]. Easy and useful software for data analysis of microarrays is GenArise (com-
puter unit of the Institute of Cellular Physiology of UNAM (http://www.ifc.unam.
mx/genarise/).

From the data that record a significant change, it is necessary to determine its asso-
ciation to some biological processes by clustering analysis for gene expression [118].

With this molecular tool, it was possible to analyze in fission yeast the effect of 
Spc1, a mitogen-activated protein kinase in the stress responses. Spc1 is an activa-
tor of transcription factors that control gene expression in response to extracel-
lular stimuli and is also known to interact with the translation machinery. Using 
microarrays of Affymetrix GeneChip Yeast Genome 2.0 Array, it was possible to 
know the set of genes that is regulated by SPC1, and this analysis was carried out 
without and with a stress condition to evaluate the effect of the wild-type SPC1 
kinase and Spc1K49R, a mutant of this enzyme. Spc1 and Spc1K49R were separately 
overexpressed in S. pombe cells, and gene expression was compared with the control 
cells (which are transformed with the empty with the Pnmt1). Interestingly, only 
42 genes were found with differential expression after Spc1 overexpression, while 
132 genes were found to be differentially expressed after Spc1K49R overexpression. 
Some of the genes up-regulated after Spc1 overexpression were Mitogen-activated 
protein kinase sty1 and M cell-type agglutination protein mam3. The downregu-
lated genes were NAD-dependent malic enzyme, meiotic cohesin complex subunit 
Rec8, and aph1 bis(5’-nucleosidyl)-tetraphosphatase. Between genes differentially 
expressed after Spc1K49R overexpression, those upregulated included pheromone 
p-factor receptor, RNA-binding protein involved in meiosis Mei2, MAP kinase Spk1, 
cell agglutination protein Mam3, M-factor precursor Mfm1, and M-factor precursor 
Mfm3. And some downregulated were serine/threonine protein kinase Gsk3, RNA-
binding protein Sap49, and Argininosuccinate lyase [119].
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In 2016, the role of the putative NO dioxygenase SPAC869.02c (Yhb1) and 
the S-nitrosoglutathione reductase Fmd2 was analyzed. Both proteins are 
NO-detoxification enzymes. In the study, it was found that exogenous NO protects 
S. pombe cells against H2O2-induced oxidative stress by inhibition of Fe(3+) to Fe(2+) 
conversion, upregulation of the H2O2-detoxifying enzymes, as well as downregula-
tion of the MRC genes. Transcriptomic analysis was carried out with an Affymetrix 
Gene Chip Yeast Genome 2.0 Array [120].

The fission yeast S. pombe generally reproduces by mitosis. To know the role of 
the fhl1 protein in meiosis, a microarray analysis of the fhl1∆ strain was performed. 
Interestingly, it was found that nitrogen starvation-response genes are controlled by 
fhl1. Some of them are genes of mating and sporulation such as isp4, mfm1, mfm2, 
Mat-Mc, ste4, ste11, map1, map3, mei2, and mcp7 [121].

9. Next-generation sequencing

Next-generation sequencing (NGS) involves the parallel mass sequencing of 
thousands of DNA fragments. Sample processing for NGS can be summarized as 
follows: First, nucleic acid extraction (DNA or RNA). Second, selection of the type 
of NGS sequencing (targeted sequencing, whole exome sequencing, and whole 
genome sequencing). Third, library generation by DNA fragmentation, ligation of 
adaptors, and amplification and sample enrichment. Fourth, template generation or 
cluster generation according to the platform of sequencing. Fifth, sequencing (using 
a specific platform as Illumina, PacBio). Sixth, data analysis. Data analysis includes 
the quality evaluation of the sequence, alignment to reference sequence to identify 
some possible variations such as single nucleotide polymorphism (SNP) or insertion-
deletion (indel) identification, phylogenetic or metagenomic analysis, as well as the 
identification, interpretation, and classification of pathogenic variants [122, 123].

Splicing is an essential step in eukaryotic gene expression. Introns are excised by 
the spliceosome, composed of five uridine-rich small nuclear RNAs (U1, U2, U4, U5, 
and U6 snRNAs) and several polypeptides. To characterize the U2·U5·U6 complex of 
S. pombe, cell lysates were obtained. A large-scale isolation of the U2·U5·U6 complex 
was performed using double-affinity purification using a split TAP-tag approach 
[124], with protein A attached to U2 snRNP protein Lea1 (U2 A′ in humans) and 
calmodulin-binding peptide (CBP) attached to U5 snRNP protein Snu114 (U5 116K 
in humans). After the purification of the complexes, the content of protein and 
RNA associated to the U2·U5·U6 complexes was analyzed. By denaturing PAGE and 
high-throughput sequencing (RNAseq), the presence of U4, U1, and heterogeneous 
higher molecular weight species was shown. In addition, the U2·U5·U6 snRNA 
complex contains excised introns, indicating that it is primarily the ILS (intron lariat 
spliceosome) complexes. The protein content of the ILS complex of S. pombe was 
similar to the spliced product of humans and the ILS complexes assembled on single 
pre-mRNAs in vitro from Saccharomyces cerevisiae [112].

There are some other techniques to study several aspects of the physiology of 
S. pombe. Chromosome conformation capture (Hi-C) is a technique widely used 
to identify long-range chromatin interactions. The spatial organization of mitotic 
chromosomes with the greatest compaction during mitosis is an interesting aspect 
of the cell cycle. In S. pombe, it is known that condensin, a structural maintenance 
of chromosomes (SMC) family member, has a role on the chromatin architecture. 
Biochemical studies have been applied to discover the more relevant points of the 
mechanism. By chromosome conformation capture (Hi-C), it was demonstrated 
that condensin is able to replace short-range local contacts in the interphase with 
longer-range interactions in the mitosis. Condensin achieves this by setting up 
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with some infectious disease or not, the microarrays allow the identification of 
sets of genes related to the gene or genes under study or the condition of disease. 
Comparing RNA prepared from diseased cells and normal cells can lead to the 
identification of sets of genes that play key roles in diseases. Genes that are overex-
pressed or underexpressed in the diseased cells often present excellent targets for 
therapeutic drugs.

The application of DNA microarray technology requires a genomic library 
conformed by a set of DNA segment derived from each of the genes of the model 
of interest, which is generated from PCR products or synthetic oligonucleotides, 
as well as the design and construction of the arrangement, to determine the physi-
cal location and accurate identification for the analysis and interpretation of gene 
expression data. Microarray analysis requires total RNA extraction from control 
and the problem obtained by any strategy optimized for certain cell type [115]. 
Total RNA control and the problem should be submitted to retrotranscription 
incorporating uracil marked with a fluorescent molecule as dUTP-Cy3, dUTP-Cy5, 
dUTP-Alexa 555, dUTP-Alexa 647, and biotin, among others. The labeling of the 
cDNA must be differentiable between the two tissues to be analyzed [116]. The 
hybridization of the microarray containing probe sets that represent a finite num-
ber of transcripts is carried out. Fluorescence reading is obtained with a microarray 
reader. The quantification of the signal produced by the fluorescence of the spots 
allows to calculate for each point the mean density value of the nucleotides marked 
cDNA (g. e. of Alexa555, Alexa647) and the average value of the background. To 
identify the genes expressed differentially in the experiment, it is necessary to per-
form a statistical analysis, from the normalization of the data. The goal is to analyze 
those genes that move away from normalization through the value of Z [117]. The 
genes with the value of Z > 2 present a statistically significant change between the 
experimental condition and the control (genes with greater or lesser expression). 
[116]. Easy and useful software for data analysis of microarrays is GenArise (com-
puter unit of the Institute of Cellular Physiology of UNAM (http://www.ifc.unam.
mx/genarise/).

From the data that record a significant change, it is necessary to determine its asso-
ciation to some biological processes by clustering analysis for gene expression [118].

With this molecular tool, it was possible to analyze in fission yeast the effect of 
Spc1, a mitogen-activated protein kinase in the stress responses. Spc1 is an activa-
tor of transcription factors that control gene expression in response to extracel-
lular stimuli and is also known to interact with the translation machinery. Using 
microarrays of Affymetrix GeneChip Yeast Genome 2.0 Array, it was possible to 
know the set of genes that is regulated by SPC1, and this analysis was carried out 
without and with a stress condition to evaluate the effect of the wild-type SPC1 
kinase and Spc1K49R, a mutant of this enzyme. Spc1 and Spc1K49R were separately 
overexpressed in S. pombe cells, and gene expression was compared with the control 
cells (which are transformed with the empty with the Pnmt1). Interestingly, only 
42 genes were found with differential expression after Spc1 overexpression, while 
132 genes were found to be differentially expressed after Spc1K49R overexpression. 
Some of the genes up-regulated after Spc1 overexpression were Mitogen-activated 
protein kinase sty1 and M cell-type agglutination protein mam3. The downregu-
lated genes were NAD-dependent malic enzyme, meiotic cohesin complex subunit 
Rec8, and aph1 bis(5’-nucleosidyl)-tetraphosphatase. Between genes differentially 
expressed after Spc1K49R overexpression, those upregulated included pheromone 
p-factor receptor, RNA-binding protein involved in meiosis Mei2, MAP kinase Spk1, 
cell agglutination protein Mam3, M-factor precursor Mfm1, and M-factor precursor 
Mfm3. And some downregulated were serine/threonine protein kinase Gsk3, RNA-
binding protein Sap49, and Argininosuccinate lyase [119].
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longer-range, intrachromosomal DNA interactions, which compact and individual-
ize chromosomes. Even local chromatin contacts are constrained by condensin 
during mitosis [125].

Finally, it is necessary to mention that Rallis & Bähler offered to the world 
pombe community an excellent review showing the relevance of S. pombe in the 
eukaryotic studies employing a wide genome screen and phenomic assays, ranging 
from growing conditions to metabolomics [126, 127].

10. Conclusion

Schizosaccharomyces pombe is an excellent model to study highly conserved 
processes between eukaryotes, its versatility, ease of manipulation, its accessibil-
ity to genetic manipulations, making it a great model system increasingly used by 
a growing scientific community interested in fission yeast. At the same time, this 
interest has promoted the technological development, the implementation, and the 
continuous improvement of new molecular tools that when applied to S. pombe will 
allow to elucidate new mechanisms of cellular processes with potential application 
to the Eukaryotic kingdom including the human being.
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Chapter 5

Detection of the Species 
Composition of Food Using 
Mitochondrial DNA: Challenges 
and Possibilities of a Modern 
Laboratory
Małgorzata Natonek-Wiśniewska and Piotr Krzyścin

Abstract

Monitoring food quality is an important and constant element of the food 
market. This need is connected with health issues, religious beliefs of consumers, 
and economic considerations. For analysis, mtDNA is most commonly used because 
it is resist to physical factors such as temperature and pressure, which very often 
accompany food processing. Nowadays, scientific publications present a number 
of methods describing species identification from both farm animals and also less 
common animals. The most effective methods for determining species are based 
on PCR, real-time PCR, and sequencing. The methods are very sensitive, limit of 
detection (LOD) is 0.001% for many of them. An indispensable element of per-
forming the described research is the strict application in the laboratory of several 
principles, which are intended to improve the work and make it safe for the lab 
technician, as well as guarantee the quality and effectiveness of the experiments 
carried out. The high work requirements set for the crew naturally shape the quality 
system from which the most popular is ISO/IEC 17025. Modern methods based 
on mtDNA are a good tool for food analysis, creating great opportunities for the 
researcher, at the same time causing challenges for the contemporary laboratory.

Keywords: mtDNA, quality system in the laboratory, PCR, real-time PCR, 
sequencing, species identification

1. Benefits of knowledge about possibility species identification

The reliability of food products available on the market, in terms of their origin, 
quantitative and qualitative composition, has long been the focus of consumers. 
Therefore, monitoring food quality is an important and constant element of the 
food products market. This need arises from health issues, consumers’ religious 
convictions, and economic reasons. According to the WHO, in Europe, 8% of chil-
dren and 4% of adults are allergic to bovine milk or hen eggs. While these products 
can be rapidly and easily identified in pure form, their presence in complex prod-
ucts may be much more difficult to detect. Knowledge of the species composition of 
these products, although unavailable without detailed analyses, is crucial for many 
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Therefore, monitoring food quality is an important and constant element of the 
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can be rapidly and easily identified in pure form, their presence in complex prod-
ucts may be much more difficult to detect. Knowledge of the species composition of 
these products, although unavailable without detailed analyses, is crucial for many 
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patients. Likewise, religious convictions of many communities provide a power-
ful incentive for monitoring real composition of the food. For example, Judaism 
prohibits the consumption of pork, so a large part of the followers of this religion 
avoid the meat of pigs and replace it with beef or sheep meat, which form a con-
siderable part of the meat market in these countries. Unfortunately, for economic 
reasons, food products are often intentionally adulterated by replacing declared, 
more expensive components with cheaper substitutes (e.g., meat of lower quality 
or plant fillers). There are also cases when the quantitative share of an expensive 
component in a complex product is lowered. By way of example, poultry meat is on 
average several times cheaper than pork, which, in turn, is priced lower than beef 
or lamb meat. Similarly, beef is cheaper and more readily available than game meat. 
The price differences may induce some unfair producers to adulterate and place on 
the market products whose components differ from manufacturer specifications.

The declaration of meat products in the EU is mandated by the Commission 
Directive 2002/86/EC [1] stating that meat products have to be labeled with precise 
information about the species and its percentage in the product. Nevertheless, as 
experience shows, there are numerous examples of components being misrep-
resented to make a product more attractive, justify a higher price, or enter new 
markets. Here, it suffices to mention that in products like fast food 65% of adultera-
tion is deducted [2, 3] and in preparations of game meat, the percentage of factually 
inaccurate labeling is less (30%) [4], but in sausage, this percent has grown to 90% 
[5]. Both food products and pet foods were found to be adulterated, and Okuma 
found 40% of foods for animals with meat of chicken to be falsified [6]. Based on 
the information reported above and day-to-day practice, it could be claimed that 
food adulteration is becoming a global problem, which attracts consumer attention 
at international level and increases public concern about the quality of food prod-
ucts. By way of example, in 2013, the horse-meat scandal revealed gaps in the food 
safety system and undermined trust between producers and consumers.

It is, therefore, essential to identify the methods for (quantitative and qualita-
tive) determination of species composition of food ingredients to monitor the con-
formity of a product with the description provided by the manufacturer. Research 
in this area can better protect consumers from illegal and undesirable adulteration, 
for whatever reason.

It should be also mentioned that recent years have seen increasing awareness of 
the importance of food safety and quality, which increases public interest in this 
issue and leads to changes in legislation. This necessitates continuous development 
and improvement of analytical methods.

2. The scope of the species identification tests

The analysis most often uses mtDNA, although exceptions outlined below are 
permitted. The advantage of mitochondrial over genomic genome results from its 
resistance to the action of physical factors such as temperature and pressure, which 
very often accompany the processing of food. These characteristics of mtDNA 
contribute to a very high sensitivity of the analyses. In principle, the whole mito-
chondrial genome can be used for the analyses, but more frequent use is made of 
cytochrome B and D-loop. Cytochrome B is the most conservative of the entire 
mitochondrial genome. Its identification and creation of a bar code were the subject 
of projects aimed to describe all living organisms—both the most common and 
the most unique. In turn, D-loop is characterized by the highest variation between 
species, which enables the method to be quickly determined. The mitochondrial 
genome is very short compared to the body’s entire genome and forms a very small 
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proportion of it. In animals, it is slightly over 16,000 bp, which means it is rela-
tively easy to develop methods for identifying the panel of organisms chosen by a 
researcher. Current research papers present several methods from identify single 
farm species such as pigs [7–9], cattle [7–10], sheep [7], horses [9, 11], chickens [9, 
12], turkeys [9], ducks [8, 13], fish [14] to less common animals like kangaroos [15], 
snails [16], and marine animals like octopuses [17], shrimp [18] and sharks [19]. This 
is relatively the simplest method of analysis. With proper time investment, labor 
inputs, and funds, a laboratory is capable of identifying a concrete species. Such 
methods are generally very sensitive and enable determining adulterations as low as 
0.001% [20–22], although this has little practical use because determinations below 
1% are generally treated as artifacts. For this reason, the laboratories that commer-
cially used methods most often set the limits of determination between 0.1 and 1% 
[23]. In certain cases, it is more beneficial to determine a whole group of animals 
rather than single species. These methods are more demanding because the reac-
tion conditions have to be adjusted as to make the method specific for several DNA 
fragments that differ in sequences. The primers most commonly used are compatible 
with DNA of several species, which necessitates finding the most homologous frag-
ments. Most often, however, the primers are homologous only in a certain percentage 
[19, 24]. Such analysis very often yields products of similar, indeed identical, length. 
Sometimes, it is, therefore, more beneficial to design one primer compatible with 
all species and another primer specific for single species, which gives products of 
different length [23, 25]. The choice of method depends on needs. Increasingly often 
laboratories face the challenge of discriminating between animal and plant DNA 
in a sample. This apparently easy task is in fact more complicated than identifying 
smaller groups of animals and impossible to perform based on mtDNA identifica-
tion. Most often, animal DNA is identified using a DNA fragment that encodes 
myosin, a muscle protein; that is why myosin-based methods yield a positive reac-
tion only for samples that contain muscles. This limitation may be a problem during 
analysis because the method allows no identification of matrices such as bones. 
Another limitation is the differentiation of animals with very similar mitochondrial 
genomes. This problem can be seen, for example, when distinguishing between pig 
(Sus scrofa scrofa) and wild boar (Sus scrofa) components. The mitochondrial genome 
of both species is 99% homologous (according to BLAST between these species), and 
there are only single point mutations, so they cannot be used for species identifica-
tion. Research is underway to make differentiations based on MCR 1 [26, 27], which 
is a color-determining gene. In the context of food, this issue is important because of 
differences in taste, price, and availability of meat from these two species.

All the identified DNA fragments should be short, less than 250 bp. There is 
the rule that the more the food product is processed, the shorter the PCR product 
should be.

Extreme temperature and pressure cut DNA into short segments; for example, 
exposure to a pressure of 3.2 Ba results in approximately 100-bp segments and 
only such or short DNA fragments can be identified. Of course, in raw or cooked 
meat, DNA is not degraded so much, but the method involving short DNA frag-
ments is more universal and enables determinations to be made whatever the 
degree of processing.

Molecular methods enable determination to be made in any matrix. In practice, 
DNA can be identified regardless of matrix form or earlier processing. We can freely 
determine species composition of both raw tissues and processed tissues in the form 
of meat, bones, blood, eggs, dairy products such as cheese, milk and butter, drinks, 
gelatin, lyophilized milk products, meat preparations, and egg products [7, 12, 27–29].

It often happens that the matrices in which DNA is sought have a form that 
prevents its biological origin to be clearly identified, and so it may become a source 
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patients. Likewise, religious convictions of many communities provide a power-
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of potential problems. This is exemplified by a fragment of biological material 
found by a consumer in meatballs [13]. The object concerned, which was small in 
size and additionally resembled a human nail (Figure 1), was identified during the 
analysis as material coming from one of the breeding species, so its presence in food 
preparations was fully justified.

3.  Used methods, possibility each of methods, their advantages, and 
disadvantages

The most effective methods of species identification are based on PCR tech-
nique. These methods use both conventional PCR and real-time PCR. Both methods 
can be used as monoplex or multiplex PCR. Detection in real-time PCR can use both 
probes and DNA-binding dyes (e.g. SYBR Green, Eva Green). A detailed schematic 
representation of the method is given in Figure 2.

Each method has its pros and cons. The simplest method, conventional mono-
plex PCR, is unbeatable when one concrete species is sought. These methods 
generally have a very high limit of determination, which is often so high that it has 
no practical application in commercial analyses. This figure, often below 0.001%, 
acquires real significance when determining undesirable trace substances or 
accidental artifacts.

Such methods are simplest but at the same time show the least potential, and 
only allow determining if a given substance contains the DNA of the species being 
identified.

Multiplex reactions not only offer more possibilities but also cause more prob-
lems. Since they require carrying out the reaction in one temperature, which is not 
necessarily optimal for all primers and as a result reactions may take place with 
different efficiencies, this may lead to false-negative reactions when the level of 
adulteration is low. Thus, although multiplex reaction unquestionably shortens the 
time of analysis and reduces its costs, when complex products are analyzed, the 
result for low content DNA can be subject to risk [30].

Another group of methods is restriction fragment length polymorphism 
(RFLP). This technique is based on amplification of a DNA fragment with dif-
ferent sequences, followed by its digestion with appropriate restriction enzymes, 

Figure 1. 
Biological material found by a consumer in meatballs.
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which enables even related species to be distinguished [31]. The method allows for 
identification of several to 25 animal species, although the latter requires the use of 
several restriction enzymes.

The PCR-RFLP method is simple, inexpensive, and easy to use for monitoring 
purposes. PCR-RFLP has been used for years and many researchers consider it 
outdated. However, this method works very well in the case of complex analyses, 
where we are interested in finding the potential presence, for example, of a group 
of species (e.g., birds, ruminants) and then their specific representatives. Similarly 
to the case of multiplex reaction, this method performs better for single-species 
samples, while their application for complex products may cause read errors, firstly 
because of similar restriction patterns for the analyzed species of animals, secondly 
due to the competitiveness of RFLP reaction. Another disadvantage of the PCR-
RFLP method is that erroneous results may develop because of the occurrence of 
incomplete digestion of the restriction site or intraspecific differences, which may 
contribute to the removal or development of restriction sites [32].

When we analyze samples whose composition is completely unknown and has 
to be identified, Sanger sequencing is a very good solution. If we analyze a fragment 
homologous to several species, we can quickly and accurately determine its species 
origin. Again, this method is better applied to single-species samples and it is not a 
method of first choice for routine determination of specific species, if only because 
of higher price and the need to use more specialist equipment. However, it is an 
indispensable tool for analyses subject to greater uncertainty.

Another group of methods are quantitative determinations. They continue to be 
a major challenge for researchers because sample reactivity depends on processing 
method, type of matrix, and sometimes the animal. Therefore, production of the 
reference material that is later used to generate standard curves is subject to error of 
10% or sometimes even 30%.

The production of reference material is an important issue when determining 
the type of meat. It should be noted that the certified reference material (CRM) 
is only available in the form of DNA, which in the case of quantitative tests does 
not work and is completely unsuitable because the mismatch of such material 
to the analyzed meat samples can be huge. That is why laboratories themselves 
produce reference materials. Usually, meat samples purchased commercially from 
the butcher or shop are used for this. It is important that they came from a few or 
several individuals. The material produced in this way is more precisely matched 
to the analyzed samples and has a lower risk that it will not completely match it. 
Before using the reference material so manufactured, it should be checked. First, 
the standard curve obtained from it must meet certain parameters such as slope, 

Figure 2. 
Detailed schematic diagram of the methods used for species identification.
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y-intercept, R2 value, and amplification efficiency (EFF%). The appropriate 
numerical values for these parameters guarantee the specificity and reaction effi-
ciency of the standard curve used. The second necessary condition is the analysis 
against this curve of a sample with a guaranteed concentration of the species being 
determined. Such samples are most often obtained as residues from proficiency 
tests. It should also not be forgotten that the method of isolating DNA from 
reference material should be the same as the test samples [33]. Many authors use 
methods that match the largest number of food-related matrices, e.g. CTAB [33], 
although this depends on the experience and preferences of each laboratory.

Standard amounts of the material needed for the analyses range from 0.1 to 0.5 g 
because such amounts are most often recommended by the manufacturers of DNA 
isolation kits, but when determining microtraces in foods, we must often settle for a 
fraction of this weight. Since mtDNA is most commonly used, which allows for very 
sensitive analyses because it is present in every cell in many million copies, often 
trace amounts of material are sufficient to perform the analysis.

4.  Ensuring the quality of analyses, quality systems in the laboratory, 
and certificates for laboratories

The high sensitivity of mtDNA-based PCR methods is a great advantage, but at 
the same time, this is associated with a serious risk of cross reactions. Therefore, the 
tests described above must be governed by a strict application of several rules, which, 
by design, should make the work more efficient and safe for the laboratory technician 
while ensuring the quality and effectiveness of the experiments.

The overriding rule is to perform most of the procedures in a laminar flow 
cabinet, in which air is constantly blown out to ensure sterile conditions. Prior to 
the commencement of work, it is a good practice to switch on the unit for more than 
10 minutes, which will allow for a complete exchange of air, and to turn on the UV 
lamp, which is usually part of the unit, to make the work area sterile. The working 
area must be wiped with a DNA-removal solution. Before starting the job, make 
sure all necessary equipment and materials are ready at hand. At the same time, the 
working space must be divided into a “clean zone” (pipettes, centrifuges, vortex 
mixers, reagents, pipette tips) and a “dirty zone” (used tips and basket). These 
zones must be separated to avoid cases where a used pipette tip is carried over the 
reagents, test-tube stand, etc. Laboratory technicians working in a laminar flow 
cabinet should be adequately prepared for work. To ensure sterility, they should 
wear protective aprons and disposable gloves, additionally cleaned with a DNA-
removal agent.

It is also important to separate workstations at which different stages of the 
analysis (sample preparation, DNA isolation, PCR, electrophoresis) are performed. 
Any change in workstation requires that the protective apron and disposable gloves 
be changed. One workplace must not overlap with another. Before starting and after 
completing the job, working surfaces must be cleaned with a DNA-removal agent. A 
laboratory sample should be moved in one direction only, in accordance with each 
successive stage of determinations. Test equipment must be regularly verified and 
calibrated.

An important aspect of work at a laboratory engaged in species DNA identifica-
tion is validation of methods before they are introduced. An essential requirement 
for every research or scientific laboratory that performs commercial testing is to use 
reliable methods. The methods taken from ISO/IEC or recommended by umbrella 
organizations (e.g., EURL-AP) have already been validated, so it is enough to check 
their function in the laboratory. It should be noted, however, that in the DNA 
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research area concerned, many laboratories use their own methods. These have the 
advantage of being flexible and adaptable to the current needs of customers, which 
means that the laboratory can react quickly and optimally to the evolving market 
needs. Naturally, these methods have to be validated, which incurs additional 
charges for the laboratory:

• increased costs; before the method becomes profitable, the laboratory must 
usually pay high validation costs,

• time-consuming nature; there must be adequate time between the decision 
to introduce a method to its real application in the laboratory. The longer and 
more laborious the validation process, the longer the time needed,

• the need of training; it increases the costs and delays the practical implementa-
tion. However, this has a positive aspect for the laboratory in the form of better 
trained and more aware staff.

The high requirements placed on the personnel are naturally shaping the quality 
system, in which all employees are aware of their responsibilities, the work is safe, 
and ensures reliable results. Nowadays, most laboratories want to introduce a 
defined quality system. The most popular system is ISO/IEC 17025, which provides 
requirements for testing and calibration laboratories. Since its publication in 1999 
by the International Organization for Standardization, the regulations in this 
document help to organize work in laboratories. Implementation of this standard 
certifies that all tests performed in the laboratory meet the standard and respect the 
chosen testing procedure. Because species identification is directly linked to food 
safety monitoring, introduction of the system provides measurable benefits in the 
form of growing prestige of the laboratory, increased efficiency, greater competen-
cies of the managerial staff, clearly defined responsibilities and rights of the staff, 
increased testing accuracy, and higher number of commissioned tests.

The accreditation requirement most often results out of external pressure, from 
the customer or the regulatory authority [34], but sometimes it may result from the 
internal desire to increase the level of testing services [8] or even from institutional 
strategic planning [10]. However, decision to adopt ISO/IEC should consider (1) the 
organization’s culture, (2) the actual need for pursuing accreditation—the accredi-
tation requirement from the customer or the regulatory authority, (3) the time and 
the resources available, (4) the staff ’s knowledge and previous experience in qual-
ity, (5) the current conditions of the laboratory with reference to compliance with 
the standard, (6) use of standard test methods already established and known well 
by the laboratory staff, and (7) condition of equipment used for tests, in addition to 
involving appropriate costs of maintenance and calibration [34].

Modern methods based on mtDNA are a powerful tool for food analysis, creat-
ing great opportunities for the researcher, at the same time causing a number of 
challenges for the contemporary laboratory. The newly developed, commercially 
used methods are made taking into account the above-mentioned activities.
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research area concerned, many laboratories use their own methods. These have the 
advantage of being flexible and adaptable to the current needs of customers, which 
means that the laboratory can react quickly and optimally to the evolving market 
needs. Naturally, these methods have to be validated, which incurs additional 
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• increased costs; before the method becomes profitable, the laboratory must 
usually pay high validation costs,

• time-consuming nature; there must be adequate time between the decision 
to introduce a method to its real application in the laboratory. The longer and 
more laborious the validation process, the longer the time needed,

• the need of training; it increases the costs and delays the practical implementa-
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trained and more aware staff.

The high requirements placed on the personnel are naturally shaping the quality 
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Modern methods based on mtDNA are a powerful tool for food analysis, creat-
ing great opportunities for the researcher, at the same time causing a number of 
challenges for the contemporary laboratory. The newly developed, commercially 
used methods are made taking into account the above-mentioned activities.
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Molecular Markers and Their 
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Problems of Nonhomology Using 
Decapod COI Gene
Deepak Jose and Mahadevan Harikrishnan

Abstract

Advancements in DNA sequencing and computational technologies influenced 
almost all areas of biological sciences. DNA barcoding technology employed for 
generating nucleotide sequences (DNA barcodes) from standard gene region(s) 
is capable of resolving the complexities caused due to morphological characters. 
Thus, they complement taxonomy, population analysis, and phylogenetic and 
evolutionary studies. DNA barcodes are also utilized for species identification 
from eggs, larvae, and commercial products. Sequence similarity search using 
Basic Local Alignment Search Tool (BLAST) is the most reliable and widely used 
strategy for characterizing newly generated sequences. Similarity searches identify 
“homologous” gene sequence(s) for query sequence(s) by statistical calculations 
and provide identity scores. However, DNA barcoding relies on diverse DNA 
regions which differ considerably among taxa. Even, region-specific variations 
within barcode sequences from a single gene leading to “nonhomology” have been 
reported. This causes complications in specimen identification, population analysis, 
phylogeny, evolution, and allied studies. Hence, the selection of appropriate bar-
code region(s) homologous to organism of interest is inevitable. Such complications 
could be avoided using standardized barcode regions sequenced using optimized 
primers. This chapter discusses about the potential problems encountered due to 
the unknown/unintentional/intentional use of nonhomologous barcode regions and 
the need for primer optimization.

Keywords: DNA barcodes, BLAST, homologous gene sequences, nonhomology, 
standardized barcode regions, primer optimization

1. Introduction

Deoxyribonucleic acid (DNA) is considered as the prime genetic material of 
the living world as it stores complete set of information for dictating the structure 
of every gene product. The order of nucleotide bases (viz. adenine, guanine, 
cytosine, and thymine) contains these instructions for genetic inheritance along 
DNA [1]. “DNA sequencing” refers to a technique for understanding the lan-
guage of DNA by determining the order of nucleotide bases present within the 
genome of organism(s) of interest [2, 3]. During the 1970s, researchers utilized 



97

Chapter 6

Molecular Markers and Their 
Optimization: Addressing the 
Problems of Nonhomology Using 
Decapod COI Gene
Deepak Jose and Mahadevan Harikrishnan

Abstract

Advancements in DNA sequencing and computational technologies influenced 
almost all areas of biological sciences. DNA barcoding technology employed for 
generating nucleotide sequences (DNA barcodes) from standard gene region(s) 
is capable of resolving the complexities caused due to morphological characters. 
Thus, they complement taxonomy, population analysis, and phylogenetic and 
evolutionary studies. DNA barcodes are also utilized for species identification 
from eggs, larvae, and commercial products. Sequence similarity search using 
Basic Local Alignment Search Tool (BLAST) is the most reliable and widely used 
strategy for characterizing newly generated sequences. Similarity searches identify 
“homologous” gene sequence(s) for query sequence(s) by statistical calculations 
and provide identity scores. However, DNA barcoding relies on diverse DNA 
regions which differ considerably among taxa. Even, region-specific variations 
within barcode sequences from a single gene leading to “nonhomology” have been 
reported. This causes complications in specimen identification, population analysis, 
phylogeny, evolution, and allied studies. Hence, the selection of appropriate bar-
code region(s) homologous to organism of interest is inevitable. Such complications 
could be avoided using standardized barcode regions sequenced using optimized 
primers. This chapter discusses about the potential problems encountered due to 
the unknown/unintentional/intentional use of nonhomologous barcode regions and 
the need for primer optimization.

Keywords: DNA barcodes, BLAST, homologous gene sequences, nonhomology, 
standardized barcode regions, primer optimization

1. Introduction

Deoxyribonucleic acid (DNA) is considered as the prime genetic material of 
the living world as it stores complete set of information for dictating the structure 
of every gene product. The order of nucleotide bases (viz. adenine, guanine, 
cytosine, and thymine) contains these instructions for genetic inheritance along 
DNA [1]. “DNA sequencing” refers to a technique for understanding the lan-
guage of DNA by determining the order of nucleotide bases present within the 
genome of organism(s) of interest [2, 3]. During the 1970s, researchers utilized 



Biochemical Analysis Tools - Methods for Bio-Molecules Studies

98

two-dimensional chromatography for obtaining the first DNA sequence in laborato-
ries. Later, dye-based sequencing methods with automated analysis were developed 
for easier and faster DNA sequencing. With the continued improvement in sequenc-
ing approaches, DNA sequence data derived from genes and genomes of organisms 
have become indispensable in basic research and allied fields.

Advancements in DNA sequencing and computational technologies influenced 
almost all areas of biological sciences. Taxonomy and systematics, the science for 
identifying organisms up to “species” level followed by classifying them based on their 
relationships, are also well complimented by DNA sequence database. Traditionally, 
“species,” the basic unit of taxonomy, is distinguished on the basis of certain unified 
external characters within a sufficient number of specimens termed as “morphologi-
cal characters” [4]. Later, morphological-type specimens were complimented with 
molecular data from molecular markers (allozymes, nuclear DNA, mitochondrial 
DNA) specifically in morphologically problematic groups [5, 6]. As molecular mark-
ers, gene type sequences (referred to as DNA barcodes) are developed using a tech-
nology called “DNA barcoding.” Thus, fundamental information from conventional 
taxonomy is complimented with genetic information from molecular taxonomy for 
scientific inferences. More than a decade, this technique has been subjected for prime 
consideration in molecular research due of its capability to distinguish closely related 
species. It is also applicable to a broad spectrum of taxa for extensive biodiversity 
assessment studies. DNA barcoding remains as a standard method for specimen 
identification and allied studies, and DNA barcodes serve as an inevitable tool in 
understanding genetic relationships of organisms [7–11].

An ideal DNA barcode should possess certain qualities like higher universality 
and resolution. Since DNA barcoding relies on different DNA regions that vary 
between organisms (like bacteria, plants, animals, birds, etc.) [12–14], selection of 
barcode region is dependent on the selected sample type. DNA barcode sequences 
are normally compared with a DNA reference library of morphologically pre- 
identified vouchers to assess the rate of similarities/dissimilarities, followed by 
assignment of taxonomic names to unknown specimens according to the percentage 
of identity [15, 16]. Since homology relations are proportional to the origin and 
relations of taxa, focusing on molecular characters to examine homology relations 
is more direct than on morphology due to the discrete and “simple” nature of the 
characters in the latter. Thus, comparative sequence analyses are apparent to analyze 
the biological relationships of DNA sequences. Two major disciplines that work at 
both interspecific and intraspecific level are molecular phylogenetics and population 
genetics. Molecular phylogenetics deals typically with evolutionary relationships 
of different species, while population genetics is applied to characterize variations 
within and among populations of a single species [17, 18]. In short, DNA barcodes 
from standard gene region(s) compliment taxonomy, population analysis, and 
phylogenetic and evolutionary studies at genetic level. They are also utilized for iden-
tification of species, particularly for eggs, larvae, and commercial products [19, 20].

Among DNA barcodes, mitochondrial genes gained preference due to their 
higher stability, mutation rate, copy number per cell, and absence of introns that 
provide higher genetic information [21]. Among mitochondrial genes, cytochrome 
c oxidase I (COI) is considered as the primary barcode sequence for animal 
kingdom [10, 15]. Mitochondrial DNA (mtDNA) has been used for carrying out 
phylogenetic studies in a large number of animals including crustaceans, in a short 
span of time. Hitherto, numerous reports in support of broad benefits of DNA 
barcoding are available [15, 16, 22–25]. Even though DNA barcoding has completed 
a decade as one of the versatile techniques in addressing numerous concerns in the 
field of life science, authors like [26–28] have also pointed out many drawbacks 
with respect to this technique. A recent study [7] reported issues regarding the 
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usage of nonhomologous barcode sequences for molecular studies. This chapter 
discusses on the nonhomologous barcode regions of COI gene region, available in 
public database (like NCBI) and issues arousing due to their unknown/intentional/
unintentional use in molecular analyses. Molecular results inferred from mito-
chondrial COI gene sequences (amplified using “Folmer” and “Palumbi” primers) 
of Macrobrachium rosenbergii are used to demonstrate the combined effect of 
“nonhomologous” sequences over specimen identification, population analysis, and 
molecular phylogeny.

2.  An overview of mitochondrial cytochrome oxidase subunit 1 (mtCOI) 
gene of Macrobrachium rosenbergii

DNA was first detected in mitochondria in the year 1963. It was found in 
association with proteins and lipids, localized to the mitochondrial matrix [29]. 
Almost all eukaryotic cells possess mitochondrial genome that contains genetic 
information utilized in systematic and population genetics for the past two decades 
[30]. Complete mitochondrial DNA (mtDNA) sequence having approximately 
17,000 base pairs (bp) has been developed in many species, including humans [31]. 
Maternal inheritance, relatively rapid mutation rate, and lack of intermolecular 
recombination are considered as major characteristic features for their extensive 
use in population structure and phylogenetic studies at different taxonomic levels 
[21]. Hitherto, more than 1100 complete mitochondrial genome sequences or 
similar derivatives have been published [32]. However, crustaceans, one of the most 
morphologically diverse animal life forms, are represented only by limited number 
of complete mitochondrial sequences. Within crustaceans, decapods represent an 
extremely diverse group with many commercially important taxa including prawns, 
shrimps, lobsters, and crabs [7, 30]. Two major COI barcode regions are amplified 
for them using two sets of primers, namely Folmer (aka 5′ COI; LCO-HCO) [33] 
and Palumbi (aka 3′ COI; Jerry-Pat) [34], which are nonhomologous with limited 

Figure 1. 
Gene map of Macrobrachium rosenbergii mitochondrial genome. Yellow color indicates cytochrome c oxidase 
subunit 1 (COI) gene having 1535 bp length with two nonhomologous regions (viz., Folmer and Palumbi).
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overlaps [7, 35]. These two regions are widely used in decapod molecular taxonomy 
and associated research. In public database (e.g., NCBI), several decapod species 
possess COI sequences derived from both these regions. Among them, the giant 
freshwater prawn Macrobrachium rosenbergii (Crustacea: Decapoda: Palaemonidae) 
is having sufficient mtDNA data including its whole genome (Figure 1) and other 
marker gene sequences [7].

3.  Impact of nonhomologous barcode regions in molecular taxonomy 
and allied studies

3.1 Specimen identification

DNA-based taxon identification for recognition of known species and discovery 
of new species is reported in many studies [7, 15, 23]. Mitochondrial cytochrome 
oxidase I (COI) gene is recommended as an efficient DNA barcode for identify-
ing all kinds of animals [15, 16, 23], including cryptic species [18, 24]. Pairwise 
comparison of COI sequences of congeneric species generates a divergence rate of 
>2% [23], reaching up to 3.6% in species complexes, and exceeds 5% in rare cases 
[15, 16, 23, 24]. The region of the 5′ end of COI (“Folmer” portion) is considered 
as the “DNA barcode” sequence which might be no better than that of the 3′ end of 
COI sequences, i.e., Palumbi sequence [7, 35, 36]. Even though these two regions 
are considered as related fragments, even within crustaceans [36, 37], the region-
specific conservation for “Folmer” and “Palumbi” sequences creates nonhomology. 
This creates diversity within the same gene region, causing misinterpretations if it 
is used unknowingly.

Here, the results inferred from nonhomologous COI gene regions of  
M. rosenbergii are given for demonstrating the issues related to specimen identifi-
cation. Figure 2 depicts a phylogenetic tree constructed based on neighborhood 
joining (NJ) analysis from sequences of “Folmer” and “Palumbi” regions of  
M. rosenbergii. Tree topology could be expected to array these sequences as 
barcode regions of a single species (M. rosenbergii) within a major clade with 
sufficient bootstrap value corresponding to their monophyly and the selected out-
group as another entity.

Results inferred from the NJ tree exhibited reciprocal monophyly in its array, 
differentiating “Folmer” and “Palumbi” regions as two different entities. Out-
group species that was expected to have higher divergence than the rest showed 
affinity toward the “Palumbi” sequences of M. rosenbergii in the first tree. In 
the second case, a relationship was established between the “Folmer” sequences 
of M. rosenbergii and the out-group. This indicated a gene specific relationship 
between the barcode regions of the test and out-group organisms based on their 
homology. These results focus over the conservative nature of barcode region(s) 
of COI gene and its dominance over the species-level conservation within indi-
vidual (genus or species).

Inferences from phylogenetic tree will also be reflected in genetic distance data 
since the substitution accounted for calculating intraspecific divergence within  
M. rosenbergii is higher than at interspecific level. Substitutions will be more 
among the nonhomologous sequences since they represent different regions 
within the same gene, accounting for higher distance. Out-group with homologous 
gene sequence could provide considerable genetic distance with the homologous 
sequences of species of interest (here it is M. rosenbergii). Further, the genetic dis-
tance provided by the nonhomologous sequences of species of interest will be more 
than that of the genetic distance provided by the homologous sequences of species 
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of interest and out-group. It could be concluded that the existence of region-specific 
conservation within the COI barcode gene of decapod crustaceans could dominate 
species-level conservation causing serious errors in molecular results. Hence, the 
use of precise mitochondrial gene fragment(s) with respect to the homology of 
available nucleotide sequences is recommended for specimen identification and 
species confirmation for avoiding potential errors and erroneous results [7].

3.2 Population analysis

COI gene sequences are well considered for population analysis of many spe-
cies including decapods. Here, the impact of nonhomologous regions in popula-
tion studies is discussed using “Folmer” and “Palumbi” sequences of the genus 
Macrobrachium. Two populations were selected: both “Folmer” and “Palumbi” 
sequences were selected for Population 1, while for Population 2, only “Folmer” 
regions were considered. “Palumbi” sequence of an out-group organism was also 
considered.

The tree topology was expected to reveal only two highly diverged popula-
tions of M. rosenbergii, viz., Populations 1 and 2. However, the exhibited pattern 
showed three populations, differentiating Population 1 into two populations with 
regard to the nonhomologous barcode regions. The Folmer regions of Populations 
1 and 2 were arrayed according to their population diversity, while the “Palumbi” 
region of Population 1 arrayed along with the “Palumbi” region of the out-group, 
indicating the presence of a third population, which is virtual (Figure 3) and was 
due to region-specific conservation (for “Folmer” and “Palumbi”) in COI gene. 

Figure 2. 
NJ tree showing different clades for with respect to the “nonhomologous” regions present in COI region of  
M. rosenbergii.
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These findings were confirmed using AMOVA analysis using sequences of “Folmer” 
and “Palumbi” as two different populations which produced significant differences 
in support of the existence of two populations. This clarified that the nonhomology 
of barcode regions can lead to serious erroneous inferences.

3.3 Molecular phylogeny

The influence of nonhomology in phylogenetic studies was examined using 
“Folmer” and “Palumbi” sequences of M. rosenbergii and other selected conge-
neric species. Three types of sequence selections were done: (i) incorporation of 
“Palumbi” region of M. rosenbergii along with the “Palumbi” regions of selected 
congeneric species and out-group (Figure 4a), (ii) incorporation of both “Folmer” 
and “Palumbi” sequences of M. rosenbergii along with the “Palumbi” sequences of 
all other individuals (Figure 4b), and (iii) incorporation of “Folmer” sequences 
of M. rosenbergii along with “Palumbi” sequences of other species (excluding 
“Palumbi” region of M. rosenbergii) (Figure 4c).

Tree topology exhibited cladistic array of selected organisms in accordance with 
the previous findings of specimen identification and population analysis, i.e., with 
respect to the region-specific conservation persisting within “nonhomologous” 
barcode regions of COI gene. Monophyly of Macrobrachium species was exhibited 
by the first NJ tree (Figure 4a) in which only homologous sequences of “Palumbi” 
region were used. The rest of the phylogenetic trees exhibited absence of mono-
phyly and erroneous cladistic array due to the impact of nonhomologous barcode 
regions, i.e., “Folmer” and “Palumbi” regions (Figure 4b and c). These incongru-
ences within the phylogenetic trees will be well reflected in pairwise distance data 
because of the impact of nonhomologous sequences. Due to the higher rate of 
substitution among “Folmer” and “Palumbi” regions (as they belong to different 
regions of same gene), the genetic distance was higher among them even though 
considerable distance was accounted among the congeners. These findings demon-
strated problems in molecular phylogeny by incorporating nonhomologous barcode 
regions of COI.

4. Discussion

After the first discovery of mitochondrial DNA in 1963, more than 5300 
complete mtDNA sequences of different taxa were submitted in NCBI till date 
[29, 31, 32]. These sequences are well utilized for addressing different fields of 
molecular taxonomy [38]. Among the preferred gene regions of mitochondrial 

Figure 3. 
NJ tree generated for M. rosenbergii populations using nonhomologous barcode sequences and out-group.
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DNA, cytochrome c oxidase subunit 1 (COI) remains as one of the most recom-
mended molecular markers because of its ability to generate sequence data within a 
reasonable time in a cost-effective way. These data could be well utilized for sorting 
collections into identified species, biodiversity assessments, delineation of cryptic 
species, detection of population structure, gene flow pattern identification, phylo-
geographic studies, molecular phylogeny, evolution, etc. [7, 17, 39–41]. Altogether, 
this protein-coding gene mitochondrial gene has acquired great acceptance in 
large-scale projects of diverse taxa [42–44].

Usually, an ideal COI barcode region is reported to possess about 648–700 
nucleotides that are used for similarity searches in nucleotide database for identifi-
cation of known/unknown samples. Barcode of Life Data System (BOLD) refers to 
a freely available database which acquires analyses and releases DNA barcode data. 
Researchers interested in DNA barcoding and allied studies can submit sequence(s) 
to the public database (NCBI/DDBJ/EMBL) or the consortium for the Barcoding 
Life website. Similarity search using nucleotide BLAST (BLASTN) or BOLD search 
(www.barcodinglife.org) is usually used for identifying the status of DNA sequence 
of interest. This will lead to the corresponding homologous nucleotide sequence(s) 
for your DNA sequence that has been sequenced previously or will give homologous 
sequences of its close relative(s). But there exists some hiding factors that could 
confuse a researcher to identify a species from the available database, i.e., nonho-
mologous sequences with region-specific conservation (e.g., COI gene) which may 
alter results to a great extent. Hence, these results are to be scrutinized carefully 
since there may be nonhomologous sequences for a taxa of interest that will not 
appear in the BLAST search because of their nonhomology. Altogether, similarity 
searches with the available database results in top species matches, where the name 
of the species having reference sequence accessioned in the database or the name 

Figure 4. 
NJ tree based on Kimura two-parameter model (1000 bootstraps) generated using (a) “Palumbi” regions of M. 
rosenbergii and other selected congeners and out-group, (b) “Palumbi” and “Folmer” regions of M. rosenbergii 
and “Palumbi” region of other selected congeners and out-group, and (c) “Folmer” regions of M. rosenbergii 
and “Palumbi” region of other selected congeners and out-group.
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alter results to a great extent. Hence, these results are to be scrutinized carefully 
since there may be nonhomologous sequences for a taxa of interest that will not 
appear in the BLAST search because of their nonhomology. Altogether, similarity 
searches with the available database results in top species matches, where the name 
of the species having reference sequence accessioned in the database or the name 

Figure 4. 
NJ tree based on Kimura two-parameter model (1000 bootstraps) generated using (a) “Palumbi” regions of M. 
rosenbergii and other selected congeners and out-group, (b) “Palumbi” and “Folmer” regions of M. rosenbergii 
and “Palumbi” region of other selected congeners and out-group, and (c) “Folmer” regions of M. rosenbergii 
and “Palumbi” region of other selected congeners and out-group.
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of the closest related taxa in the absence of reference sequence for that particular 
species, are enlisted [45].

This chapter has clearly discussed about the presence of “Folmer” and 
“Palumbi” regions of M. rosenbergii in its COI gene (1535 base pairs) within the 
15,772 base paired complete mitochondrial DNA (NCBI accession no.’s AY659990 
and NC_006880) [30]. Within, the COI gene, first approximate 720 base pairs are 
amplified by “Folmer” primers and the rest (approximately 721–1535) by “Palumbi” 
primers. Being a recommended barcode region, “Folmer” region is recognized 
as a universal barcode fragment, and at the same time, the other COI fragment 
sequenced using “Palumbi” primers dated from the early 1990s is also well-known 
and utilized for DNA barcoding [34, 35]. Hence, these two fragments are sequenced 
for studying molecular aspects of crustaceans [36, 38].

However, the presence of these two barcode regions within a single target gene 
(COI) with “Folmer” region as the first and “Palumbi” as second barcode region for 
a broad class of organisms (particularly crustaceans) could result in severe problems 
with respect to molecular studies. It could be helpful if full COI sequences of taxa 
are included as a scaffold for containing the two fragments prior to molecular analy-
sis. But many organisms are still lacking the whole genome mitochondrial sequence 
data, and instead they are having either “Folmer” or “Palumbi” sequence(s). In such 
a scenario, if a “Palumbi” region for a specimen is sequenced and the public data-
base is having only the “Folmer” region for the same organism, BLAST search will 
fail to identify that particular sequence. It will indicate only the closest organism on 
the basis of sequence homology. For “Folmer” region also the case will be the same 
if database is having “Palumbi” sequences. This mainly affects specimen identifi-
cation as it could be hard for a researcher to identify the sample, particularly for 
those specimens lacking major morphological characters. Even in specimens with 
little morphological variations from its type descriptions, there could be failures 
in identifying the existing species causing misinterpretation of the same as a novel 
species. Regarding the impact of nonhomology in population analysis, the chance of 
misinterpretation of “nonhomologous” fragments as a different population exists.

Molecular phylogeny could also be affected from severe errors due to dual 
barcode regions. Even if both barcode sequences are contained within the nucleo-
tide database, BLAST search will enlist sequences according to the homology of 
our sequence(s) only. In such cases, the chance for errors could be minimized even 
though the full dataset is not explored. However, there could be possibilities of 
missing dataset of taxa supplied to the database, due to nonhomology. Another case 
is that, even among congeneric species, monophyly could not be established due to 
the impact of “nonhomologs” (refer to Figure 4b and c). Tree topology could be 
altered due to the impact of dual barcode regions. As a result, relationship between 
morphologically similar species and species groups could be altered.

5. Conclusions and recommendations

GenBank accounts for an enormous amount of molecular data within which 
more than 90% of mtDNAs belongs to metazoans and the remaining sequences 
represent fungi and terrestrial plants. About 3% of available mitochondrial genomes 
represents protists. Despite the usually discussed issues like misidentifications and 
pseudogenes, lack of primer pair(s) data, particularly for certain unpublished data-
set, remains as a major drawback. Moreover, designing and using of multiple primer 
pairs for various objective of molecular taxonomy have generated multiple DNA 
fragment from the same gene. Hence, under a single species name, there could be 
multiple DNA sequences from a single gene, which are “nonhomologous” in nature. 
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It is very basic that selection of nucleotide sequences could be done on the basis of 
their homology but still, in the present scenario, it is hard to identify homologs by 
BLAST search. Most trace samples, used in forensic studies, remain undetected due 
to the lack of standardization in barcode regions. Even though “Folmer” region is 
considered as a universal barcode region, there are numerous reports regarding the 
use of “Palumbi” sequences as better barcodes based on species specificity. This issue 
could be well resolved with the use of complete genome sequences which, however, 
are developed only for limited taxa. A better way to resolve this problem of “nonho-
mology” is to provide data regarding primer pair(s) used along with the nucleotide 
sequence data. Even if someone is concerned about the privacy of research, they 
could opt the embargo period provided for releasing the nucleotide sequence data to 
public database. It is also true that researchers develop diverse primers for amplify-
ing specific genes. One more recommendation is to update the nucleotide submission 
data after publication of the corresponding manuscript so that the entire research 
community could get the proper information regarding the background of the 
nucleotide without interfering one’s privacy. DNA barcoding has crossed the bound-
aries of academics and has made use of in food authentication, medical applications, 
forensic science, etc. Since DNA-based analysis has become an important part, 
region-specific issues related to gene sequences need to be addressed and resolved. 
This chapter has addressed the present nature of barcode regions derived from COI 
and the issues related to them so that the need for primer optimization [21] could be 
practiced at the earliest. Regardless of a single species (M. rosenbergii), identifying 
the nature of barcode regions on additional taxa in a broad spectrum could help to 
make the existing nucleotide database user-friendly, even to those who are beginning 
their research. “Error cascades” that occurred due to bad taxonomy in science made 
the research communities relying on advanced technologies like DNA barcoding for 
accurate species identification and taxonomic assignment. So, it could be beneficial 
if we are able to resolve or clarify these types of confusions so that DNA barcoding 
could be free from “error cascades” of molecular taxonomy. It is also recommended 
to have an integrative taxonomy in the case of morphologically recognizable organ-
isms as suggested by Will et al. (2005) so that error-free results regarding a species 
could be drawn out only using both morphological and molecular approaches.
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Abstract

Biobanking increases the rate at which precision medicine can be used to suc-
cessfully refine currently existing medical treatment methodologies. The purpose 
of precision medicine is to increase a patient’s likelihood of defeating a chronic dis-
ease, by creating a unique and personal treatment method. However, the research 
necessary to develop precision medicine requires thousands of biospecimens, which 
is why biobanking is necessary to move precision medicine forward. Traditional 
biobanks are a library of preserved biological specimens, such as tissue and whole 
blood, that can be later accessed for further testing and analysis. Maintaining these 
types of biobanks is cumbersome and expensive, due to freezer care. Biobank 
samples are used to support therapeutic drug monitoring in clinical trials, epide-
miology, public health screening, and biomarker discovery. Collecting samples for 
large translational studies requires making regular trips to the phlebotomist or a 
clinic, which is an inconvenience that is exacerbated when collecting samples in 
remote and/or resource-limited locations. Inconsistencies in sample collection can 
affect downstream clinical studies. Remedies for these procedural issues include the 
development of a medium that effectively preserves the samples at ambient tem-
perature and developing a virtual biobanking system that allows for long-distance 
access to bioinformatic data of previously analyzed biospecimens.

Keywords: biobanking, precision medicine, dried blood spots (DBS), nucleic acid, 
ambient temperature storage, translational studies

1. Introduction

Biobank acts as a library for genotypic and phenotypic data for a variety of bio-
logical samples. It is the process of acquiring, storing, processing, and distributing 
biological materials for the purpose of clinical use, including for the development of 
precision medicine. The term biobanking covers a broad range of samples, includ-
ing those of animal, plant, and microbial origins. For instance, animal samples can 
be organ tissue, marrow, and synovial fluid, while plants can be roots, leaves, bark, 
flowers, and lastly microbial samples. The biobanking arena has seen significant 
advances from collecting and cataloging samples to having detailed archives of 
genotypic and phenotypic information. The storing of this information is part of 
the newest wave in biobanking, virtual biobanking. Virtual biobanks contain full 
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genomes of previously collected specimen that may be accessed through specialized 
software or portals. Virtual biobanking assists investigators in searching multiple 
sites for specimen worldwide, essentially, allowing for the mining of data remotely 
[1]. Integration of genomics, proteomics, and metabolomics, as well as introduction 
of highly sensitive analysis methods, has translated into a demand for high-quality 
specimens and the need for accurate, reliable, and standardized clinical data. 
However, current methods in collecting samples are strenuous, expensive, and 
unreliable. Samples collected in the field have to be chilled or frozen until analysis, 
but the shipping of large chilled containers and powering freezers are cost limita-
tions affecting research projects. Furthermore, there is a relatively small window of 
time between sample collection, storage, and analysis to preserve sample integrity; 
reducing the reliability of data. As a result, there has been a growing demand in the 
market for developing ambient temperature storage methods. In the following sec-
tions, the relevance of biobanking to precision medicine will be discussed as well as 
advances in sample collection and ambient temperature storage methods to reduce 
the cost of acquiring and storing precious biospecimen.

2. Precision medicine

In the last decade, there has been a push to understand factors that affect an 
individual’s health on the molecular level. These factors include an individual’s 
unique lifestyle and environment because it is now understood that epigenetics 
plays a large role in a person’s health as well as their development of chronic 
diseases, such as cancer [2]. Epigenetics and its effects on multiple “omics” (e.g., 
proteomics) require more than a snapshot of a single person’s life. Instead, large 
data sets ranging from local population (i.e., a neighborhood or city block) to a 
statewide population, or larger, are required to truly understand the connection 
between lifestyle and health; but this is not the only advantage of having a large 
sample size. Determining treatment for a disease requires the largest possible 
sample size, in order to account for all the possible variables that lead to develop-
ing the illness. The marriage of genetic sequencing and external factors that affect 
health (i.e., lifestyle and environmental) is the foundation of precision medicine. 
Precision medicine is the use of multiple facets of an individual’s health to develop 
a unique treatment plan [3] (Figure 1). With the cost of sequencing decreasing, 
it has become possible to query the whole genome in search of variants that are 
known to cause certain disease, and, thus, develop targeted therapies and reduce 
the overall strain placed on the body [4, 5]. Analysis of the human genome in the 
context of diagnostic medicine is one of the main facets of precision medicine. The 
current methodology for designing treatment plans is based on general information 
obtained from clinical trials; however, every person is unique and there are numer-
ous instances where these “umbrella” treatment methods prove to be unsuccessful 
[3]. Thus, by being able to determine the root cause of the disease, be it lifestyle 
affecting gene expression, genetic inheritance of a mutation, or a random mutation 
itself, precision medicine provides the opportunity to have a focused approach in 
diagnostic medicine.

Precision medicine, and the initiative to push it forward, was strongly endorsed 
by the Obama administration after a young woman was able to determine the cause 
of her extremely unusual form of liver cancer through virtual searches of sequenced 
genomes of donors with the same disease [6]. The synergy between genetic mark-
ers and new therapies for cancer treatment is one powerful example of precision 
medicine. Typically, biopsied tissue samples or whole blood samples are used as the 
material for sequencing [6, 7]. For example, liquid biopsies are now routinely used 
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for the analysis of cell-free DNA to look for progression/regression of cancer as 
well as additional genomic mutations [8]. As technology advances, instant inter-
disciplinary integration has become a reality and bioinformatic biobanking makes 
this integration possible [4]. However, there are many instances when hospitals or 
research facilities will not release the sequenced data of the samples that were col-
lected or preserved specimens, and literature sources have inadequate information 
of the biospecimen used [6, 8]. This increases the necessity to have both a national 
and global data base available so that invaluable information could be accessed 
seamlessly. One of the first steps in creating such a large data bank is the develop-
ment of the Million Donor cohort.

Precision medicines’ Million Donor cohort comes with a great responsibility for 
those institutions preserving these samples to answer future research questions [8]. 
The purpose of the cohort is to begin collecting data from one million individuals 
across the nation with diverse backgrounds [3, 9]. Building such a large cohort 
proves to be a daunting task; however, Terry [6] has shown that, when able to, 
patients will take the initiative to be active members in their health maintenance. 
Although questionnaires will be used to develop the cohort data, the success of 
precision medicine depends on the number of available electronic medical records 
(EMRs) to gain valuable insight into quantitative medical data [3]. Developing such 
a sample pool that can be easily accessed requires storing the data in virtual bio-
banks, a topic that will be discussed in detail later in the chapter [9, 10]. Biobanking 
and the accessibility of data with a user-friendly network for the purpose of data 
mining are crucial not only to both short-term and long-term goals of the Precision 
Medicine Initiative but also to the future. Access to samples is necessary to fulfill 
the vision of combining established clinicopathological parameters with emerging 
molecular profiling approaches to create diagnostic, prognostic, and therapeutic 
solutions that are precisely tailored to an individual patient’s unique requirements. 
Sample availability and sample preservation via biobanking are key to the future of 
the Precision Medicine Initiative and beyond.

Figure 1. 
Precision medicine is a holistic approach to treatment where for the first time, the phenotypic, proteomic, 
metabolomic, and the genomic composition of the individual as well as their links to other factors such as the 
microbiome and even the environment will be taken into consideration. This means treating the patient as a 
“whole” in contrast with the current isolated symptom-treatment approach. The goal of precision medicine is to 
develop a personalized treatment regimen, a one-of-a-kind approach that would have a better clinical outcome 
for the patient.
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3. Biobanking

In this section, the growth of biobanking for the purpose of current research 
interests will be discussed. Biobanking has been implemented in the scientific 
community for over 100 years by various institutions worldwide [11, 12]. Biobanks 
are large repertoires of biospecimen, ranging from animal samples to plant and 
microbes, that are used for research purposes [12]. Biobanking itself is a relatively 
simple concept (Figure 2). All types of biospecimen are stored in a biobank for long, 
yet finite amounts of time. These repositories of specimen in traditional biobanks 
remain in large freezers and other storage facilities until needed [12, 13]. Thus, 
biobanks are extremely valuable for translational research studies since generations 
of specimen may be stored and received.

Standardization of samples is key to successful biobanking. Reliability of sam-
ples collected in an ethical and legal manner with the oversight of the Institutional 
Review Board (IRB) or equivalent ethics committee for the biobanking institu-
tions in their respective countries is crucial to ensuring reproducibility of results. 
International standards are being established by both the European Union [14] 
and International Society of Biological and Environmental Repositories (ISBER) 
in the United States [15] to establish standardization metrics for biobanked 
samples. ISBER coordinated the launch of the International Repository Locator 
(IRL) website in early 2015. This centralized locator, analogous to a “repository 
directory,” was created to increase the profile of individual repositories including 
ISBER, researchers, funding bodies, governments, and private industry. However, 

Figure 2. 
Infrastructure needed to biobank samples in a laboratory (left to right). Blood, buccal swab, or tissue biopsy/
aspirate samples collected from donors are transported to the research facility if the collection site is remote 
to the sample processing laboratory. Maintaining traceability and transparency should be mandatory to 
all human samples, the samples are cataloged electronically when received and connected with the donor’s 
electronic health record (EHR) if available, along with other relevant information before either biobanking 
or processing the sample for nucleic acid or other biomolecule (DNA, RNA, buffy coat, proteins) extraction. 
Depending on the size of the donor pool, the most efficient means of processing the large cohort of samples is by 
automation. The biomolecule extracted is analyzed for quantity and quality before storage in a biobank at −80, 
or −196°C (liquid nitrogen). Consequently, for an economical means of storage of a large cohort of samples, the 
extracted biomolecules can be stored in a chemistry matrix for dry state or “glassy state” such as RNA/DNA 
stable (Biomatrica), RNAsecure (ThermoFisher) or GenTegra RNA/DNA (GenTegra LLC) or on treated 
paper such as Whatman FTA or GenSaver or untreated paper such as Whatman 903 or GenCollect. The choice 
of media for storage for biobanking is institute dependent.
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not all facilities with biobanks are willing or able to share these invaluable biospeci-
mens [3, 12, 13]. With such limitations on the use of biobanks, the importance to 
develop new methods for biobanking continues to grow as technology and research 
methods have advanced and become more refined to solve previously, seemingly 
impossible medical mysteries. The Million Donor cohort acts as one solution to the 
problem of free-data sharing since the project’s purpose is to create a comprehen-
sive virtual biobank for the purpose of precision medicine and bettering healthcare 
[3, 16]. Making biobanking a realistic tool and more accessible requires the blend-
ing of specimen collection and analysis.

To streamline biobanking and research analysis, a new concept in biobanking 
is bioinformatic biobanking. This refers to the querying of sequenced genomes 
that have been stored in virtual biobanks. Bioinformatic biobanks are large data-
bases of information pertaining to the sequenced and analyzed specimen [12, 17]. 
In this concept of a biobank, an individual’s immutable genetic markers form a 
library to be queried over a lifetime for continuing patient management. Once a 
sample is analyzed and the data stored, it is then a simple matter of querying the 
data when and as required for specific gene regions, biomarkers, variations, etc. 
This approach is currently being implemented by Helix personal genomics with 
whole genome sequencing as the first step. Using this method negates the need for 
long-term sample storage because the whole genome can be virtually analyzed for 
specific biomarkers that may correlate with a disease. Once the genomic analysis is 
completed, any future test queries involve only a bioinformatic search, as opposed 
to additional sample collection and repeated analysis. This reduces the cost of 
biomedical research significantly; however, the collection, transportation, and 
storage of samples until analysis occurs still pose a significant cost and slow efforts 
in developing a globally available virtual biobank. In the next section, the sample 
types used for biobanking will be discussed, and advances that will eliminate the 
cost of storing and shipping such liquid samples.

3.1 Sample types used for biobanking

The most common sample types collected for precision medicine and biobank-
ing of human specimen are tissue samples and whole blood. Tissue samples can be 
further subdivided into liquid biopsy samples for circulating tumor cells (CTC), 
tissue biopsy samples such as formalin-fixed paraffin-embedded (FFPE) tissue, and 
fresh frozen tissue samples or wet mount tissue slides. Whole blood samples can be: 
peripheral blood mononuclear cells (PBMCs), serum, or plasma. Additional, albeit 
less common, sample types collected are cerebrospinal fluid (CSF), urine, and 
fecal material. When collecting these samples, it will be imperative to have “True 
Control” samples from surrounding disease-free tissue and corresponding known 
disease-state samples for comparisons; but, it is not always practical for tissue 
biopsy samples or CSF. In such instances “external” matched controls must serve as 
acceptable substitutes for “True Control” samples.

3.1.1 Tissue

Tissue samples such as formalin-fixed paraffin-embedded (FFPE) blocks have 
been stored since the early twentieth century. FFPE tissue samples are a common 
sample type collected from biopsies. Although core biopsy samples yield a healthy 
amount of tissue, tissue biopsy procedure is a painful process for the patient and can 
potentially cause considerable trauma to the surrounding tissue. Fine needle aspirate 
(FNA) biopsy with a 21-gauge needle to remove tissue samples for pathology is less 
traumatic to the patient and to the surrounding tissue. Compared to core biopsy 
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3. Biobanking

In this section, the growth of biobanking for the purpose of current research 
interests will be discussed. Biobanking has been implemented in the scientific 
community for over 100 years by various institutions worldwide [11, 12]. Biobanks 
are large repertoires of biospecimen, ranging from animal samples to plant and 
microbes, that are used for research purposes [12]. Biobanking itself is a relatively 
simple concept (Figure 2). All types of biospecimen are stored in a biobank for long, 
yet finite amounts of time. These repositories of specimen in traditional biobanks 
remain in large freezers and other storage facilities until needed [12, 13]. Thus, 
biobanks are extremely valuable for translational research studies since generations 
of specimen may be stored and received.

Standardization of samples is key to successful biobanking. Reliability of sam-
ples collected in an ethical and legal manner with the oversight of the Institutional 
Review Board (IRB) or equivalent ethics committee for the biobanking institu-
tions in their respective countries is crucial to ensuring reproducibility of results. 
International standards are being established by both the European Union [14] 
and International Society of Biological and Environmental Repositories (ISBER) 
in the United States [15] to establish standardization metrics for biobanked 
samples. ISBER coordinated the launch of the International Repository Locator 
(IRL) website in early 2015. This centralized locator, analogous to a “repository 
directory,” was created to increase the profile of individual repositories including 
ISBER, researchers, funding bodies, governments, and private industry. However, 

Figure 2. 
Infrastructure needed to biobank samples in a laboratory (left to right). Blood, buccal swab, or tissue biopsy/
aspirate samples collected from donors are transported to the research facility if the collection site is remote 
to the sample processing laboratory. Maintaining traceability and transparency should be mandatory to 
all human samples, the samples are cataloged electronically when received and connected with the donor’s 
electronic health record (EHR) if available, along with other relevant information before either biobanking 
or processing the sample for nucleic acid or other biomolecule (DNA, RNA, buffy coat, proteins) extraction. 
Depending on the size of the donor pool, the most efficient means of processing the large cohort of samples is by 
automation. The biomolecule extracted is analyzed for quantity and quality before storage in a biobank at −80, 
or −196°C (liquid nitrogen). Consequently, for an economical means of storage of a large cohort of samples, the 
extracted biomolecules can be stored in a chemistry matrix for dry state or “glassy state” such as RNA/DNA 
stable (Biomatrica), RNAsecure (ThermoFisher) or GenTegra RNA/DNA (GenTegra LLC) or on treated 
paper such as Whatman FTA or GenSaver or untreated paper such as Whatman 903 or GenCollect. The choice 
of media for storage for biobanking is institute dependent.
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not all facilities with biobanks are willing or able to share these invaluable biospeci-
mens [3, 12, 13]. With such limitations on the use of biobanks, the importance to 
develop new methods for biobanking continues to grow as technology and research 
methods have advanced and become more refined to solve previously, seemingly 
impossible medical mysteries. The Million Donor cohort acts as one solution to the 
problem of free-data sharing since the project’s purpose is to create a comprehen-
sive virtual biobank for the purpose of precision medicine and bettering healthcare 
[3, 16]. Making biobanking a realistic tool and more accessible requires the blend-
ing of specimen collection and analysis.

To streamline biobanking and research analysis, a new concept in biobanking 
is bioinformatic biobanking. This refers to the querying of sequenced genomes 
that have been stored in virtual biobanks. Bioinformatic biobanks are large data-
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In this concept of a biobank, an individual’s immutable genetic markers form a 
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completed, any future test queries involve only a bioinformatic search, as opposed 
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cost of storing and shipping such liquid samples.
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ing of human specimen are tissue samples and whole blood. Tissue samples can be 
further subdivided into liquid biopsy samples for circulating tumor cells (CTC), 
tissue biopsy samples such as formalin-fixed paraffin-embedded (FFPE) tissue, and 
fresh frozen tissue samples or wet mount tissue slides. Whole blood samples can be: 
peripheral blood mononuclear cells (PBMCs), serum, or plasma. Additional, albeit 
less common, sample types collected are cerebrospinal fluid (CSF), urine, and 
fecal material. When collecting these samples, it will be imperative to have “True 
Control” samples from surrounding disease-free tissue and corresponding known 
disease-state samples for comparisons; but, it is not always practical for tissue 
biopsy samples or CSF. In such instances “external” matched controls must serve as 
acceptable substitutes for “True Control” samples.

3.1.1 Tissue

Tissue samples such as formalin-fixed paraffin-embedded (FFPE) blocks have 
been stored since the early twentieth century. FFPE tissue samples are a common 
sample type collected from biopsies. Although core biopsy samples yield a healthy 
amount of tissue, tissue biopsy procedure is a painful process for the patient and can 
potentially cause considerable trauma to the surrounding tissue. Fine needle aspirate 
(FNA) biopsy with a 21-gauge needle to remove tissue samples for pathology is less 
traumatic to the patient and to the surrounding tissue. Compared to core biopsy 
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samples that are typically about 17 mg or more, the FNA samples are just 2–10 mg 
and the amount of sample that is donated to research is often less than 1 mm as pri-
ority for testing of the biopsy sample is to perform cytopathology. The best outcome 
for nucleic acid-based testing from tissue samples is to isolate nucleic acid from fresh 
or flash-frozen at −196°C tissue samples. There is no ambient temperature method 
available to preserve tissue samples for extracting good-quality nucleic acid.

FFPE is the most common method of preserving tissue samples at ambient 
temperature. FFPE tissue storage has been used for three decades [18] as a means of 
keeping tissue samples at ambient temperature for future research [19, 20]. This has 
created a large resource of pathologically interesting human and animal samples. 
Fixing tissue samples with formalin and embedding in paraffin preserves the 
pathology of the tissue. But formalin fixation can cause both inter and intra protein 
cross-linking [21–23] as well as cross-linking of histones to DNA [24]. Other factors 
affecting the quality of nucleic acid from FFPE samples include buffering formalin, 
time and temperature of fixation and penetration of formalin into the tissue by stasis, 
or by ultrasound, or microwave irradiation. The nucleic acid and protein quality are 
additionally dependent on the time of collection of tissue following postmortem 
interval and cold ischemia. Acceptable time for collection of tissue samples is between 
4 h postmortem and 12 h after cold ischemia has set in. Acceptable time for formalin 
fixation of tissue postmortem is <48 h for RNA [25, 26], <24 h for proteins [27–32], 
and <72 h for DNA [33–36]. It would be best to isolate the nucleic acids from FFPE 
samples within the acceptable time to ensure the best outcome for the quality of the 
nucleic acid isolated. The isolated nucleic acid can be further stored at ambient tem-
perature by removing the aqueous media from the nucleic acid sample or by adding 
some commercially available stabilizers for ambient temperature storage of nucleic 
acid. Although cross-linking of nucleic acid is of concern with aged FFPE samples 
[18, 33], nucleic acid extracted from FFPE samples have been successfully used for 
amplification, single cell analysis, and methylation studies. Decalcification of the 
FFPE sample using EDTA allows for longer PCR product [37], stronger fluorescence 
in situ hybridization (FISH) signals, lower background staining [38], and superior 
comparative genomic hybridization [1] results as compared to other methods.

3.1.2 Blood and blood components

Perhaps the most economical samples are blood samples collected in EDTA tubes 
[35]. A host of specialized blood collection tubes are commercially available for sta-
bilization of transcripts such as Tempus Blood RNA tubes and PAXgene Blood RNA 
tubes [39]. The strategy for storing the samples for short-term usage and long-term 
biobanking needs will determine the quality of the sample. Acceptable short-term 
storage of weeks to months of blood and blood components such as serum, plasma, 
peripheral mononuclear cells (PBMCs) etc. is at 4 to −20°C and long-term storage 
is at −80 to −196°C. Liquid samples such as whole blood, saliva, plasma, and serum 
samples as dried spots can be stored for decades at ambient temperature if sampled 
on chemically treated substrate such as FTA or GenSaver paper cards [40, 41].

Serum and plasma samples can be stored at ambient temperature for extended 
periods of time on chemically treated bead matrix such as GenTegra LLC’s Matrix 
Chaperone (MC) (Figure 3). Up to 250 μL of serum or plasma sample can be 
applied to the MC for storage and for biobanking. Downstream analysis of the MC 
can be performed simply by adding back equivalent volume of water to the MC. The 
full complement of analytes, proteins, enzymes, and nucleic acid in serum and clot-
ting factors in plasma samples (data not shown) have been successfully stored for 
25 days at ambient temperature on MC consisting of a randomly packed chemically 
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treated microsphere wafer when compared to pristine always frozen at −20°C 
serum samples (Table 1).

3.1.3 Dried blood spots microsample biobanking

Dried blood spots (DBSs) can be used for both real-time microsampling and 
subsequent ambient temperature biobanking for epidemiology and biomarker dis-
covery (Figure 4). DBS samples can be particularly effective as a means of sample 
collection from participants in clinical trials. A survey by Tasso Inc. determined that 
a trial candidate may be more compliant to sample collection when given a less pain-
ful option for sample collection such as the OnDemand automated blood collection 
device for DBS collection and when done in the comfort of their own home (data 
unpublished) (Figure 5). Blood stabilized on the DBS can then be mailed by local 
postal services at the patient’s own convenience. Although storage of whole blood 
as DBS is an old technology, historically poor stability outside the lab environment, 
as well as low recovery levels and generally low quality of extracted nucleic acids 
and numerous blood proteins, has hindered its acceptance. In recent years, there 
has been development for a completely new, “smart health care,” paper-based 
sampling technology, which overcomes many of these known drawbacks. Deployed 
as a simple, painless skin prick onto a chemically treated collection card, the dried 
blood may then be recovered by ordinary magnetic bead or column-based DNA 
purification. With the resurgence of interest in the use of DBS for sample collec-
tion, research is being done to develop novel chemistries to yield RNA, DNA, and 

Figure 3. 
Ambient storage of serum samples. It is possible to store the entire complement of biological molecules in serum 
(or any other biological fluids) on a simply made storage device consisting of 2-μm polystyrene beads coated 
with stabilization chemistry collectively called matrix chaperone (MC) for ambient storage and transportation. 
The collection device was a simple three-component device (i), containing a cap (A) with the resuspended 
stabilization chemistry in a matrix of polystyrene beads and the holding chamber (B) with silica gel (C) to 
facilitate drying. A volume of 250 μL of serum sample was added to the cap containing the chemical matrix 
of polystyrene beads (iib) and capped. The assembly was placed in an upside-down position for at least 12 h 
to facilitate drying. To initiate analysis, the sample was reconstituted with 250 μL of water (iic). The sample is 
recovered by transferring the sample to a 1.5-mL tube (iid) and centrifuging the sample at maximum speed for 
a minute (iie). A complete metabolic panel and a lipid panel test were performed on this reconstituted serum 
sample (Table 1).
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samples that are typically about 17 mg or more, the FNA samples are just 2–10 mg 
and the amount of sample that is donated to research is often less than 1 mm as pri-
ority for testing of the biopsy sample is to perform cytopathology. The best outcome 
for nucleic acid-based testing from tissue samples is to isolate nucleic acid from fresh 
or flash-frozen at −196°C tissue samples. There is no ambient temperature method 
available to preserve tissue samples for extracting good-quality nucleic acid.

FFPE is the most common method of preserving tissue samples at ambient 
temperature. FFPE tissue storage has been used for three decades [18] as a means of 
keeping tissue samples at ambient temperature for future research [19, 20]. This has 
created a large resource of pathologically interesting human and animal samples. 
Fixing tissue samples with formalin and embedding in paraffin preserves the 
pathology of the tissue. But formalin fixation can cause both inter and intra protein 
cross-linking [21–23] as well as cross-linking of histones to DNA [24]. Other factors 
affecting the quality of nucleic acid from FFPE samples include buffering formalin, 
time and temperature of fixation and penetration of formalin into the tissue by stasis, 
or by ultrasound, or microwave irradiation. The nucleic acid and protein quality are 
additionally dependent on the time of collection of tissue following postmortem 
interval and cold ischemia. Acceptable time for collection of tissue samples is between 
4 h postmortem and 12 h after cold ischemia has set in. Acceptable time for formalin 
fixation of tissue postmortem is <48 h for RNA [25, 26], <24 h for proteins [27–32], 
and <72 h for DNA [33–36]. It would be best to isolate the nucleic acids from FFPE 
samples within the acceptable time to ensure the best outcome for the quality of the 
nucleic acid isolated. The isolated nucleic acid can be further stored at ambient tem-
perature by removing the aqueous media from the nucleic acid sample or by adding 
some commercially available stabilizers for ambient temperature storage of nucleic 
acid. Although cross-linking of nucleic acid is of concern with aged FFPE samples 
[18, 33], nucleic acid extracted from FFPE samples have been successfully used for 
amplification, single cell analysis, and methylation studies. Decalcification of the 
FFPE sample using EDTA allows for longer PCR product [37], stronger fluorescence 
in situ hybridization (FISH) signals, lower background staining [38], and superior 
comparative genomic hybridization [1] results as compared to other methods.

3.1.2 Blood and blood components

Perhaps the most economical samples are blood samples collected in EDTA tubes 
[35]. A host of specialized blood collection tubes are commercially available for sta-
bilization of transcripts such as Tempus Blood RNA tubes and PAXgene Blood RNA 
tubes [39]. The strategy for storing the samples for short-term usage and long-term 
biobanking needs will determine the quality of the sample. Acceptable short-term 
storage of weeks to months of blood and blood components such as serum, plasma, 
peripheral mononuclear cells (PBMCs) etc. is at 4 to −20°C and long-term storage 
is at −80 to −196°C. Liquid samples such as whole blood, saliva, plasma, and serum 
samples as dried spots can be stored for decades at ambient temperature if sampled 
on chemically treated substrate such as FTA or GenSaver paper cards [40, 41].

Serum and plasma samples can be stored at ambient temperature for extended 
periods of time on chemically treated bead matrix such as GenTegra LLC’s Matrix 
Chaperone (MC) (Figure 3). Up to 250 μL of serum or plasma sample can be 
applied to the MC for storage and for biobanking. Downstream analysis of the MC 
can be performed simply by adding back equivalent volume of water to the MC. The 
full complement of analytes, proteins, enzymes, and nucleic acid in serum and clot-
ting factors in plasma samples (data not shown) have been successfully stored for 
25 days at ambient temperature on MC consisting of a randomly packed chemically 
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treated microsphere wafer when compared to pristine always frozen at −20°C 
serum samples (Table 1).

3.1.3 Dried blood spots microsample biobanking

Dried blood spots (DBSs) can be used for both real-time microsampling and 
subsequent ambient temperature biobanking for epidemiology and biomarker dis-
covery (Figure 4). DBS samples can be particularly effective as a means of sample 
collection from participants in clinical trials. A survey by Tasso Inc. determined that 
a trial candidate may be more compliant to sample collection when given a less pain-
ful option for sample collection such as the OnDemand automated blood collection 
device for DBS collection and when done in the comfort of their own home (data 
unpublished) (Figure 5). Blood stabilized on the DBS can then be mailed by local 
postal services at the patient’s own convenience. Although storage of whole blood 
as DBS is an old technology, historically poor stability outside the lab environment, 
as well as low recovery levels and generally low quality of extracted nucleic acids 
and numerous blood proteins, has hindered its acceptance. In recent years, there 
has been development for a completely new, “smart health care,” paper-based 
sampling technology, which overcomes many of these known drawbacks. Deployed 
as a simple, painless skin prick onto a chemically treated collection card, the dried 
blood may then be recovered by ordinary magnetic bead or column-based DNA 
purification. With the resurgence of interest in the use of DBS for sample collec-
tion, research is being done to develop novel chemistries to yield RNA, DNA, and 

Figure 3. 
Ambient storage of serum samples. It is possible to store the entire complement of biological molecules in serum 
(or any other biological fluids) on a simply made storage device consisting of 2-μm polystyrene beads coated 
with stabilization chemistry collectively called matrix chaperone (MC) for ambient storage and transportation. 
The collection device was a simple three-component device (i), containing a cap (A) with the resuspended 
stabilization chemistry in a matrix of polystyrene beads and the holding chamber (B) with silica gel (C) to 
facilitate drying. A volume of 250 μL of serum sample was added to the cap containing the chemical matrix 
of polystyrene beads (iib) and capped. The assembly was placed in an upside-down position for at least 12 h 
to facilitate drying. To initiate analysis, the sample was reconstituted with 250 μL of water (iic). The sample is 
recovered by transferring the sample to a 1.5-mL tube (iid) and centrifuging the sample at maximum speed for 
a minute (iie). A complete metabolic panel and a lipid panel test were performed on this reconstituted serum 
sample (Table 1).
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proteins with quality and quantity enough to support advanced analytical methods 
such as next generation sequencing and multiplex proteomics.

DBS is also associated with a 100-fold lower carbon footprint, being 100 times 
more compact (in terms of sample size) and it is readily suited for automated 
recovery from such solid-state blood specimens [42]. Long-term storage for 
multiple decades requires storage at −196°C under liquid nitrogen or on treated 
paper such as Whatman® FTA, Ahlstrom-Munksjö GenSaver™ cards. For short-
term storage (weeks to a month), untreated paper such as Whatman 903 paper, 
Ahlstrom-Munksjö GenCollect™ paper, etc. may be used. The paper products work 
by drawing the water out of the sample causing localized dehydration of the sample. 
Specifically treated papers such as Whatman FTA and Ahlstrom-Munksjö GenSaver 
cards further stabilize the sample by either lysis of the cells and/or by prevention 
of various oxidative damage to the sample. Ribosomal RNA (18S and 28S rRNA) 
is more labile when stored in DBS, as demonstrated with a less than ideal RNA 
integrity number (RIN) below 6.5 (RIN values will be explained later on). Storage 
of blood on treated paper is superior to untreated paper for decades-long storage 
of DNA but to date there is no product available for storage of total RNA in whole 
blood for decades other than storing at −196°C.

Advances in non-invasive diagnostics for cancer where routine blood sample 
collection can be used for tracking progression of the disease is much more afford-
able and less painful than a solid tissue biopsy alternative. DBS microsample is a 
good alternative to collecting liquid whole blood in EDTA tubes by phlebotomy 
for individuals where tracking of progression of disease is crucial for prescribing 
treatment options. Advances in the quality and availability of highly sensitive 

Table 1. 
Stability of serum enzymes, proteins, lipids, and metabolites at ambient when stored on the polystyrene 
bead matrix, MC, containing ambient stabilization chemistry for all biomolecules. A volume of 250 μL of 
CAP-certified serum samples spotted on the polystyrene matrix (MC) tubes and dried before storing for 
25 days at ambient. Corresponding control serum samples were stored at −20°C. After 25 days of storage at 
ambient, the experimental and control samples were hydrated with 250 μL of water. All the analytes from 
the rehydrated MC serum samples and the fresh always frozen −20°C control samples were quantified for 
the complete metabolic panel and the lipid panel with the cobas® 6000 analyzer. The percent recovery of the 
analytes was calculated for the ambient stored samples compared to the control serum samples from the initial 
raw values of the test biomolecules. International units per liter (IU/L) of the enzyme panel for alanine amino 
transferase (ALT), aspartate aminotransferase (AST), enzyme marker creatine phosphokinase (CK), amylase, 
and gamma glutamyl transferase (GGT) are within the normal range for the ambient stored serum samples 
when compared to −20°C control samples. The level of the alkaline phosphatase (ALP) was low compared to 
the control serum samples indicating that the stabilizer is not able to protect the labile ALP enzyme. All the 
molecules tested in the protein panel and the lipid panel were in the normal range and maintained at between 
68% and 83% of control indicating stability at ambient of all biomolecules in this panel on the MC. Of the 
three metabolites tested in the metabolic panel, the stabilizing matrix of the serum sample stored at ambient 
could not stabilize the metabolite creatine but cortisol and testosterone were stabilized. Normal ranges for panel 
values were taken from http://www.mayoclinic.org/ (April 3, 2013) except for the testosterone normal range, 
which was taken from https://www.questdiagnostics.com/home/ (January 31, 2020).
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Figure 4. 
Commercially available DBS collection devices for ambient storage and transportation. Biological samples 
collected remotely or stored at designated biobanks can utilize any one of the various products available for 
ambient storage of liquid samples. A number of formats of high-quality fiber-based media are available from 
Ahlstrom-Munksjö, Whatman-Qiagen, and others. The colorless format of cards is ideal for storage of colored 
biological samples such as fecal matter, plants, and whole blood. The colored cards are for storage of colorless 
biological samples such as serum, saliva, and other organics, at ambient. Biosample TFN card, AutoCollect 
card from Ahlstrom-Munksjö and Guthrie card, protein saver card from Whatman-Qiagen are ideal for 
collection of DBS needed for protein and small molecule analysis. The VAMS storage device from Neoteryx™ 
is convenient for patient-centric remote collection of microvolume samples. Some of the collection cards such 
as FTA, GenSaver, GenSaver Color cards and GenPlates are chemically treated for long-term preservation 
of DNA at ambient. These cards are ideal for biobanking and forensics application. AutoCollect card with 
perforated DBS circles are designed for automated sample preparation. GenPlates allow for high-throughput 
automated spotting of biological samples. The Tasso OnDemand collection device with integrated VAMS or 
paper cards is a painless alternative for volumetric collection of DBS. GenSaver, GenPlates, and GenReleaz 
cards allow for the convenience of direct downstream analysis (PCR, NGS, STR, etc.), from a 1-mm punch of 
DBS without any need for sample extraction. The 96-well format is ideal for storage of biobank samples and 
for screening and health monitoring applications. GenSaver 96 color, Indicating CloneSaver and GenPlates are 
designed for high-throughput biobanking needs.

Figure 5. 
Patient survey for acceptance of blood collection method. Convenience, lack of pain, and simplicity of sample 
collection from donor will ensure compliance. As determined from a survey of 146 subjects, by Tasso Inc., on a 
pain scale of 1–10, the surveyed subjects graded the OnDemand device at 1.25, venipuncture at 2.25, and the 
lancet method of blood collection at >3.0. Of the 146 subjects, 83.4% preferred the least painful OnDemand 
method of blood collection compared to 15.9% by the lancet method (data courtesy of Tasso Inc.).
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proteins with quality and quantity enough to support advanced analytical methods 
such as next generation sequencing and multiplex proteomics.

DBS is also associated with a 100-fold lower carbon footprint, being 100 times 
more compact (in terms of sample size) and it is readily suited for automated 
recovery from such solid-state blood specimens [42]. Long-term storage for 
multiple decades requires storage at −196°C under liquid nitrogen or on treated 
paper such as Whatman® FTA, Ahlstrom-Munksjö GenSaver™ cards. For short-
term storage (weeks to a month), untreated paper such as Whatman 903 paper, 
Ahlstrom-Munksjö GenCollect™ paper, etc. may be used. The paper products work 
by drawing the water out of the sample causing localized dehydration of the sample. 
Specifically treated papers such as Whatman FTA and Ahlstrom-Munksjö GenSaver 
cards further stabilize the sample by either lysis of the cells and/or by prevention 
of various oxidative damage to the sample. Ribosomal RNA (18S and 28S rRNA) 
is more labile when stored in DBS, as demonstrated with a less than ideal RNA 
integrity number (RIN) below 6.5 (RIN values will be explained later on). Storage 
of blood on treated paper is superior to untreated paper for decades-long storage 
of DNA but to date there is no product available for storage of total RNA in whole 
blood for decades other than storing at −196°C.

Advances in non-invasive diagnostics for cancer where routine blood sample 
collection can be used for tracking progression of the disease is much more afford-
able and less painful than a solid tissue biopsy alternative. DBS microsample is a 
good alternative to collecting liquid whole blood in EDTA tubes by phlebotomy 
for individuals where tracking of progression of disease is crucial for prescribing 
treatment options. Advances in the quality and availability of highly sensitive 
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Stability of serum enzymes, proteins, lipids, and metabolites at ambient when stored on the polystyrene 
bead matrix, MC, containing ambient stabilization chemistry for all biomolecules. A volume of 250 μL of 
CAP-certified serum samples spotted on the polystyrene matrix (MC) tubes and dried before storing for 
25 days at ambient. Corresponding control serum samples were stored at −20°C. After 25 days of storage at 
ambient, the experimental and control samples were hydrated with 250 μL of water. All the analytes from 
the rehydrated MC serum samples and the fresh always frozen −20°C control samples were quantified for 
the complete metabolic panel and the lipid panel with the cobas® 6000 analyzer. The percent recovery of the 
analytes was calculated for the ambient stored samples compared to the control serum samples from the initial 
raw values of the test biomolecules. International units per liter (IU/L) of the enzyme panel for alanine amino 
transferase (ALT), aspartate aminotransferase (AST), enzyme marker creatine phosphokinase (CK), amylase, 
and gamma glutamyl transferase (GGT) are within the normal range for the ambient stored serum samples 
when compared to −20°C control samples. The level of the alkaline phosphatase (ALP) was low compared to 
the control serum samples indicating that the stabilizer is not able to protect the labile ALP enzyme. All the 
molecules tested in the protein panel and the lipid panel were in the normal range and maintained at between 
68% and 83% of control indicating stability at ambient of all biomolecules in this panel on the MC. Of the 
three metabolites tested in the metabolic panel, the stabilizing matrix of the serum sample stored at ambient 
could not stabilize the metabolite creatine but cortisol and testosterone were stabilized. Normal ranges for panel 
values were taken from http://www.mayoclinic.org/ (April 3, 2013) except for the testosterone normal range, 
which was taken from https://www.questdiagnostics.com/home/ (January 31, 2020).
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Figure 4. 
Commercially available DBS collection devices for ambient storage and transportation. Biological samples 
collected remotely or stored at designated biobanks can utilize any one of the various products available for 
ambient storage of liquid samples. A number of formats of high-quality fiber-based media are available from 
Ahlstrom-Munksjö, Whatman-Qiagen, and others. The colorless format of cards is ideal for storage of colored 
biological samples such as fecal matter, plants, and whole blood. The colored cards are for storage of colorless 
biological samples such as serum, saliva, and other organics, at ambient. Biosample TFN card, AutoCollect 
card from Ahlstrom-Munksjö and Guthrie card, protein saver card from Whatman-Qiagen are ideal for 
collection of DBS needed for protein and small molecule analysis. The VAMS storage device from Neoteryx™ 
is convenient for patient-centric remote collection of microvolume samples. Some of the collection cards such 
as FTA, GenSaver, GenSaver Color cards and GenPlates are chemically treated for long-term preservation 
of DNA at ambient. These cards are ideal for biobanking and forensics application. AutoCollect card with 
perforated DBS circles are designed for automated sample preparation. GenPlates allow for high-throughput 
automated spotting of biological samples. The Tasso OnDemand collection device with integrated VAMS or 
paper cards is a painless alternative for volumetric collection of DBS. GenSaver, GenPlates, and GenReleaz 
cards allow for the convenience of direct downstream analysis (PCR, NGS, STR, etc.), from a 1-mm punch of 
DBS without any need for sample extraction. The 96-well format is ideal for storage of biobank samples and 
for screening and health monitoring applications. GenSaver 96 color, Indicating CloneSaver and GenPlates are 
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Figure 5. 
Patient survey for acceptance of blood collection method. Convenience, lack of pain, and simplicity of sample 
collection from donor will ensure compliance. As determined from a survey of 146 subjects, by Tasso Inc., on a 
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instruments coupled with the development of software and methodological 
platforms for improved qualitative and quantitative analyses have made adop-
tion of microsampling mainstream [43]. At home, blood collection of finger stick 
blood redundancy on microsampling devices such as GenSaver or FTA paper or on 
polymer compound, for example, Volumetric analytical MicroSampling (VAMS), is 
a convenient and a less painful alternative to phlebotomy. Advances in automation 
of almost pain-free microsampling of blood with the OnDemand by Tasso Inc. or 
Tap by Seventh Sense Biosystems are great alternatives for finger prick collec-
tion. Although opponents of precision medicine [34, 44] argue that matching the 
genotypic and phenotypic makeup of the individual to the treatment will not work, 
thus far, an individual-refined approach to selecting treatments has yielded demon-
strable if still limited success.

3.1.4 Postmortem samples biobanking

Living donors contribute tissue samples only if it is a medical necessity. A 
possible viable source of large quantities of tissue samples is through postmortem 
collection of whole organs and tissues from consenting families. This avenue 
incurs a whole host of new challenges such as the donation consent process, 
recovery of organs and tissues in a limited time frame, postmortem, impact of 
donation on the donor families and steps necessary for creating a postmortem 
biobank such as IRB and registries. Carithers et al. [45] describe development of 
eligibility requirements aligned with scientific needs of the project and imple-
mentation of a successful infrastructure for biospecimen procurement to support 
the prospective collection, annotation, and distribution of blood, tissue, and cell 
lines and associated clinical data from postmortem samples. The development of 
donor eligibility criteria is crucial since limited donor history is available within 
the time frame needed for the collection of potential donor samples as degrada-
tion of biomolecules starts immediately with death. This proposition incurs a 
whole host of new challenges such as the donation consent process, recovery of 
organs and tissues in a limited time frame, postmortem, impact of donation on 
the donor families, and steps necessary for creating a postmortem biobank such 
as IRB and registries.

Sample collection is an intricate process that involves having many facets of the 
process coming together such as participant willingness, maintenance of anonymity 
of the sample source, and collecting samples in an ethically appropriate manner. 
Primarily, sample collection depends on the individual’s willingness to participate in 
the clinical study and their trust in the collecting institution. Higher participation 
rates may be anticipated if the need for the study results is focused on the greater 
good of the community [46]. Often the most problematic aspect of sample collec-
tion when collecting large number of donor samples is maintaining donor anonym-
ity. The Kaiser foundation admits that donor personal information is vulnerable 
and has placed controls to mitigate the issue such as educating the donor as well 
as assigning an alternate identification to donor samples that are for the Precision 
Medicine Initiative [47].

Both private and federally funded institutions have set up repositories to collect 
and archive biological samples to be then made available to researchers globally 
through for-profit, paid services or for free through not-for-profit organizations. 
One such globally recognized institute, the Kaiser Foundation, launched their initia-
tive in October of 2015 and has thus far accumulated over 220,000 samples through 
volunteers with an end goal of collecting a total of 500,000 samples [47, 48]. The 
Kaiser Foundation has the added advantage of possession of the patient’s lifestyle 
and EMRs that can be integrated along with the sample.
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3.1.5 Nucleic acid extraction and storage

The quality and quantity of nucleic acid (DNA and RNA) depends on the quality 
of the nucleic acid in the starting material and the extraction method. There are 
many commercially available kits for extracting nucleic acids from varied sample 
types such as blood, PBMCs, serum, DBS, and fresh or frozen tissue samples. 
Decalcified FFPE samples are treated in the same manner as tissue samples. The 
common mechanism by which most nucleic acid extraction kits work is through 
lysis of the cells to release the nucleic acid followed by capture of the nucleic acid 
in chaotropic agents such as guanidinium salt on paramagnetic silica beads or on 
glass fiber filters. The silica beads or glass fiber filters are then washed to remove the 
proteins and cellular debris leaving relatively clean nucleic acid on the beads/filter. 
The nucleic acid is then released with a buffered elution solution most commonly 
Tris-EDTA at pH 8.3.

Extraction methods or kits must be chosen so they are well suited to the sample 
type [49–52]. Nonetheless, there is varying opinion in the literature regarding the 
choice of nucleic acid extraction kit to use for different sample types. Molteni et al. 
[50] determined that the efficiency of extracting DNA from DBS on plain paper and 
Whatman FTA paper was better with Masterpure kit than with Qiagen’s QIAamp 
Blood mini kit and GenSolve DNA extraction kit (GenTegra LLC) being next best. 
In contrast, Daniels et al. of Broad Institute [52] determined that the efficiency of 
extracting DNA from DBS on Whatman FTA paper was superior with GenSolve 
DNA extraction kit than Qiagen’s QIAamp Blood mini kit. McClure et al. [53] report 
comparable quality of DNA extracted from DBS on Whatman FTA paper with the 
GenSolve DNA extraction kit to that extracted from whole blood samples. These 
DNA samples were compared on the Illumina BovineSNP50 iSelect BeadChip, 
which requires unbound, relatively intact (fragment sizes ≥2 kb), and high-quality 
DNA. Superior-quality total RNA can be extracted with the time-tested phenol 
extraction using the commercially available Tri Reagent, although good-quality 
total RNA can also be obtained by using commercially available RNA extraction kits 
(Zymo Research, Qiagen, and ThermoFisher). Agitation of the DBS sample in lysis 
solution at 40°C ensures more efficient extraction of RNA.

Clearly, the choice of method of nucleic acid extraction is dependent on prior 
sample expertise and analysis methods to be used for the study. A distinction 
between the quantity of nucleic acid extracted vs. the quality of nucleic acid is 
crucial, since having a large quantity of compromised nucleic acid will still result 
in an unsatisfactory outcome (Figure 6). A good check for the quality of DNA and 
RNA is by calculating the DNA Integrity Number (DIN) [54] or the RNA integrity 
number (RIN) [15, 55] of the sample by electrophoresis in the Agilent TapeStation 
or similar devices. Alternatively, the quality of DNA can also be assessed by 
amplification of a 3-kb to 7-kb fragment of a low copy housekeeping gene such as 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) [56] and for RNA fragment 
>0.9 kb of a low copy gene such as RNase P [51].

Nucleic acid (both DNA and RNA) extracted from samples can be stored either 
at very low temperatures of −20, −80, or − 196°C or in a dry state by spray dry-
ing; lyophilization; air drying in the presence of commercially available protective 
chemistries such as RNAstable, DNAstable, (Biomatrica Inc., San Diego, CA), 
GenTegra-DNA [57] or GenTegra-RNA (GenTegra LLC, Pleasanton, CA); or by 
spotting on paper. The ribose-phosphate backbone in RNA molecules makes them 
susceptible to degradation. RNA consequently needs to be stored short term at 
−80°C or long term at ultra-low temperature of −196°C or in a precipitated form 
under ethanol. It is also possible to store RNA vitrified in the dry state at ambient 
temperature in the presence of protectants (GenTegra-RNA) that form the “glassy 
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Clearly, the choice of method of nucleic acid extraction is dependent on prior 
sample expertise and analysis methods to be used for the study. A distinction 
between the quantity of nucleic acid extracted vs. the quality of nucleic acid is 
crucial, since having a large quantity of compromised nucleic acid will still result 
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under ethanol. It is also possible to store RNA vitrified in the dry state at ambient 
temperature in the presence of protectants (GenTegra-RNA) that form the “glassy 
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state” to prevent oxidative, hydrolytic, or RNase damage to the ribonucleic acid. The 
protective chemistries also allow the dry nucleic acid to re-dissolve easily because 
the chemistries prevent the formation of the gel-state that pure nucleic acids often 
form at high concentration. The gel-state makes solubilization very difficult without 
using mechanical forces that will also break the nucleic acid strands.

Oxygen and water are essential components in the generation of reactive 
molecules with the degradation process accelerating with increased temperature, 
reduced ionic strength of storage solution, increased concentration of divalent 
cations (greater than 5 ppb) or nucleolytic enzymes. In aqueous solutions (a 
convenient format for storage), nucleic acids are sensitive to depurination, depy-
rimidination, deamination, and hydrolytic cleavage. To inhibit this acid-catalyzed 
degradation of DNA, sample storage solutions for DNA need to be slightly alkaline 
buffered solutions such as tri-buffered to pH of 8.3. Nucleic acid extracted from 
clinical samples likely contain up to 30–40 ppb of iron (from heme or haem). 
Presence of even trace amounts of divalent cations (greater than 5 ppb) increases 
the oxidative degradation of nucleic acid due to the formation of highly reactive free 
radicals via Fenton reaction [58]. Adding chelating agents such as EDTA and EGTA 
to a concentration of 500 mM to the nucleic acid storage solution would ensure that 
the intrinsic divalent cations present in the clinical samples are chelated.

Dry storage of nucleic acids in the presence of protective chemistries causes the 
molecules to lose the ability to diffuse as the sample undergoes a non-crystalline 

Figure 6. 
Quality and quantity of DNA from DBS. A volume of 125 μL of whole blood spotted on GenSaver, GenCollect, 
and Paper F (FTA) paper cards, these were stored for up to 10 years at ambient temperature (A). DNA 
extraction yields obtained from three 6-mm DBS punches of GenSaver and FTA paper cards, the amount 
of DNA obtained from the sample reduces with aging of the DBS. The quality of the DNA is influenced by 
the chemical protective agents added to the card (B). A 7.5-kb fragment of a single copy gene (GAPDH) was 
amplified from 5 ng of DNA from DBS on GenSaver, GenCollect, and FTA cards. DNA in DBS on GenSaver 
cards is 18× more stable than FTA and 4× more stable than GenCollect cards when a 7.5-kb fragment of a 
single copy gene (GAPDH) was amplified by polymerase chain reaction (PCR). A volume of 20 μL of the 
PCR product was subjected to electrophoresis on a 1.2% agarose gel (C). Gel electrophoresis of GAPDH 7.5-kb 
PCR product. Bands showing the PCR product from DBS in lanes 1–3 (GenCollect) and lanes 7–9 (FTA) 
are less intense than those of lanes 4–7 (GenSaver) for the 7.5-kb GAPDH product (D). Gel electrophoresis of 
GAPDH 3.8-kb PCR product. Product on lanes 1–3 comes from GenCollect DBS, product on lanes 4–6 comes 
from GenSaver DBS, products on lanes 7–9 comes from FTA DBS, lane 10 is the negative control and 11 is the 
positive amplification control, the intensities of the PCR product is not distinguishable among paper types. The 
differences in the intensities of the 7.5-kb and the 3.8-kb product indicate that the DNA is better protected from 
environmental effects in GenSaver cards. Samples were run on an E-gel.
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amorphous phase or a “glassy state.” In this dry “glassy state,” the movement of 
protons is expected to be approximately one atomic diameter in 200 years, thus 
preventing both oxidative and nucleolytic degradation of the nucleic acid. Storage 
at ultra-low temperatures of −196°C also vitrified as the water becomes solid ice 
and the molecules lose their ability to move. If moisture is added to the dry sample 
or the temperature is raised in ultra-cooled samples above the glass transition 
temperature of water, DNA/RNA damage can occur as the proton movement and 
reactivity resume [59]. Trace amounts of RNase would also become active upon 
rehydration causing RNA damage.

Successful storage of biomolecules including nucleic acid is ultimately dictated 
by the purity of the extracted material. Highly pure total RNA samples from HeLa 
cells with a RIN of 10 can be stored dry for up to 6 years and 2 months at room 
temperature in GenTegra-RNA (Table 2) without appreciable loss of RNA integrity 
or strand breakage, but rat liver RNA that carries along cellular impurities in the 
extracted total RNA shows degradation of up to 0.2 strand breaks per kilobase, 
deterioration in RIN from 9.0 to 4.0 and a short storage life of 1 year and 8 months. 
Human blood lymphocyte RNA, like rat liver RNA (at an intermediate level of 
residual purity), displays more damage after 4 years as assessed by RIN analysis, 
suggestive of 0.4–0.5 RNA breaks per kilobase after 4 years of ambient temperature 
dry-state storage in GenTegra-RNA. WBC RNA, like rat liver RNA samples stored 
with additional 1 mm of EDTA, incurred much less damage upon 7 months of stor-
age at 56°C (only about 0.1break/kb) (data not shown). RNA strand breakage (X) is 
determined from the calculated RIN value of the aged RNA to the RIN value of the 
unaged RNA stored at −20°C [60].

4. Conclusion

Located in hospitals, universities, non-profit organizations, and pharmaceutical 
companies, biobanks are key infrastructures for research and development; however, 
these vaults for biospecimen are expensive to maintain and are precious samples that 

Table 2. 
HeLa RNA, WBC RNA, and rat liver RNA in water, citrate, or EDTA buffer were stored in GenTegra-RNA 
for 4 years at ambient temperature (25°C). All of the samples were hydrated with water at the end of 4 years. 
RIN scores were analyzed by Bioanalyzer and average strand breaks calculated per kilobase (as determined 
by the negative natural log of ratio of peak heights of 28S-18S) at time equals 4 months to time zero (Rn) for 
the sample groups. The source of RNA and degree of RNase carryover was the key factor in determining the 
maintenance of a stable RIN score and development of number of strand breaks per kb and is independent of 
the type of buffer used for storage of the RNA.
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are not willingly shared. Nonetheless, biobanking provides invaluable insight into 
biomedical mysteries. The long-term translational studies allowed by maintaining 
archives of samples could provide valuable insight for future generations to treat 
chronic diseases. Currently, the research community hopes to use biobanking to push 
forward precision medicine, an initiative set forth by the Obama administration to 
form unique, targeted treatments for each individual [3, 6]. There is a two-fold chal-
lenge for sample collection, ensuring privacy and getting volunteers. Transparency 
and traceability of samples are key to governance of all human biospecimens. Living 
donors contribute tissue samples only if it does not directly affect the quality of their 
life. The development of donor eligibility criteria is crucial since limited donor history 
is available within the time frame needed for the collection of potential donor samples 
as degradation of biomolecules starts immediately with death. Thus, it is incredibly 
important to minimize the amount of time samples spend out of storage, in biobanks.

Biobanking biospecimens is an expensive endeavor both in terms of manpower 
and natural resources used. For example, a single −80°C freezer consumes as much 
energy as a small studio apartment. Most biobanks install a bank of −80°C freezers 
to store the biospecimen samples as each sample needs to be stored for 10 years as 
per CLIA and CAP guidelines. Many institutions store samples for longer than a 
decade for research, test development, and validation purposes. FFPE blocks are 
cataloged at ambient temperature room temperature making them the most effi-
cient way of storing biospecimen samples. Most other sample types are presently 
stored in −80°C freezers for short-term storage or −196°C under liquid nitrogen 
for longer term storage. Although not yet mainstream, advances in microsampling 
analytical technologies has popularized ambient temperature biobanking of whole 
blood, whole blood components, fecal, urine, plasma, and serum biospecimens on 
paper such as treated GenSaver or FTA papers or on VAMS tips or Matrix chaper-
one. Nucleic acid can be stored at ambient temperature in the presence of protective 
stabilizers in a dry state with a choice of commercially available time-tested prod-
ucts such as GenTegra-DNA, GenTegra-RNA, DNAstable, RNAstable, RNAlater, 
etc. Ambient temperature storage is the most economical, environmentally friendly, 
low-carbon footprint, and practical way of storage when long-term storage for 
decades is needed. In addition to reducing molecular mobility, drying the samples 
removes water that can participate in hydrolytic reactions. Furthermore, storing 
samples in a dry state at ambient temperature is independent of environmental 
factors such as electrical supply, temperature, and humidity.

The Precision Medicine Initiative aimed at precisely and rapidly analyzing many 
more cancer genomes will bring about a deeper understanding of cancers fueled by 
discoveries of molecular diagnostic methods. The first fruits of precision medicine are 
already apparent as a wide range of nucleic acid and antibody/protein-based drugs 
have been optimized for individuals with favorable genetic makeup. With a goal of 
collecting a million samples for the Precision Medicine Initiative, storing the samples 
such as blood at −80 or −196°C for prolonged period (decades) is going to become 
impractical at some time. Consideration needs to be given to space and energy require-
ments for such an undertaking. A more practical approach is to consider dry ambient 
temperature storage of biomolecules that have a commercially available solution for 
storage. Although dry storage of nucleic acid and DBS at ambient temperature is an 
economical alternative, adoption of this concept by the research community would 
be a paradigm shift from the time-tested method of preservation by cryogenics. This 
could be due simply to availability of freezers for storing other sample types that yet do 
not have an ambient temperature storage method. A new technology introduced to the 
marketplace has a 30-year adoption cycle and dry storage is a couple decades into that 
cycle with increasing number of research facilities converting to ambient temperature 
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go beyond the science and technology of their storage. There are national, state, and 
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and assurance of maintaining the privacy of the donor has favorable outcome. Perhaps 
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The Chemistry Behind Plant DNA 
Isolation Protocols
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Abstract

Various plant species are biochemically heterogeneous in nature, a single deoxy-
ribose nucleic acid (DNA) isolation protocol may not be suitable. There have been 
continuous modification and standardization in DNA isolation protocols. Most of 
the plant DNA isolation protocols used today are modified versions of hexadecyltri-
methyl-ammonium bromide (CTAB) extraction procedure. Modification is usually 
performed in the concentration of chemicals used during the extraction procedure 
according to the plant species and plant part used. Thus, understanding the role 
of each chemical (viz. CTAB, NaCl, PVP, ethanol, and isopropanol) used during 
the DNA extraction procedure will benefit to set or modify protocols for more 
precisions. A review of the chemicals used in the CTAB method of DNA extraction 
and their probable functions on the highly evolved yet complex to students and 
researchers has been summarized.

Keywords: DNA extraction, CTAB buffer, polysaccharide, organic phase, RNase A

1. Introduction

The isolation of good-quality DNA is the prerequisite for molecular research. 
Maintaining yield and quality of DNA during plant DNA extraction is one of the 
difficult tasks compared to that of animals, because of its rigid cell wall, which is 
made up of cellulose along with other variable levels of chemical components such 
as polysaccharides, polyphenols, proteins, and lipids that act as a contaminant 
during DNA extraction. The amount of these components varies according to plant 
species, plant part used, environmental condition, and growth stage and it is very 
problematic when isolating DNA. For example, cereals are rich in carbohydrates 
whereas medicinal plants are rich in the polyphenols wherein stressed plants have 
higher polyphenols. These contaminants can be removed during extraction by 
standardizing basic DNA extraction protocol [1–3].

Generally fresh leaves aged 15–20 days are preferred for plant tissues (fresh, 
freeze-dried, or frozen in liquid nitrogen) and usually ruptured by mechanical 
force in pestle and motor or TissueLyser. If liquid nitrogen is unavailable, CTAB 
buffer can be used directly or prewarmed for grinding. The main objective of 
various DNA isolation methods is development of relatively quick, inexpensive, 
and consistent protocol to extract high-quality DNA with better yield. Generally, 
leaf samples contain large quantities of polyphenols, tannins, and polysaccharides. 
The basic principle of DNA isolation is disruption of the cell wall, cell membrane, 
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and nuclear membrane to release the highly intact DNA into solution followed by 
precipitation of DNA and removal of the contaminating biomolecules such as the 
proteins, polysaccharides, lipids, phenols, and other secondary metabolites by 
enzymatic or chemical methods [4].

The plant DNA is extracted by either CTAB-based [5, 6] or sodium dodecyl 
sulfate (SDS)-based methods [7]. The majority of the protocols developed for 
DNA extraction are modified versions of hexadecyltrimethylammonium bromide 
(CTAB) extraction [8]. The role of various chemicals involved in CTAB extraction 
method has been described in the present communication.

2. CTAB buffer

The CTAB buffer mainly includes CTAB, sodium chloride (NaCl), and ethylene-
diaminetetraacetic acid (EDTA) Tris2-amino-2-hydroxymethyl-1,3-propanediol 
(TRIS), polyvinylpyrrolidone (PVP), and β mercaptoethanol.

2.1 CTAB

The plant cells enclose themselves in complex polysaccharide cell wall, of which 
cellulose is a major constituent [9], which is crystalline in nature, due to chain-like 
structure and intermolecular hydrogen bonding. This can be weakened to open the 
cell wall, by applying mechanical force exerted during grinding along with CTAB 
buffer or liquid nitrogen.

Cell membrane lies next to the cell wall and cellulose and is composed of a 
diverse set of phospholipid molecules and proteins. It dissolves in surfactant, deter-
gents, which are amphipathic (hydrophobic tail and hydrophilic head) in nature, 
very much similar to phospholipid membranes. Surfactants are characterized based 
on their hydrophilic group, that is, ionic, nonionic, and zwitterionic. Ionic surfac-
tant has been always better in denaturing protein molecules, and thus in dissolving 
the membranes [10].

CTAB, a cationic detergent, constitutes a long hydrophobic hydrocarbon chain 
and a hydrophilic head. It forms micelle in water because of the amphipathic nature. 
During DNA extraction, under aqueous condition, CTAB comes in contact with the 
biological membrane, captures the lipids (Figure 1), and results in the release of 
nucleus, which is devoid of membrane [11]. Plant tissue, which is rich in complex 
polysaccharides and secondary metabolites, interfere and co-precipitate with DNA; 
CTAB along with some other chemicals like PVP is used to minimize the effect of 
these metabolites.

CTAB works differently based on the ionic strength of the solution. At a low 
ionic strength, it precipitates nucleic acid and acidic polysaccharides (pectin, 
xylan, and carrageenan), while protein and neutral polysaccharides (dextran, gum 
locust bean, starch, and inulin) remain in the solution [12]. However, at high ionic 
concentration, it gets bound to the polysaccharides and forms complexes that are 
removed during subsequent chloroform extraction. It also denatures or inhibits the 
activity of proteins and/or enzymes [13].

2.2 NaCl

NaCl helps to remove proteins that are bound to the DNA. It also helps to keep 
the proteins dissolved in the aqueous layer so they do not precipitate in the alcohol 
along with the DNA by neutralizing the negative charges on the DNA so that the 
molecules can come together.
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Osmosis occurs when cell is subjected to hypo or hypertonic solution. If the cells 
are kept in hypotonic solution, water enters inside the cell that leads to swelling, 
rising internal pressure and eventually bursting. On the other hand, in a hypertonic 
solution, water tends to ooze out from the cell and eventually plant cell shrinks and 
crumples, which leads to plasmolysis. Therefore, salt concentration plays a signifi-
cant role in cell lysis.

The salt concentration of more than 0.5 M provides the ionic strength needed 
for CTAB to precipitate polysaccharides [8, 14]. In several protocols, 1.4 M concen-
tration of NaCl has been suggested; however, in the protocols developed for getting 
rid of polysaccharides, higher concentration of the NaCl and/or CTAB has been 
recommended.

2.3 Tris

Tris is a (hydroxymethyl) aminomethane with the molecular formula 
(HOCH2)3CNH2, which has three primary alcohols and an amine group with a 
pKa of 8.1, is an effective buffer between pH 7 and 9. When the pH is adjusted 
to 8, with HCl, it contains a mixture of weak base and its conjugate weak acid 
(Figure 2), which can act as a buffer and further increases the permeability of the 
cell wall. When the cell wall and membranes are broken during tissue grinding, 
compartmentalization ends, cytoplasmic material is released, because of which the 
pH gets altered, and consequently the stability of biomolecules like nucleic acid is 
disturbed. The buffer plays a major role under such situations, and the Tris buffer 
maintains the pH of the solution.

2.4 EDTA

EDTA (C10H16N2O8) chelates divalent cations, such as Mg2+ and Ca2+ (Figure 3), 
which is present in the enzymes and reduces the enzyme activity of DNase and 
RNase. Divalent cations are the cofactors for many enzymes that increase the activ-
ity of the enzyme. For example, DNase enzyme requires Mg2+ ions as a cofactor for 
its activity. Chelating Mg2+ ions with EDTA makes enzyme DNase nonfunctional, 
and thereby protects the DNA. The Mg2+ ions are also required for aggregation of 
nucleic acid with protein; whereas Ca2+ ions are required for cementing of cell wall’s 

Figure 1. 
CTAB’s role in removing membrane [25]. (A) CTAB is amphipathic in nature. It has long hydrocarbon chain 
(hydrophobic tail) and positively charged trimethylammonium group (hydrophilic head); (B) CTAB forms 
the micelle into the aqueous solution. Polar heads (hydrophilic) face outside and nonpolar (hydrophobic) 
hydrocarbon tail hides inside making micelle; (C) biological membrane made up of amphipathic lipids with 
integral protein; and (D) CTAB captures the membrane lipids and forms the hybrid micelle.
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Figure 4. 
β-Mercaptoethanol reduces disulfide linkage of protein, thus denaturing it [25]. (A) Protein tertiary structure 
with disulfide bonds; (B) β-mercaptoethanol; and (C) oxidized β-mercaptoethanol and protein denatured by 
β-mercaptoethanol via its ability to cleave disulfide bonds.

Figure 2. 
Tris buffer after titration of Tris base solution [25]: (A) with HCL; (B) around pH 8, it contains Tris weak 
base; (C) its conjugate acid; and (D) in equilibrium it acts as buffer near physiological pH range.

Figure 3. 
EDTA chelates divalent cations like magnesium and calcium [25]. (A) Structure of EDTA; (B) “M” depicts 
the free divalent cations like magnesium and calcium; and (C) EDTA chelates the divalent cations, thereby 
making unavailable to the DNase and some other activity like cell wall binding and histone-DNA complex 
formation.
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middle layer and membrane stability. Thus, harnessing them by EDTA results in 
destabilization of the enzyme’s integrity.

2.5 β-Mercaptoethanol

Plants are rich in phenolics compounds and to get a quality DNA these should be 
removed. β-Mercaptoethanol (HOCH2CH2SH) is added most of the time in extrac-
tion buffers and is a strong reducing agent to clean tannins and other polyphenols 
present in the crude plant extract.

Globular proteins get dissolved in water. To make them insoluble, their denatur-
ation is one of the alternatives that can be done at tertiary and quaternary structure 
level of protein by reducing intermolecular disulfide linkages. β-Mercaptoethanol 
reduces disulfide bonds of the protein (Figure 4) and thus the proteins are denatured.

2.6 PVP

PVP is added to remove phenolic compounds from plant DNA extracts. 
Polyphenol is a major component in medicinal plants, woody plants, and mature 
plant parts. It is present in the vacuole, while its oxidizing enzyme, polyphenol oxi-
dase (PPO) is located in plastid [15]. During grinding of the tissue, compartmen-
talization breaks and PPO convert polyphenols into quinone, which gives brown 
coloration. Polyphenols bind DNA and make downstream processing difficult as 
they get co-precipitated with the nucleic acid. PVP removes polyphenolic contami-
nation by binding it through hydrogen bond [16, 17]. Thus, it prevents polyphenol 
oxidation, and thereby browning of DNA samples [18]. When the extract is centri-
fuged with chloroform, PVP complexes get accumulated at the interphase.

Cell lysate mixture with CTAB buffer should be kept in the water bath at 65°C, which 
irreversibly inhibits enzyme DNase. After removing the sample from water bath, it 
should be allowed to cool at room temperature, then chloroform:isoamyl alcohol (24:1) 
or phenol:chloroform:isoamyl alcohol (25:24:1) shall be added. Chloroform:octanol 
(24:1) can also be used instead of chloroform:isoamyl alcohol (24:1).

3. Phenol

Phenol is an organic solvent, so it is not miscible with water and is used along 
with chloroform and isoamyl alcohol for purification of the DNA to remove pro-
teins and polysaccharide contaminants. When phenol is shaken with cell extract, 
the nonpolar components of the cell will be fractionated in phenol, leaving polar 
ones in water. DNA is insoluble in phenol because phenol is a nonpolar solution. On 
the other side, protein has both polar and nonpolar groups present in it because of 
the long chain of different amino acids. Different amino acids have different groups 
present on their side chain. Also, the folding of the protein into the secondary, 
tertiary, and quaternary structure depends on the polarity of the amino acids. The 
bonds between amino acids are broken by the addition of phenol and protein gets 
denatured and ultimately the protein becomes unfolded.

Centrifugation after phenol:chloroform:isoamyl alcohol in 25:24:1 ratio steps 
gives three layers, that is aqueous, interphase, and at bottom organic phase. At 
neutral to alkaline pH, the nucleic acids are negatively charged and polar. Therefore, 
it is hydrophilic and remains in an aqueous phase. In aqueous solution, hydrophobic 
amino acid forms a protective core. However, after denaturation, nonpolar cores 
(hydrophobic) get exposed, causing precipitation of protein as well as some poly-
saccharides at interphase.
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The phenol-chloroform combination reduces the partitioning of poly (A) and 
mRNA into the organic phase and reduces the formation of insoluble RNA protein 
complexes at the interphase. Phenol retains about 10–15% of the aqueous phase, 
which results in a similar loss of RNA; chloroform prevents this retention of water 
and thus improves yields.

Only neutral phenol should be used, as acidic phenol dissolves DNA within, or 
phenol turns into quinones by oxidation and it forms free radical, degrading nucleic 
acid. Simple observation of phenol’s pink color will state its acidic nature. The 
centrifugation after chloroform:isoamyl alcohol step should be done under room 
temperature, because below 15°C, CTAB/nucleic acid forms irreversible aggregates 
and may precipitate. During this step, the DNA shall be in aqueous phase [19].

4. Chloroform

Chloroform (CHCl3) or trichloromethane is a nonpolar (hydrophobic) solvent, 
in which nonpolar proteins and lipids get dissolved to promote the partitioning of 
lipids and cellular debris into the organic phase, leaving isolated DNA protected in 
the aqueous phase. Chloroform ensures phase separation of the two liquids because 
it has a higher density (1.47 g/cm3) and forces a sharper separation of the organic 
and aqueous phases, thereby assisting in the removal of the aqueous phase with 
minimal cross contamination from the organic phase. As chloroform is volatile in 
nature, it does not hinder the downstream process.

5. Isoamyl alcohol

Chloroform comes in contact with the air and forms gas phosgene (COCl2, 
carbonyl chloride), which is harmful. If we simply use chloroform only, the gas 
entrapment causes foaming or frothing, it foams up between interphase during 
extraction process and makes it difficult to properly purify the DNA, which is 
prevented when chloroform is used along with isoamyl alcohol or isopentanol 
{(CH3)2CHCH2CH2OH} or octanol {CH3(CH2)7OH} by preventing the emulsifica-
tion of a solution. Isoamyl alcohol or isopentanol is not miscible in the aqueous 
solution because it is a long-chain aliphatic compound, containing five carbon 
atoms and stabilizes the interphase between organic and aqueous layer. The  aqueous 
phase contains DNA and the organic phase contains lipid, proteins, and other 
impurities. Isoamyl alcohol helps to inhibit RNase activity and to help prevent the 
solubilization in the phenol phase of long RNA molecules with long poly (A) portions. 
This will increase the purity of DNA.

6. Ribonuclease A

Genomic DNA should be treated with Ribonuclease A (RNase A) to remove the 
contamination of RNA for DNA purification. RNase A is an endoribonuclease that 
catalyzes the hydrolysis of the 3′,5′-phosphodiester linkage of RNA at the 5′-ester 
bond in a two-step reaction. The first step is a transphosphorylation to give an 
oligonucleotide terminating in a pyrimidine 2′,3′-cyclic phosphate. The second is 
the hydrolysis of the cyclic phosphate to give a terminal 3′-phosphate. Numerous 
chemical studies have suggested that histidine 12, histidine 119, and lysine 41 are 
involved in the active site of the enzyme and the DNA is devoid of 2′OH group 
(deoxy), it remains secure (Figures 5 and 6) [20].
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7. Isopropanol/ethanol

Alcohol is used to precipitate the DNA out of the extraction solution, so we can 
wash all those salts and chemicals away and then dissolve it in our final solvent—
usually water or some variant of Tris-EDTA solution. DNA remains dissolved in 
aqueous solution because DNA has phosphodiester backbone, which is hydrophilic 

Figure 5. 
(A) The hydrolysis reaction catalyzed by RNase A. An RNA molecule is a chain of nucleotides linked by the 
phosphodiester bond, which may be cleaved by RNase [27]. (A) This figure shows only two nucleotides adjacent 
to the cleavage site and (B) the intermediate product (transition state) of this reaction.

Figure 6. 
The catalytic mechanism of RNase A, which contains two critical residues: His-12 and His-119 [27]. (A) The 
transition state is formed by electron transfer from His-12 to His-119, passing through 2′-OH and (B) after the 
transition state is formed, the electron can move from His-119 to His-12, generating the final product. DNA 
lacks the critical 2′-OH and thus cannot be catalyzed by RNase A.
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transition state is formed, the electron can move from His-119 to His-12, generating the final product. DNA 
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Figure 7. 
Role of salt in DNA precipitation [25]. (A) DNA molecules in aqueous solution have the negative charge and 
repel each other; (B) sodium acetate dissociates into the water into sodium and acetate ion; and (C) sodium ion 
shields the negative charge on the DNA molecules by neutralizing it and helps in aggregation and precipitation.

in nature. Water molecule forms hydration shell around DNA by forming hydrogen 
bonds. Isopropanol/ethanol is used in precipitation of DNA, which breaks the 
hydration shell. Isopropanol is a good choice for precipitation of DNA. The amount 
of isopropanol requirement is less (0.6–0.7 volume of supernatant), as isopropanol 
has a higher capacity to reduce the dielectric constant of water than the ethanol 
(2–3 volume) and also requires a fair amount of salt to work. RNA which has extra 
2′OH remains hydrogen bounded with water more strongly than DNA tends to 
stay soluble in it, thus selective precipitation of DNA can be done. Isopropanol also 
dissolves nonpolar solvents such as chloroform, thus the impurities form previous 
step can also be removed.

Using ice-cold isopropanol is generally practiced, but many researchers say that 
it should be used at room temperature, otherwise it will precipitate polysaccharides 
also [21]. Though the yield of DNA will be increased at low temperature, it may 
increase impurities [22].

8.  Sodium acetate/ammonium acetate/potassium acetate/sodium 
chloride/lithium chloride/potassium chloride

The role of the salt in the extraction protocol is to neutralize the charges on the 
sugar phosphate backbone of the DNA. Sodium acetate with pH 5.2 is commonly 
used for precipitation of nucleic acid along with ethanol [23]. In solution, sodium 
acetate dissociates into Na+ and [CH3COO]−. The positively charged sodium ions 
neutralize the negative charge on the PO3− groups on the sugar phosphate backbone 
of nucleic acids reducing repulsion between DNA molecules, making the DNA 
molecule far less hydrophilic, and therefore much less soluble in water. The electro-
static attraction between the Na+ ions in solution and the PO3− ions on the nucleic 
acid are dictated by Coulomb’s Law, which is affected by the dielectric constant of 
the solution. Water has a high dielectric constant, which makes it fairly difficult for 
the Na+ and PO3− to come together. This is useful in aggregation and formation of 
tangled mass. It is also called as salting out. Nevertheless, it is not seen when salt 
alone is used. It requires the solution with low dielectric constant, which allows this 
interaction. This is affected by either ethanol or isopropanol, which has a much 
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lower dielectric constant, making it much easier for Na+ to interact with the PO3−, 
shield its charge, and make the nucleic acid less hydrophilic, causing the DNA to 
drop out of solution (Figure 7).

9. Ethanol

DNA precipitate is washed again with 70% ethanol to rinse excess salt that 
might come along with the extraction buffers from the pellet [24], centrifuged, 
and ethanol is discarded, leaving DNA in the precipitate. Precipitate is air-dried or 
vacuum-dried. Over drying should be avoided as DNA converts B form to D form, 
which is difficult to dissolve later [25].

10. Tris-EDTA (TE) buffer/sterile water

In older times in DNA isolation methods, DNA used to be stored dry and diluted 
when required. Nowadays, for long-term storage, it is prudent to store DNA in a 
buffer that maintains its pH and keeps it from getting degraded. TE buffer contains 
Tris (10 mM) and EDTA (1 mM), where Tris is the buffering component and EDTA 
the chelating component. For DNA isolation, the pH is usually set to 7.5–8.5, the 
slight alkalinity of TE buffer also prevents chances of acid hydrolysis that may fur-
ther disrupt the stability of DNA stored in water. Tris amino constituent of TE buf-
fer has the ability to protect DNA strands from radiation damage, in both solid state 
and fluid solution. As radiation produces free radicals, it may break DNA strands. 
Thus, in the fluid solution at ambient temperature Tris acts by scavenging hydroxyl 
radicals [26]. The purpose of EDTA is to chelate Mg2+ ions in solution necessary for 
DNase or RNase action, thus protecting the DNA from DNases or RNase.

Sterile water can be utilized for short-duration storage of DNA. If TE buffer is 
used for storage of DNA, it should be diluted further with sterile water to dilute 
EDTA concentration for making magnesium ions available for polymerase activity 
during PCR because if DNA has to be sent for sequencing afterward, the buffer 
components in TE hinders the process. The same EDTA that chelates ions to degrade 
magnesium also hinders the action of DNA polymerases during PCR, which can be 
overcome by adding more magnesium to the master mix, or perhaps diluting the 
DNA sample so that the already low concentrations of EDTA do not actually disrupt 
PCR. In fact, in a large number of cases, they do not.
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repel each other; (B) sodium acetate dissociates into the water into sodium and acetate ion; and (C) sodium ion 
shields the negative charge on the DNA molecules by neutralizing it and helps in aggregation and precipitation.

in nature. Water molecule forms hydration shell around DNA by forming hydrogen 
bonds. Isopropanol/ethanol is used in precipitation of DNA, which breaks the 
hydration shell. Isopropanol is a good choice for precipitation of DNA. The amount 
of isopropanol requirement is less (0.6–0.7 volume of supernatant), as isopropanol 
has a higher capacity to reduce the dielectric constant of water than the ethanol 
(2–3 volume) and also requires a fair amount of salt to work. RNA which has extra 
2′OH remains hydrogen bounded with water more strongly than DNA tends to 
stay soluble in it, thus selective precipitation of DNA can be done. Isopropanol also 
dissolves nonpolar solvents such as chloroform, thus the impurities form previous 
step can also be removed.

Using ice-cold isopropanol is generally practiced, but many researchers say that 
it should be used at room temperature, otherwise it will precipitate polysaccharides 
also [21]. Though the yield of DNA will be increased at low temperature, it may 
increase impurities [22].

8.  Sodium acetate/ammonium acetate/potassium acetate/sodium 
chloride/lithium chloride/potassium chloride

The role of the salt in the extraction protocol is to neutralize the charges on the 
sugar phosphate backbone of the DNA. Sodium acetate with pH 5.2 is commonly 
used for precipitation of nucleic acid along with ethanol [23]. In solution, sodium 
acetate dissociates into Na+ and [CH3COO]−. The positively charged sodium ions 
neutralize the negative charge on the PO3− groups on the sugar phosphate backbone 
of nucleic acids reducing repulsion between DNA molecules, making the DNA 
molecule far less hydrophilic, and therefore much less soluble in water. The electro-
static attraction between the Na+ ions in solution and the PO3− ions on the nucleic 
acid are dictated by Coulomb’s Law, which is affected by the dielectric constant of 
the solution. Water has a high dielectric constant, which makes it fairly difficult for 
the Na+ and PO3− to come together. This is useful in aggregation and formation of 
tangled mass. It is also called as salting out. Nevertheless, it is not seen when salt 
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lower dielectric constant, making it much easier for Na+ to interact with the PO3−, 
shield its charge, and make the nucleic acid less hydrophilic, causing the DNA to 
drop out of solution (Figure 7).
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might come along with the extraction buffers from the pellet [24], centrifuged, 
and ethanol is discarded, leaving DNA in the precipitate. Precipitate is air-dried or 
vacuum-dried. Over drying should be avoided as DNA converts B form to D form, 
which is difficult to dissolve later [25].
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In older times in DNA isolation methods, DNA used to be stored dry and diluted 
when required. Nowadays, for long-term storage, it is prudent to store DNA in a 
buffer that maintains its pH and keeps it from getting degraded. TE buffer contains 
Tris (10 mM) and EDTA (1 mM), where Tris is the buffering component and EDTA 
the chelating component. For DNA isolation, the pH is usually set to 7.5–8.5, the 
slight alkalinity of TE buffer also prevents chances of acid hydrolysis that may fur-
ther disrupt the stability of DNA stored in water. Tris amino constituent of TE buf-
fer has the ability to protect DNA strands from radiation damage, in both solid state 
and fluid solution. As radiation produces free radicals, it may break DNA strands. 
Thus, in the fluid solution at ambient temperature Tris acts by scavenging hydroxyl 
radicals [26]. The purpose of EDTA is to chelate Mg2+ ions in solution necessary for 
DNase or RNase action, thus protecting the DNA from DNases or RNase.

Sterile water can be utilized for short-duration storage of DNA. If TE buffer is 
used for storage of DNA, it should be diluted further with sterile water to dilute 
EDTA concentration for making magnesium ions available for polymerase activity 
during PCR because if DNA has to be sent for sequencing afterward, the buffer 
components in TE hinders the process. The same EDTA that chelates ions to degrade 
magnesium also hinders the action of DNA polymerases during PCR, which can be 
overcome by adding more magnesium to the master mix, or perhaps diluting the 
DNA sample so that the already low concentrations of EDTA do not actually disrupt 
PCR. In fact, in a large number of cases, they do not.
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Chapter 9

Principles of Chromatography 
Method Development
Narasimha S. Lakka and Chandrasekar Kuppan

Abstract

This chapter aims to explain the key parameters of analytical method develop-
ment using the chromatography techniques which are used for the identification, 
separation, purification, and quantitative estimation of complex mixtures of 
organic compounds. Mainly, the versatile techniques of ultra−/high-performance 
liquid chromatography (UPLC/HPLC) are in use for the analysis of assay and 
organic impurities/related substances/degradation products of a drug substance 
or drug product or intermediate or raw material of pharmaceuticals. A suitable 
analytical method is developed only after evaluating the major and critical separa-
tion parameters of chromatography (examples for UPLC/HPLC are selection of 
diluent, wavelength, detector, stationary phase, column temperature, flow rate, 
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and purification of pharmaceutical drugs [3]. In this chapter, the authors discuss 
the principles for chromatography method development using ultra/high-perfor-
mance liquid chromatography (UPLC/HPLC) techniques for the analysis of assay 
and organic impurities/related substances/degradation products of pharmaceuticals 
(any drug product/drug substance/intermediate/raw material of pharmaceuticals). 
These techniques are developed substantially as a result of the work of Archer John 
Porter Martin and Richard Laurence Millington Synge during the 1940s and 1950s, for 
which they won the 1952 Nobel Prize in Chemistry [4]. Commonly used character-
izing technique in pharma industry is liquid chromatography (e.g., HPLC, UPLC, 
and LC–MS). Each one varies in the stationary phase and operational conditions. 
HPLC and UPLC can be used as a quantitative technique if coupled with a mass 
detector (MS) to elucidate the structure of the molecule and quantification.

In pharma industry specific, stability-indicating HPLC/UPLC methods have to 
be developed to estimate the assay and to quantitatively determine the impurities of 
new drug substances and drug products [5]. Assay is a quantitative test of a sub-
stance to determine the amount of an individual components present in it. Impurity 
is an unknown component of drug substance that is not the chemical entity. Assay 
and impurity tests are major and critical quality attributes of the pharmaceutical 
dosage forms which help to check and ensure the quality, safety, and efficacy of 
drug substances and drug products. This chapter will discuss the various param-
eters that have to be chosen to run the chromatography in order to have a better 
separation and maximum purity. The process of changing the conditions in order 
to design a best method run for a particular drug mixture or compound is called the 
analytical method development.

2. Analytical method development

Analytical method development is a process of proving that the developed 
chromatography method is suitable for its intended use in the development and 
manufacturing of the pharmaceutical drug substance and drug product. The basic 
separation techniques and principles involved in the analytical method develop-
ment using the HPLC and UPLC are listed as follows:

• Selection of chromatography mode

• Selection of detector

• Selection of column (stationary phase)

• Selection and optimization of mobile phase

 ○ Buffer and its strength

 ○ pH of buffer

 ○ Mobile-phase composition

• Selection of organic modifiers

• Selection of ion-pair reagents

• Selection of flow rate
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• Selection of solvent delivery system (elution mode)

• Selection of diluent

• Methods of extraction

• Samples to be used

• Experimentation to finalize the method

• Selection of test concentration and injection volume

• Forced degradation studies (stress resting)

• Evaluation of stress testing

• Mass balance study

• Finalization of wavelengths

• Stability of solution

• System suitability

• Robustness of the method

• Relative response factor

• Quantification methods

2.1 Literature search

i. Before starting an analytical method development, literature on some of the 
column characteristics as mentioned below has to be referred for the target 
molecules or similar molecules or precursors from open resources like articles, 
books, pharmacopeia reports, etc. This will give a tentative choice in designing 
a method for initial or test experiments, which will be further modified or 
updated to develop a method which fits the separation process for better results 
in terms of reproducibility, quantification, etc. Solubility profile of drug sub-
stance in different solvents at different pH conditions is useful while selecting 
the diluents for standard solutions and extraction solvents for test solutions.

ii. Analytical profile is useful in understanding the physicochemical proper-
ties (e.g., pKa, melting point, degradation pathways, etc.) and absorption 
characteristics of drug in selecting the detector wavelength for analysis.

iii. Stability profile of the drug substance with respect to storage conditions 
(sensitivity of the drug towards light, heat, moisture etc.) is useful as it helps 
in adopting the suitable/adequate precautions while handling drug and its 
formulated products.

iv. Impurity profile collects the information of impurities and degradation 
profile of the drug substance during their formation pathways. This helps 
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a lot in developing the method for separation of all possible impurities and 
degradation products of targeted analyte. It should be borne in mind that 
impurity profile may vary depending on the manufacturing process (which 
uses different methods, precursors, and conditions), which makes it clear 
that not all manufacturing processes yield the same impurity profile.

v. Metabolic pathway is a chemical reaction which occurs within a cell when the 
drug molecule reacts with an enzyme and forms a metabolite [6]. Metabolic 
pathway gives the information on oxidation, reduction, and hydrolysis 
products which gives critical inputs on the possible degradation products.

vi. Stability-indicating method is to identify the closely related structures by 
collecting the structures of the molecule and its impurities and degradation 
products. This helps to develop a specific and stability-indication method 
with a good resolution between the closely related structures.

vii. Checking the polarity of the drug molecule using the functional groups as 
elucidated from structural analysis techniques. By comparing the structures 
of impurities and degradation products with the structure of drug molecule, 
it will help in understanding the polarity based on the nature of functional 
groups. This makes the scientists’ job easy in choosing the right solvents with 
either lesser or higher in polarity than the compound of interest.

viii. Estimation of maximum daily dose (MDD). Calculate the reporting, identi-
fication, and qualification thresholds of drug substance and drug product 
based on the maximum daily dose as per ICH Q3A guideline [7, 8]. MDD info 
can also be obtained from physical desk reference (PDR), innovator product 
information leaflet (PIL), and the website of RX-list (www.rxlist.com).

2.2 Selection of chromatography mode

Chromatography can be operated by two ways, normal mode and reverse phase 
modes. The choice of the mode is very important, which is dependent on the type of 
sample which has to be separated. In general, the usage of reversed-phase chro-
matography (in which the mobile phase is polar and stationary phase is nonpolar 
in nature) is the preferred mode for most of the molecules, except in the case of 
isomer (enantiomers) separation where the normal-phase chromatography (in 
which the mobile phase is nonpolar and stationary phase is polar in nature) is used. 
Revered-phase chromatography separates the components with a good resolution 
based on their hydrophobicity. A compound with a greater polarity elutes earlier, 
and those with the least polarity elute later.

2.3 Selection of detector

Detector plays an important role in the finalization of any analytical method. 
Generally most of the organic/drug molecules are aromatic or unsaturated in 
nature, which has an absorption in the UV–vis region. This comes as an advantage 
in quantifying and analyzing the molecules and its associated impurities. The 
absorbance maxima of the compound shall be collected by analyzing the UV–vis 
spectrophotometer or diode array detector (DAD) of HPLC/UPLC. From the area 
intensity of the test compound using calibration curves, the quantification of the 
test compound can be done [9–10].
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If the compounds do not absorb and if they do not have chromophores, other 
detectors like refractive index detector (RID) and evaporative light scattering detec-
tor (ELSD)/corona-charged aerosol detector (CAD) can be used for the quantitative 
determination of assay and impurities [11]. If the compounds of interest contain a 
part, which is non-chromophoric, which may likely be cleaved and produce a non-
chromophoric impurity, then both UV and other detectors like RI/ELSD/CAD can 
be coupled in order not to miss any impurity.

Alternatively, non-chromophoric compounds can also be analyzed by UV 
after converting it into a derivative which will be active. But the usage of deriva-
tives has to be carefully assessed keeping in view the functional group involved 
in the derivatization reaction [12, 13]. In case the molecule of interest is having 
fluorescence properties, a fluorescence detector (FLD) can be used for com-
pounds for which structural information is available [14]. But when FLD is to 
be used for estimation of unknowns, it needs to be carefully assessed whether 
fluorescence properties are available in all possible impurities and  
degradation products.

2.4 Selection of column stationary phase

The choice of the right column (stationary phase) is the basis of the whole 
technology. Most chromatographic separations are achieved due to a wide variety 
of columns available in the market and due to their flexibility in changing and 
controlling the parameters. A widely used choice of column material is silica 
either as neat or modified depending on the nature of the solute mixture in 
normal-phase chromatography, wherein the eluent (mobile phase) is nonpolar 
an organic solvent. The silanol groups on the surface of the silica give it a polar 
character.

Though silica remains the most common support for liquid chromatography 
(LC) columns, other commonly used materials are cross-linked organic poly-
mers, zirconia, etc. The silica support for columns was gradually modified for 
the betterment through the years by three different manufacturing technolo-
gies commonly described as “evolution through three generations.” The initial 
process started with type A silica where the raw material used is from inorganic 
sols. A slightly modified type A silica by performing a chemical treatment to 
remove the metal impurities is termed as a second-generation material which is 
called as base-deactivated silica. Third generation silica (type B) is an altogether 
new process which uses organic sols instead of inorganic sols. These materials 
are similar in properties to the second-generation silica because both have a 
minimum level of metal impurities. Silica-based liquid chromatography columns 
with a different percent of cross-linking and functionalization of silanol groups 
with substituted aliphatic and aromatic moieties were designed for varying 
polarities of the separating medium. An increasing order of functionalized  
silica is represented below with alkyl groups at the nonpolar end, phenyl and 
amino functionalized in the moderate polar region, and cyano and silica groups 
at the polar end.
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The following are the parameters of a chromatographic column which need to 
be considered while choosing a column (stationary phase) for separation of assay, 
impurities, and degradation products:

i. Length and diameter of column

ii. Packing material

iii. Shape of particles

iv. Size of particles

v. Percent (%) of carbon loading

Column dimension: Length and internal diameter of packing bed.

• Short (30–50 mm)—can result in short run times and low back pressure

• Long (250–300 mm)—can result in higher-resolution and long run times

A column with a diameter of 2.1 mm leads to a high resolution.
Particle size: Decrease in particle size leads to increase in resolution but with a 

corresponding increase in back pressure. In general smaller particles offer higher 
efficiency, but there is a chance to get high back pressure limiting the separation 
efficiency. Less (3 μm) particles are usually used for resolving complex and mul-
ticomponent samples, where the lesser surface area induces better resolution and 
separation characteristics.

Pore size and surface area: Larger pores allow larger solute molecules to be 
retained for a longer time through maximum surface area exposure. High surface 
area generally provides greater retention, capacity, and resolution for multicompo-
nent samples. Low surface area materials generally equilibrate quickly and provide 
lesser separation efficiency but can be highly preferred and important in gradient 
analyses.

Carbon loading: Higher carbon loads generally offer greater resolution and 
longer run times. Low carbon loads shorten run times, and many show a different 
selectivity. A pictorial representation of difference in carbon loading is as shown 
below.

End capping: End capping reduces peak tailing of polar compounds that 
interact excessively with the otherwise exposed, mostly acidic silanols. Non-end 
capped packing provides a different selectivity than do end-capped packing, 
especially for polar compounds. A pictorial representation of difference in end 
capping is shown below.
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2.5 Selection and optimization of mobile phase

Though adsorption is the principle behind chromatography, real separation 
happens only when the adsorbed compound is eluted using a mobile phase of the 
required polarity. The selection of mobile phase is done always in combination 
with the selection of column (stationary phase). The following are the param-
eters which shall be taken into consideration while selecting and optimizing the 
mobile phase.

• The right choice of buffer and its eluting efficiency

• pH of the buffer or pH of the mobile phase

• Mobile-phase composition inclusive of binary and tertiary solvent mixture

2.5.1 Buffer and its strength

Buffer and its efficiency play an important role in deciding the peak symme-
tries (shapes) and peak separation. Various types of organic/inorganic buffers are 
employed for achieving the required separation. The most commonly used buffers are:

• Phosphate buffers—KH2PO4, K2HPO4, NaH2PO4, Na2HPO4, H3PO4, etc.

• Acetate buffers—Ammonium acetate, sodium acetate, etc.

• Triethylamine/diethylamine buffers

• Buffers with various ion-pair reagents like tetrabutyl ammonium hydrogen sul-
fate, butane sulfonic acid, hexane sulfonic acid, heptane sulfonic acids, etc.

The choice of buffer is to reduce the tailing factor for each peak separated which 
occurs due to varying ionic strength. The retention time of analyte(s) is delayed and 
got separated well when more concentrated buffer is used [15]. Better separation 
happens when the molarity of buffer used is in the range of 0.05 to 0.20 M. The 
concentration of buffer is chosen by carefully choosing the composition of organic 
mobile phase.

Depending on the need of the chosen mixture of separation, the strength of the 
buffer can be increased or decreased if necessary to achieve the required separa-
tion, and it can be varied between 10 and 20%, and the effect of variation has to be 
studied in detail before using. But it should be ensured that increased or decreased 
buffer strength should not result in precipitation or turbidity either in mobile phase 
during operation or during storage in refrigerator. Before using the chosen buffer 
of specific strength to run a column, test experiments have to be done in optimizing 
the separation to avoid peak tailing, better separation, and reproducibility.
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happens when the molarity of buffer used is in the range of 0.05 to 0.20 M. The 
concentration of buffer is chosen by carefully choosing the composition of organic 
mobile phase.

Depending on the need of the chosen mixture of separation, the strength of the 
buffer can be increased or decreased if necessary to achieve the required separa-
tion, and it can be varied between 10 and 20%, and the effect of variation has to be 
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2.5.2 pH of buffer

pH plays an important role in achieving the chromatographic separations as it 
controls the elution properties by controlling the ionization characteristics. The pH of 
buffer or mobile phase should be selected based on the pKa of analyte or test mixture, 
which is based on the structure of the molecule. Depending on the pKa, drug mole-
cules change retentions, e.g., acids show an increase in retention as the pH is reduced, 
while the base shows a decrease. If the pKa of the compound is high, lower pH or 
acidic mobile phase has to be chosen as it will stop unwanted association with the 
stationary phase. For basic compounds, the use of high pH or basic mobile phase and, 
for neutral compound, neutral mobile phase is highly preferable for better separation.

It is important to maintain the pH of the mobile phase in the range of 2.0 ~ 8.0 as 
most columns do not withstand the pH which is outside this range. This is due to the 
fact that the mostly used silica column gets deactivated at high pH (<2) and at low 
pH (>8) due to cleavage of siloxane linkages. If a pH outside the range of 2.0 ~ 8.0  
is found to be necessary, stationary phase which can withstand the range shall be 
chosen [16–18].

2.5.3 Mobile-phase composition

It is well reported in literature that to achieve better efficiency, binary and ter-
tiary solvent mixtures are used along with other components like buffer and acids 
or bases. The ratio of the organic versus (vs.) aqueous or polar vs. nonpolar solvents 
is varied accordingly to get better separation. This is due to the fact that a fairly large 
amount of selectivity can be achieved by choosing the qualitative and quantitative 
composition of aqueous and organic portions. Experiments shall be conducted with 
mobile phases having buffers of different pH and different organic phases to check 
for the best separations between the impurities. Most chromatographic separations 
can be achieved by choosing the optimum mobile phase composition [18].

2.6 Selection of organic modifiers

Most widely used solvents in reverse-phase chromatography are methanol and 
acetonitrile. Tetrahydrofuran (THF) is also used but to a lesser extent [19, 20]. In 
most of the systems, acetonitrile is used as the default organic modifier because of 
favorable UV transmittance and low viscosity. It is recommended to mix acetonitrile 
with 5–10% of the aqueous solution(s) to avoid the pumping problems associated 
with a higher percent (%) of acetonitrile usage. Methanol is also the second most 
widely used solvent in liquid chromatography, but it gives the back pressure to LC 
column. Though THF has some disadvantages like higher UV absorbance, reactivity 
with oxygen, and slower column equilibration, sometimes it gives very unique selec-
tivity for closely eluting peaks. Intermediate selectivity (if needed for a particular 
sample) can be obtained by blending appropriate amounts of each of these solvents.

Order of polarity: methanol > acetonitrile > ethanol > THF > propanol.
Order of solvent strength: propanol > THF > ethanol > acetonitrile > methanol.

2.7 Selection of ion-pair reagents

Ion pair reagents are necessary as a mobile-phase additive when structurally or 
chemically or polarity wise inseparable closely related compounds are to be sepa-
rated [21, 22]. For example, if a mixture of ionic and nonionic analyte(s) having the 
same polarity and same retention time is required to be separated, start by optimiz-
ing for one of the analytes by adding an ion pair reagent in a mobile phase which 
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reduces or increases the polarity of component and helps in increasing the elution 
time difference. Careful choice of an appropriate ion-pair reagent is required in 
such cases to get the necessary selectivity. A dedicated LC column is used when an 
ion pair reagent (0.0005 M to 0.02 M) is intended to employ for specific analysis, 
but an appropriate cleaning procedure has to be established to enhance the lifetime 
of the column material. Alkyl ammonium salts (tertiary or quaternary) and alkyl 
sulfonate salts are the most useful in the separation of acidic and basic compounds, 
respectively. Sodium perchlorate can also be used for acidic components.

2.8 Selection of flow rate

Separation of mixtures is highly influenced by the flow of mobile phase inside 
the column [23, 24]. The flow rate is highly crucial in having well-separated peaks 
with no tailing. The flow rate of the mobile phase can be optimized based on the 
retention time, column back pressure, and separation of closely eluting adjacent 
peaks or impurities and peak symmetries from the test run. Preferably the flow 
rate is fixed not more than 2.0 mL/minute. The flow which gives the least retention 
times, good peak symmetries, least back pressures, and better separation of adja-
cent peaks/impurities could be the chosen as an optimized flow rate for the analysis.

2.9 Selection of column temperature

Temperature is another criterion which has to be optimized for any sample, 
as the flow rate and the rate of adsorption vary with temperature. It is generally 
believed that with increasing temperature, it can help to improve the resolution 
between the adjacent/closely eluting peaks and peak merging. So a careful choice 
of the temperature is a must which might change the pressure of the column and 
ultimately the elution and resolution [25–28].

Choosing ambient temperature for the analysis is always preferred as it will 
minimize the degradation of the test sample; however, higher temperatures are also 
advisable under unavoidable conditions after confirming the stability of the com-
pound. The temperature range which is usually allowed in liquid chromatography is 
25 and 60°C. Higher temperatures above 60°C are preferred if the peak symmetry is 
not good and to increase the retention time for closely occurring peaks.

2.10 Selection of solvent delivery system (elution mode)

Chromatographic separations with a single eluent (isocratic elution: all the 
constituents of the mobile phase are mixed and pumped together as a single eluent) 
are always preferable. However, the gradient elution is a powerful tool in achieving 
separation between closely eluting compounds or compounds having narrow polar-
ity difference [29–31]. An important feature of the gradient elution mode which 
makes it a powerful tool is that the polarity and ionic strength of the mobile phase 
are changed (increased or decreased) during the run. Experiments using different 
mobile-phase combinations and different gradient programs have to be performed 
prior to achieving better separation.

In a gradient run, two mobile phases which have different compositions of 
polar and nonpolar solvents are premixed using a single pump before introducing 
to the column which is called as low pressure gradient (LPG), and when the mobile 
phases are pumped at different flow rate and mixed in a chamber, then intro-
duced into the column is known as high pressure gradient (HPG). It is better to 
select the gradient run, whether LPG or HPG, while optimizing the chromatog-
raphy method. HPG can be only preferred for use when more than 80% organic 
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2.5.2 pH of buffer
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Most widely used solvents in reverse-phase chromatography are methanol and 
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with 5–10% of the aqueous solution(s) to avoid the pumping problems associated 
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such cases to get the necessary selectivity. A dedicated LC column is used when an 
ion pair reagent (0.0005 M to 0.02 M) is intended to employ for specific analysis, 
but an appropriate cleaning procedure has to be established to enhance the lifetime 
of the column material. Alkyl ammonium salts (tertiary or quaternary) and alkyl 
sulfonate salts are the most useful in the separation of acidic and basic compounds, 
respectively. Sodium perchlorate can also be used for acidic components.

2.8 Selection of flow rate

Separation of mixtures is highly influenced by the flow of mobile phase inside 
the column [23, 24]. The flow rate is highly crucial in having well-separated peaks 
with no tailing. The flow rate of the mobile phase can be optimized based on the 
retention time, column back pressure, and separation of closely eluting adjacent 
peaks or impurities and peak symmetries from the test run. Preferably the flow 
rate is fixed not more than 2.0 mL/minute. The flow which gives the least retention 
times, good peak symmetries, least back pressures, and better separation of adja-
cent peaks/impurities could be the chosen as an optimized flow rate for the analysis.

2.9 Selection of column temperature

Temperature is another criterion which has to be optimized for any sample, 
as the flow rate and the rate of adsorption vary with temperature. It is generally 
believed that with increasing temperature, it can help to improve the resolution 
between the adjacent/closely eluting peaks and peak merging. So a careful choice 
of the temperature is a must which might change the pressure of the column and 
ultimately the elution and resolution [25–28].

Choosing ambient temperature for the analysis is always preferred as it will 
minimize the degradation of the test sample; however, higher temperatures are also 
advisable under unavoidable conditions after confirming the stability of the com-
pound. The temperature range which is usually allowed in liquid chromatography is 
25 and 60°C. Higher temperatures above 60°C are preferred if the peak symmetry is 
not good and to increase the retention time for closely occurring peaks.

2.10 Selection of solvent delivery system (elution mode)

Chromatographic separations with a single eluent (isocratic elution: all the 
constituents of the mobile phase are mixed and pumped together as a single eluent) 
are always preferable. However, the gradient elution is a powerful tool in achieving 
separation between closely eluting compounds or compounds having narrow polar-
ity difference [29–31]. An important feature of the gradient elution mode which 
makes it a powerful tool is that the polarity and ionic strength of the mobile phase 
are changed (increased or decreased) during the run. Experiments using different 
mobile-phase combinations and different gradient programs have to be performed 
prior to achieving better separation.

In a gradient run, two mobile phases which have different compositions of 
polar and nonpolar solvents are premixed using a single pump before introducing 
to the column which is called as low pressure gradient (LPG), and when the mobile 
phases are pumped at different flow rate and mixed in a chamber, then intro-
duced into the column is known as high pressure gradient (HPG). It is better to 
select the gradient run, whether LPG or HPG, while optimizing the chromatog-
raphy method. HPG can be only preferred for use when more than 80% organic 
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phase is pumped. To avoid the pumping problems due to the low viscous solvents 
like acetonitrile in mobile phase, at least 10% aqueous portion could be added to 
the organic phase.

While optimizing the gradient program, it is important to monitor the follow-
ing. Pressure graph is needed to be monitored so as to ensure that the overall system 
pressure will not cross 400 bar or 6000 psi at any point during the run. Flow rate 
has to be physically cross-checked by collecting the output from the detector during 
the run at different time intervals, especially when the gradient is running with 
higher organic-phase composition so as to ensure that there were no pumping prob-
lems during the run when mobile phases of different compositions are pumped. It is 
also important to optimize the program for initialization after each run and before 
going for the next injection. The program for initialization shall be optimized such 
that there shall be no carry-over to the next run and the system stabilizes with initial 
composition before the next injection.

One standard program which can be used for optimizing is discussed below. 
For starting a method development, a solvent gradient system is always preferred. 
Initially, start with a gradient of 50:50 buffer and mobile phase, and change the 
program linearly up to 5:95, and retain the ratio for at least 30 minutes. Then try 
with a gradient of 95:5 and the program linearly changed up to 5: 95, and retain for 
at least 30 minutes. The typical gradient program is as follows:

2.11 Selection of diluent

Diluent is an aqueous solution or a solvent used to dissolve and extract the 
drug moiety for analysis. Select a diluent in which impurities, starting material, 
by-product, intermediates, degradation products, and the analyte are soluble. It is 
advisable to check first in the mobile phase. All the analytes should be completely 
soluble and the solution should be clear [32]. Diluent should be compatible with the 
mobile phase to obtain the good peak shape.

• Selection of diluent based on extraction efficiency and peak shapes: Select the 
diluent for finished dosage forms, in which the analyte should be extracted at 
least 95% for assay and 90% for organic impurities. Calculate the % extraction 
against pure standard compound in the concentration of linear range, (prefer-
ably <1 AU) by diluting the test preparation.

• The peak shapes of all compounds should be good in the selected diluent: 
Select an initial flow rate of 1.0 mL/min or 1.5 mL/min and select column 
temperature as ambient (25–30°C).

Diluent is selected initially based on solubility of the substance. However, the 
finalization of diluent is based on its extraction efficiency, peak symmetries, reso-
lution of impurities, and diluent blank injection interference. Inject the diluent 
blank and test solution spiked with known impurities into the chromatographic 
system, and establish the noninterference of blank in estimation of the drug 
and the effect of diluent on resolution of impurities from drug peak and peak 
symmetry.

2.12 Methods of extraction

General methods followed for extraction are sonication, rotary shaking, or 
seldom both. In some cases where the analyte cannot be extracted by the above 
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procedures, heating can be adapted if the substance is stable and should not pre-
cipitate upon cooling to room temperature [33–34].

2.13 Samples to be used for analysis

• Use mixture of impurities, starting material, by-product, intermediates, and 
degradation products to establish the separations.

• Use the reaction mass/mother liquor/what if study samples for the above study 
if all the impurities samples are not available in the beginning for method 
development.

• Use forced degradation samples, if degradation products are not available in 
the case of drug API.

• Prepare a mixture of known impurities spiked on API at a test concentration of 
about 0.5 or 1.0 mg/mL.

• Prepare a placebo (mixture of excipients to be used in formulation) solution at 
a concentration equivalent to test concentration (of about 0.5 or 1.0 mg/mL) 
for the dose in which higher placebo content is expected.

2.14 Experimentation to finalize the method

Inject individual solution of standard and impurities to confirm the retention 
times. Check for the interference from blank. Check for the interference from 
placebo components in the case of the formulation.

Gradient program will provide an assessment of the elution pattern of polar 
and nonpolar impurities. Also, run an isocratic run with a mobile phase of a buffer 
with a suitable pH and acetonitrile in the ratio of acetonitrile: buffer (90:10) using 
a 250 × 4.6 mm, 5 μm silica column. This will help to know whether any highly 
nonpolar impurities are still un-eluted from the column.

2.15 Selection of test concentration and injection volume

The test concentration and injection volume are generally chosen based upon 
the response of API peak at the selected detector wavelength [35]. However, the 
test concentration shall be finalized after it is proven that drug (API) is completely 
extractable at the selected test concentration. After finalizing the test concentra-
tion and diluent, prepare a test solution, and keep the filtered solution in closed 
condition on a bench top, and check whether the solution has any precipitation or 
turbidity after 24 hours. Generally, the test solution must be clear and should not 
show any turbidity or precipitation.

2.16 Forced degradation studies (stress testing)

It’s a method of subjecting the drug substance or drug product to stress with 
varied strengths of stressing agents to obtain the degradation. The stressed samples 
were analyzed using an LC system equipped with a PDA detector and monitored for 
the separation of degradation products formed under the stressed conditions and 
the peak purity of the analyte peak. The method is considered as stability-indicating 
for the estimation of the drug if it meets the peak purity requirement [36, 37].
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phase is pumped. To avoid the pumping problems due to the low viscous solvents 
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Forced degradation studies are conducted basically to meet the following 
objectives:

• To investigate the likely degradation products; this, in turn, helps to establish 
the degradation pathways and the intrinsic stability of the drug molecule.

• To provide a foundation for developing a suitable stability-indicating method.

• Ensure the force degradation limit of 2–20%.

The major forced degradation studies which are to be carried out are as follows:

a. Thermolytic degradation

This stress testing method studies the degradation that is caused by exposure 
to temperature high enough to induce bond breakage. Solid-state reactions often 
proceed in an autocatalytic pathway involving an induction period (lag), fol-
lowed by a period of rapidly increasing degradation and then slowing down of the 
degradation rate as the compound is consumed. Thus, solid-state reaction kinetics 
will often follow an S-shaped curve when degradation vs. time is plotted. Thus, 
before conducting thermolytic degradation, determine the melting point of the 
compounds of interest. Then, choose a temperature of 70°C for all the drugs for 
which melting point is <100°C, or choose a temperature which is 40°C below the 
melting point.

For the compounds for which melting point is >150°C, stress the samples at 
105°C. Keep the samples directly exposed in the oven for 1 week or until about 
2–20% degradation is achieved, whichever is earlier. Stress the drug substance, 
placebo, and drug product separately. In the case of the multicomponent drug 
products, stress testing of placebo with other actives excluding the one at a time 
shall be performed additionally.

b. Hydrolytic degradation

Drug degradation that involves hydrolysis reaction is called hydrolytic degrada-
tion. Hydrolysis reactions are typically acid or base catalyzed. Acidic, neutral, and 
basic conditions should therefore be employed in order to induce potential hydro-
lytic reactions. As these hydrolytic stress studies are to be conducted in aqueous 
solutions, solubility of the drug molecule of interest in water has to be estimated 
first. Many small molecule drugs are not soluble in water at the concentrations typi-
cally used for analytical evaluations (0.1 to 1 mg/mL); in those cases either a slurry 
or suspension must be used to examine the hydrolytic stability of a compound, or 
a cosolvent must be added to facilitate the dissolution under the conditions of low 
solubility. Two most commonly used cosolvents are acetonitrile and methanol. 
Methanol has the potential of participating in the degradation chemistry which 
has to be used with caution especially under acidic conditions when the compound 
being tested contains a carboxylic acid, ester, or amide.

Acetonitrile is generally regarded as inert solvent and is typically preferable 
to methanol in hydrolytic stress testing studies. However, acetonitrile is not com-
pletely inert and can participate in the degradation reactions, leading to art factual 
degradation results.

The other cosolvents that are recommended for the hydrolytic stress testing 
studies are shown below.
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The hydrolytic degradations (using water/0.1 M HCl/0.1 M NaOH with or with-
out cosolvent) are recommended to be performed at a temperature of about 70°C 
with a reflux condenser installed to avoid the loss of evaporation. Reflux  
until about 2–20% degradation is achieved. Stress the drug substance, placebo,  
and drug product separately. Neutralize the stressed solutions before injection. 
Prepare a stressed solution at a higher concentration than that of test  
concentration. In the case of the multicomponent drug products, stress test-
ing of placebo with other actives excluding the one at a time shall be performed 
additionally.

c. Humidity stress

Stress the samples to 90% humidity for 1 week. Stress the drug substance, 
placebo, and drug product separately. In the case of the multicomponent drug 
products, stress testing of placebo with other actives excluding the one at a time 
shall be performed additionally.

d. Oxidative degradation

Oxidative degradation is one of the most common mechanisms of drug 
degradation. Oxidative drug degradation reactions are typically autoxidative, 
that is, the reaction is radical initiated. Radical initiated reactions start with an 
initiation phase involving the formation of radicals followed by propagation phase 
and eventually a termination phase. Thus, the reaction kinetics will often fol-
low S-shaped curve when the degradation vs. time is plotted and will not follow 
Arrhenius kinetics.

In oxidative stress study, the use of temperature > 30°C is not recommended 
because the reaction rate in solution may reduce at higher temp due to the decrease 
in oxygen content of the solvent. Thus, it is always suggested to perform the 
degradation with 3% hydrogen peroxide at room temperature (25–30°C) with 
constant stirring in the dark. Stress for 24 hours or until about 1–20% degradation 
is achieved or whichever is earlier. Stress the drug substance, placebo, and drug 
product separately.

In the case of the multicomponent drug products, stress testing of placebo with 
other actives excluding the one at a time shall be performed additionally.

e. Photolytic degradation

Photolytic degradation is the degradation that results from exposure to 
UV or visible light. Expose the samples to 3 times to 1.2 million lux-hr visible 
and 200 W-hr/m2 UVA. Stress the drug substance, placebo, and drug product 
separately. In the case of the multicomponent drug products, stress testing 
of placebo with other actives excluding the one at a time shall be performed 
additionally.

Acidic pH Neutral pH Basic pH

Acetonitrile Acetonitrile Acetonitrile

DMSO N-methyl pyrrolidine DMSO

Acetic acid Diglyme

Propionic acid p-Dioxane
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• To investigate the likely degradation products; this, in turn, helps to establish 
the degradation pathways and the intrinsic stability of the drug molecule.

• To provide a foundation for developing a suitable stability-indicating method.

• Ensure the force degradation limit of 2–20%.

The major forced degradation studies which are to be carried out are as follows:

a. Thermolytic degradation

This stress testing method studies the degradation that is caused by exposure 
to temperature high enough to induce bond breakage. Solid-state reactions often 
proceed in an autocatalytic pathway involving an induction period (lag), fol-
lowed by a period of rapidly increasing degradation and then slowing down of the 
degradation rate as the compound is consumed. Thus, solid-state reaction kinetics 
will often follow an S-shaped curve when degradation vs. time is plotted. Thus, 
before conducting thermolytic degradation, determine the melting point of the 
compounds of interest. Then, choose a temperature of 70°C for all the drugs for 
which melting point is <100°C, or choose a temperature which is 40°C below the 
melting point.

For the compounds for which melting point is >150°C, stress the samples at 
105°C. Keep the samples directly exposed in the oven for 1 week or until about 
2–20% degradation is achieved, whichever is earlier. Stress the drug substance, 
placebo, and drug product separately. In the case of the multicomponent drug 
products, stress testing of placebo with other actives excluding the one at a time 
shall be performed additionally.

b. Hydrolytic degradation

Drug degradation that involves hydrolysis reaction is called hydrolytic degrada-
tion. Hydrolysis reactions are typically acid or base catalyzed. Acidic, neutral, and 
basic conditions should therefore be employed in order to induce potential hydro-
lytic reactions. As these hydrolytic stress studies are to be conducted in aqueous 
solutions, solubility of the drug molecule of interest in water has to be estimated 
first. Many small molecule drugs are not soluble in water at the concentrations typi-
cally used for analytical evaluations (0.1 to 1 mg/mL); in those cases either a slurry 
or suspension must be used to examine the hydrolytic stability of a compound, or 
a cosolvent must be added to facilitate the dissolution under the conditions of low 
solubility. Two most commonly used cosolvents are acetonitrile and methanol. 
Methanol has the potential of participating in the degradation chemistry which 
has to be used with caution especially under acidic conditions when the compound 
being tested contains a carboxylic acid, ester, or amide.

Acetonitrile is generally regarded as inert solvent and is typically preferable 
to methanol in hydrolytic stress testing studies. However, acetonitrile is not com-
pletely inert and can participate in the degradation reactions, leading to art factual 
degradation results.

The other cosolvents that are recommended for the hydrolytic stress testing 
studies are shown below.
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The hydrolytic degradations (using water/0.1 M HCl/0.1 M NaOH with or with-
out cosolvent) are recommended to be performed at a temperature of about 70°C 
with a reflux condenser installed to avoid the loss of evaporation. Reflux  
until about 2–20% degradation is achieved. Stress the drug substance, placebo,  
and drug product separately. Neutralize the stressed solutions before injection. 
Prepare a stressed solution at a higher concentration than that of test  
concentration. In the case of the multicomponent drug products, stress test-
ing of placebo with other actives excluding the one at a time shall be performed 
additionally.

c. Humidity stress

Stress the samples to 90% humidity for 1 week. Stress the drug substance, 
placebo, and drug product separately. In the case of the multicomponent drug 
products, stress testing of placebo with other actives excluding the one at a time 
shall be performed additionally.

d. Oxidative degradation

Oxidative degradation is one of the most common mechanisms of drug 
degradation. Oxidative drug degradation reactions are typically autoxidative, 
that is, the reaction is radical initiated. Radical initiated reactions start with an 
initiation phase involving the formation of radicals followed by propagation phase 
and eventually a termination phase. Thus, the reaction kinetics will often fol-
low S-shaped curve when the degradation vs. time is plotted and will not follow 
Arrhenius kinetics.

In oxidative stress study, the use of temperature > 30°C is not recommended 
because the reaction rate in solution may reduce at higher temp due to the decrease 
in oxygen content of the solvent. Thus, it is always suggested to perform the 
degradation with 3% hydrogen peroxide at room temperature (25–30°C) with 
constant stirring in the dark. Stress for 24 hours or until about 1–20% degradation 
is achieved or whichever is earlier. Stress the drug substance, placebo, and drug 
product separately.

In the case of the multicomponent drug products, stress testing of placebo with 
other actives excluding the one at a time shall be performed additionally.

e. Photolytic degradation

Photolytic degradation is the degradation that results from exposure to 
UV or visible light. Expose the samples to 3 times to 1.2 million lux-hr visible 
and 200 W-hr/m2 UVA. Stress the drug substance, placebo, and drug product 
separately. In the case of the multicomponent drug products, stress testing 
of placebo with other actives excluding the one at a time shall be performed 
additionally.
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2.17 Evaluation of stress testing

Peak purity can be evaluated for the main peak and the major degradants which 
have the peak heights less than 1 AU. Identify the degradation products by co-
injection, in case of known impurities and have comparable spectra.

If any known impurity is observed to be increased in stress, it can be examined 
properly. If process impurity is found to be increased in stress study, it needs to be 
assessed whether there is any secondary pathway of formation of this impurity via 
some other degradant route.

After conducting these studies, verify the chromatograms, and observe any 
peaks merging with respect to main peak and any critical pairs. If any situations 
were arrived, adjust the mobile-phase compositions, column parameters, etc. and 
conclude the method parameters.

After method finalization, check the method using different detectors (RI/
ELSD/CE/LC–MS), and compare the data with other detectors like UV, fluores-
cence, etc. The UV inactive components can be found with these experiments. 
Identify the mass of major degradant which may be formed greater than 1.0% in 
stress studies, and try to establish the structures.

2.18 Mass balance study

Mass balance is a process of adding together the assay value and levels of deg-
radation products to see how closely these add up to 100% of the initial value. It 
is important to have methods that detect all major degradation products. This is 
generally done by performing the assay of forced degraded samples and assesses the 
mass balance. Mass balance has to be achieved at least up to 95% level. If it is less 
than the required criteria, investigation has to be done and justified. The following 
are some of the reasons for not achieving the mass balance.:

• Degradation products are:

 ○ Not eluted from the LC column

 ○ Not detected by the detector used

 ○ Lost from the ample matrix, due to insolubility, volatility, or  
adsorption losses

 ○ Co-eluted with the parent compound

 ○ Not integrated due to poor chromatography

• Parent compound may be lost from the sample matrix, due to insolubility, vola-
tility, or adsorption losses

• Inaccurate quantification due to differences in response factors

2.19 Detector wavelengths

After separation of all impurities and degradation products, absorption spectra 
of all the compounds are recorded and compared by taking overlay spectra of all 
known impurities along with the main analyte in each stress condition and final-
izing a wavelength where all impurities are detected and quantified and have the 
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maximum absorbance. In case this is not feasible, select different wavelengths to 
estimate all impurities. It is also recommended to extract the chromatograms at 
lower wavelengths like 210 nm–220 nm to see if there is any additional impurities 
found, which are found to be missing at higher wavelengths; this is likely the case 
when parent compound breaks into two parts during forced degradation study with 
one part highly UV active and second part an alkyl chain where alkyl chain will 
have poor UV character.

2.20 Stability of analytical solutions

The stability of analytical solutions (sample or standard) can be established on 
auto-injector for at least 12 hours continuously in a sequence mode to know the sta-
bility of all components and ruggedness of the method (peak shapes, column back 
pressure over the period of time). To get better results, choose a diluent in which a 
test solution is stable for at least 12 hours. If the solution is found to be unstable by 
its nature, then incorporate the stability of solution in test method.

2.21 System suitability

System suitability tests verify and ensure whether the system’s performance is 
acceptable at the time of analysis in accordance with the criteria set forth in the 
procedure or not. System suitability parameters are chosen based on the criticality 
of separation. In general, resolution factor for the two adjacent peaks or closely 
eluting peaks is selected as a system suitability requirement. If the separation of 
impurities from each other and from API peak is found to be satisfactory, there 
is no need to keep a resolution factor as a system suitability parameter. In such a 
case, only a diluted standard reproducibility can be adopted as a system suitability 
requirement. Before finalizing the system suitability parameters, the separation 
needs to be studied during the robustness study to understand its behavior during 
the various deliberate changes in method.

System suitability checking must be performed on two different make of HPLC 
systems whenever the separation of any impurities is critical. For in-process-related 
impurity issues, the quantification limit (QL) concentration is to be injected, and 
signal to noise ratio (S/N) must be kept as a system suitability parameter.

2.22 Robustness of the method

Robustness by definition means the reliability of an analysis with respect to 
deliberate variations in method parameters. After finalizing all chromatographic 
conditions, robustness study with regard to mobile phase composition (±10%), pH 
(±0.2), gradient (±0.2%/min), flow rate (±0.2 mL/min), and temperature (±5°C) 
can be carried out to ensure that the developed method is stability-indicating. If the 
method of analysis is in a gradient mode, it needs to be checked on two different 
brands of HPLC or different HPLC to check the effect of the system volumes on 
separations.

2.23 Relative response factor

The relative response factor is used to correct the difference in the detector 
response of impurities with respect to the main analyte peak. It is mainly used to 
control the impurities or degradation products in a drug substance or drug product. 
RRF is established for all the known impurities using any of the slope methods. The 
standard solutions of API and all impurity can be prepared in at least five different 
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maximum absorbance. In case this is not feasible, select different wavelengths to 
estimate all impurities. It is also recommended to extract the chromatograms at 
lower wavelengths like 210 nm–220 nm to see if there is any additional impurities 
found, which are found to be missing at higher wavelengths; this is likely the case 
when parent compound breaks into two parts during forced degradation study with 
one part highly UV active and second part an alkyl chain where alkyl chain will 
have poor UV character.

2.20 Stability of analytical solutions

The stability of analytical solutions (sample or standard) can be established on 
auto-injector for at least 12 hours continuously in a sequence mode to know the sta-
bility of all components and ruggedness of the method (peak shapes, column back 
pressure over the period of time). To get better results, choose a diluent in which a 
test solution is stable for at least 12 hours. If the solution is found to be unstable by 
its nature, then incorporate the stability of solution in test method.

2.21 System suitability

System suitability tests verify and ensure whether the system’s performance is 
acceptable at the time of analysis in accordance with the criteria set forth in the 
procedure or not. System suitability parameters are chosen based on the criticality 
of separation. In general, resolution factor for the two adjacent peaks or closely 
eluting peaks is selected as a system suitability requirement. If the separation of 
impurities from each other and from API peak is found to be satisfactory, there 
is no need to keep a resolution factor as a system suitability parameter. In such a 
case, only a diluted standard reproducibility can be adopted as a system suitability 
requirement. Before finalizing the system suitability parameters, the separation 
needs to be studied during the robustness study to understand its behavior during 
the various deliberate changes in method.

System suitability checking must be performed on two different make of HPLC 
systems whenever the separation of any impurities is critical. For in-process-related 
impurity issues, the quantification limit (QL) concentration is to be injected, and 
signal to noise ratio (S/N) must be kept as a system suitability parameter.

2.22 Robustness of the method

Robustness by definition means the reliability of an analysis with respect to 
deliberate variations in method parameters. After finalizing all chromatographic 
conditions, robustness study with regard to mobile phase composition (±10%), pH 
(±0.2), gradient (±0.2%/min), flow rate (±0.2 mL/min), and temperature (±5°C) 
can be carried out to ensure that the developed method is stability-indicating. If the 
method of analysis is in a gradient mode, it needs to be checked on two different 
brands of HPLC or different HPLC to check the effect of the system volumes on 
separations.

2.23 Relative response factor

The relative response factor is used to correct the difference in the detector 
response of impurities with respect to the main analyte peak. It is mainly used to 
control the impurities or degradation products in a drug substance or drug product. 
RRF is established for all the known impurities using any of the slope methods. The 
standard solutions of API and all impurity can be prepared in at least five different 
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concentrations in the range of 0.1–1.0% (e.g., 0.1, 0.3, 0.5, 0.7, and 1.0%) and 
analyzed using the liquid chromatography. RRF is calculated by using the slope of 
the respective impurity and slope of the main drug (API) [38, 39].

2.24 Quantification methods

The following methods can be used for the quantitative determination of assay 
and organic impurities [40, 41]:

a. External standard method: This method is used for the assay and impurity 
estimation in a given sample, where the impurities are estimated using the 
respective impurity standard and without the API standard peak. It’s possible 
to estimate the concentration from calibration curve.

b. Area normalization: If the RRF value of known impurity is close to the API 
(analyte), i.e., 0.9–1.1, the area normalization method is chosen for quan-
tification. The recovery needs to be established without using the response 
factors.

c. Diluted standard method: If the RRF values of impurities are different from the 
analyte, the diluted standard method can be chosen.

d. Internal standard method: If the sample preparation procedure involves dif-
ferent extraction steps to avoid the error in the extraction procedure, internal 
standard procedure shall be chosen (normally for derivatization techniques 
and bioanalytical methods).

3. Conclusion

Principles involved in chromatography method development, especially for the 
analytical method development for the separation, identification, purification, and 
quantitative estimation of organic compounds using the liquid chromatography 
techniques (HPLC, UPLC, LC–MS, preparative HPLC, etc.), were emphasized in 
this chapter. Though many different types of chromatography techniques are cur-
rently in use, the liquid chromatographic methods HPLC, UPLC, and LC–MS are 
most widely utilized for the separation and quantitative determination of organic 
compounds. This chapter mainly focused on and explained the major and critical 
parameters of the liquid chromatography for the method development and optimi-
zation of a suitable stability-indicating LC method and impurity profiling studies. 
Each and every parameter which controls the purification of most of the organic 
compounds inclusive of drug, its precursors, and degraded products has been 
explained in detail in this chapter. The information given in this chapter will help 
the reader in choosing the right conditions for a particular compound to quantita-
tively separate from the reaction mixture or drug composition.
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Abstract

Sample preparation is one of the most labor-intensive and time-consuming 
operations in sample analysis. Sample preparation strategies include the exhaustive 
or non-exhaustive extraction of analytes from matrices. Online coupling of sample 
preparation with the separation system is regarded as an important goal. In-tube 
solid-phase microextraction (SPME) is an effective sample preparation technique 
that uses an open tubular fused-silica capillary column as an extraction device. 
In-tube SPME is useful for trace enrichment, automated sample cleanup, and rapid 
online analysis. Moreover, this method can be used to determine the analytes in 
complex matrices by direct sample injection or merely by simple sample treatment 
such as filtration. In-tube SPME is frequently combined with high-performance 
liquid chromatography (HPLC) using online column-switching techniques. Various 
operating systems and new sorbent materials have been reported to improve extrac-
tion efficiency, such as sorption capacity and selectivity. This chapter discusses 
efficient micro sample preparation techniques for HPLC, especially online auto-
mated in-tube SPME.
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1. Introduction

Sample analysis consists of various analytical steps, including sampling, sample 
preparation, separation, detection and data analysis. One of the most important 
steps is sample preparation, which involves the extraction, isolation and concentra-
tion of target analytes from complex matrices. Sample preparation [1–18] is the 
most labor-intensive and error-prone process in analytical methodology and mark-
edly influences the reliability and accuracy of analyte determination. In addition, 
sample preparation requires large amounts of sample and organic solvents, and is 
therefore difficult to automate. An ideal sample preparation technique should be 
simple and fast; be specific for analytes through the efficient removal of coexist-
ing components; provide high sample throughput; utilize fewer operation steps to 
minimize analyte losses; and be solvent-free, inexpensive, and compatible with 
chromatography systems. Online automated sample preparation [19–29], in which 
sample preparation is directly connected to chromatographic separation systems, 
eliminates further sample handling between the trace-enrichment and separation 
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Sample preparation is one of the most labor-intensive and time-consuming 
operations in sample analysis. Sample preparation strategies include the exhaustive 
or non-exhaustive extraction of analytes from matrices. Online coupling of sample 
preparation with the separation system is regarded as an important goal. In-tube 
solid-phase microextraction (SPME) is an effective sample preparation technique 
that uses an open tubular fused-silica capillary column as an extraction device. 
In-tube SPME is useful for trace enrichment, automated sample cleanup, and rapid 
online analysis. Moreover, this method can be used to determine the analytes in 
complex matrices by direct sample injection or merely by simple sample treatment 
such as filtration. In-tube SPME is frequently combined with high-performance 
liquid chromatography (HPLC) using online column-switching techniques. Various 
operating systems and new sorbent materials have been reported to improve extrac-
tion efficiency, such as sorption capacity and selectivity. This chapter discusses 
efficient micro sample preparation techniques for HPLC, especially online auto-
mated in-tube SPME.
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1. Introduction

Sample analysis consists of various analytical steps, including sampling, sample 
preparation, separation, detection and data analysis. One of the most important 
steps is sample preparation, which involves the extraction, isolation and concentra-
tion of target analytes from complex matrices. Sample preparation [1–18] is the 
most labor-intensive and error-prone process in analytical methodology and mark-
edly influences the reliability and accuracy of analyte determination. In addition, 
sample preparation requires large amounts of sample and organic solvents, and is 
therefore difficult to automate. An ideal sample preparation technique should be 
simple and fast; be specific for analytes through the efficient removal of coexist-
ing components; provide high sample throughput; utilize fewer operation steps to 
minimize analyte losses; and be solvent-free, inexpensive, and compatible with 
chromatography systems. Online automated sample preparation [19–29], in which 
sample preparation is directly connected to chromatographic separation systems, 
eliminates further sample handling between the trace-enrichment and separation 
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steps. Online automated sample preparation methods usually improve data quality, 
increase sample throughput, reduce costs, and improve the productivity of person-
nel and instruments.

In-tube solid-phase microextraction (SPME), using a capillary tube as an extrac-
tion device, was introduced by Eisert and Pawliszyn [30] to overcome the problems 
inherent to conventional fiber SPME. These drawbacks included fragility, low 
sorption capacity, bleeding from thick-film coatings on fibers, limited effectiveness 
for extraction of weakly volatile or thermally labile compounds not amenable to gas 
chromatography (GC) or GC-mass spectrometry (MS), and reduced stability in 
solvents used in high performance liquid chromatography (HPLC). In-tube SPME 
was also developed to completely automate the sample preparation process and to 
enable direct online coupling of in-tube SPME with HPLC using capillary column 
switching systems [31].

This chapter reviews the configurations and characteristics of in-tube SPME 
technology and discusses current and future directions, including the strategies 
involved in extraction efficiency and method development. The details of in-tube 
SPME have been described in well documented reviews [27, 32–50].

2. Configurations of in-tube SPME

In-tube SPME is an efficient sample preparation technique for extraction in 
capillary columns using stationary phases coated on the inner wall of the capillary 
or on the surface of the packing material (Figure 1). Various in-tube SPME capillary 
devices have been developed, such as inner wall-coated fused-silica open tubular 
(Figure 1A), fiber-packed (Figure 1B), sorbent-packed (Figure 1C), and rod-type 
porous monolith (Figure 1D) capillaries [16, 31]. The capillaries are easily fixed 
with the autosampler injection system, and are generally reusable without plugging 
or breaking the column and without exfoliation of coating materials.

Figure 1. 
Capillary devices for in-tube SPME: (A) polymer coated, (B) sorbent-packed, (C) fiber-packed, 
and (D) monolith capillary tubes.
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2.1 Operating systems of in-tube SPME

Flow-through systems (Figure 2), in which sample solutions are continuously 
passed in one direction through a capillary column; or as repeated draw/ejection sys-
tems (Figure 3), in which sample solutions are repeatedly aspirated and dispensed 
from a capillary column, are used as an operating system of in-tube SPME [18]. 
These systems are operated by column switching techniques under computer control.

In flow-through systems, the complete analytical system consists of an auto-
matic six-port valve, two pumps (a sample pump and a wash pump) and a liquid 
chromatography (LC) system. A capillary column is installed in the six-port valve 
or sometimes placed in the loop. Although one or two six-port valves are available, 
one valve mode is used more frequently than others. The procedure consists of 
four steps, conditioning, extracting, washing and desorbing. After conditioning of 
capillary column with water, the aqueous sample is pumped through the column 
under the load position (Figure 2A). Remaining matrix and residues in capillary are 
removed by washing with water. After switching the six-port valve to the injection 
position, the LC mobile phase is passed through the column (dynamic desorp-
tion), with the flow-rate of the LC pump (Figure 2B). The desorbed analytes are 
subsequently transferred to the analytical column for separation and detection. The 
flow-through extraction system, however, may include systematic troubles, such as 
contamination of the switching valve by sample matrix [18, 31, 37, 41].

Repeated draw/ejection systems include the placement of a capillary column for 
extraction between the injection loop and the injection needle of the autosampler. 
Since the sample solution moves only in the capillary, the metering pump and 
switching valve are not contaminated by sample matrix [18, 31, 37, 41]. A built-in 
UV diode array detector (DAD) or fluorescence detector (FLD) between the HPLC 
and the MS can enhance the multidimensional and simultaneous multi-detections, 
improving analyte identification. During the extraction and concentration step 
(Figure 3A), the injection syringe is programmed to repeatedly draw and eject 
sample solution from the vial until the concentration of the analyte reaches distri-
bution equilibrium between the sample solution and the stationary phase. After 
switching the six-port valve to the injection position, the extracted analytes can 
be directly desorbed from the capillary coating by LC mobile phase flow (dynamic 

Figure 2. 
Schematic diagrams of a flow-through extraction system used for online in-tube SPME. (A) Load position 
(extraction), and (B) injection position (desorption).
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improving analyte identification. During the extraction and concentration step 
(Figure 3A), the injection syringe is programmed to repeatedly draw and eject 
sample solution from the vial until the concentration of the analyte reaches distri-
bution equilibrium between the sample solution and the stationary phase. After 
switching the six-port valve to the injection position, the extracted analytes can 
be directly desorbed from the capillary coating by LC mobile phase flow (dynamic 

Figure 2. 
Schematic diagrams of a flow-through extraction system used for online in-tube SPME. (A) Load position 
(extraction), and (B) injection position (desorption).
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desorption) or by an aspirated desorption solvent (static desorption) (Figure 3B) 
[31]. The desorbed analytes are subsequently transferred to an LC column. The 
computer controls the drawing and ejection of sample solution; switching of the 
valves; control of peripheral equipment, such as the HPLC and MS; and analyti-
cal data processing, thus reducing labor and enhancing precision. In addition, the 
autosampler can automatically process a large number of samples without carry-
over, because the injection needle and capillary column are washed in methanol and 
the mobile phase before the sample is extracted.

2.2 Extraction sorbent materials

The amount of analyte extracted into the stationary phase of the capillary during 
in-tube SPME is dependent on the characteristics of the capillary coating and the 
target analyte. Among the commercially available GC capillary columns, silica modi-
fied columns have been found more suitable for the analysis of nonpolar compounds. 
Porous polymer type capillary columns such as Supel-Q PLOT (divinylbenzene 
polymer, film thickness 17 μm) have shown better extraction efficiencies due to their 
large surface area for most organic compounds than other liquid-phase type capillary 
columns, such as CP-Sil 5CB (100% polydimethylsiloxane, film thickness 5 μm), 
Quadrex 007–5 (5% phenyl polydimethylsiloxane, film thickness 12 μm), CP-Sil 19CB 
(14% cyanopropyl phenyl methylsilicone, film thickness 1.0 μm), and CP-Wax 52CB 
(polyethylene glycol, film thickness 1.2 μm). CP-Sil 19CB was superior for extraction 
of polyaromatic hydrocarbons, although the film layer was thin. In contrast, some 
compounds were effectively extracted with other PLOT type coatings, including 
Carboxen-1006 PLOT (carboxen molecularsives, film thickness 17 μm) and CP-Pora 
PLOT amine (basic modified styrene divinylbenzene polymer, film thickness 10 μm).

Several unique phases and technical solutions have been developed to improve 
extraction efficiency and selectivity when extended to microscale applications 

Figure 3. 
Schematic diagrams of a draw/eject extraction system used for online in-tube SPME (reproduced from Ref. [37]). 
(A) Extraction and concentration step, and (B) desorption and injection step.
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[44, 51–53]. These include polypyrrole (PPY) coated capillaries; PEEK tube 
capillaries packed with molecularly imprinted polymer (MIP) particles [54–61]; 
and highly biocompatible SPME capillaries packed with alkyl-diol-silica (ADS) 
particles as restricted access media (RAM) [62, 63], immunosorbents [64], ionic 
liquids [65–67], monolithic materials [68–73], carbon nanomaterials [74–82], 
silica-coated magnetite (SiO2-Fe3O4) [83–86], and temperature responsive poly-
mers [87, 88]. Novel extraction sorbent materials for in-tube SPME are shown in 
Figure 4.

For example, chemically or electrochemically deposited PPY coatings have 
higher extraction efficiencies than commercial GC coatings due to the various types 
of interactions (e.g., π–π, polar, hydrogen bonding, and ionic interactions) between 
these multifunctional PPY coatings and the analytes. Capillary tubes have been 
coated with MIP, consisting of cross-linked synthetic polymers produced by copo-
lymerizing a monomer with a cross-linker in the presence of a template molecule 
(Figure 4A), and PEEK tubes have been packed with MIP particles. By removing 
the template after polymerization, it is possible to leave open sites of a specific 
size and shape suitable for binding the same or similar chemicals in a sample. 

Figure 4. 
Novel extraction sorbent materials for in-tube SPME (eproduced from Ref. [37, 42, 84]). (A) Molecularly 
imprinted polymers, (B) restricted access media, (C) immunosorbents, (D) monolithic polymers, (E) carbon 
nanotubes, (F) silica-coated magnetite, and (G) temperature responsive polymers.
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[44, 51–53]. These include polypyrrole (PPY) coated capillaries; PEEK tube 
capillaries packed with molecularly imprinted polymer (MIP) particles [54–61]; 
and highly biocompatible SPME capillaries packed with alkyl-diol-silica (ADS) 
particles as restricted access media (RAM) [62, 63], immunosorbents [64], ionic 
liquids [65–67], monolithic materials [68–73], carbon nanomaterials [74–82], 
silica-coated magnetite (SiO2-Fe3O4) [83–86], and temperature responsive poly-
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Figure 4.

For example, chemically or electrochemically deposited PPY coatings have 
higher extraction efficiencies than commercial GC coatings due to the various types 
of interactions (e.g., π–π, polar, hydrogen bonding, and ionic interactions) between 
these multifunctional PPY coatings and the analytes. Capillary tubes have been 
coated with MIP, consisting of cross-linked synthetic polymers produced by copo-
lymerizing a monomer with a cross-linker in the presence of a template molecule 
(Figure 4A), and PEEK tubes have been packed with MIP particles. By removing 
the template after polymerization, it is possible to leave open sites of a specific 
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nanotubes, (F) silica-coated magnetite, and (G) temperature responsive polymers.
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MIPs recognize chemicals through combination of shape, hydrogen bonding, and 
hydrophobic and electrostatic interactions [16, 18, 31]. RAM materials possess defined 
diffusion barriers with small sized pores and biocompatible outer particle surfaces 
(Figure 4B). The bifunctionality of ADS particles used as a RAM SPME device can 
prevent fouling of the capillary by protein adsorption while simultaneously trapping 
the analytes in the hydrophobic porous interior. Furthermore, a simple SPME device 
has been fabricated for use in online immunoaffinity capillaries packed with immu-
nosorbent materials, consisting of covalently immobilized antibodies (Figure 4C).

An alternative approach consists of in-tube SPME using monolithic capillary 
columns comprised of one piece of organic polymer or silica rods with a unique 
flow-through double-pore structure (Figure 4D). Monoliths are also highly perme-
able to liquids and biological samples, enabling reduced solvent use, varied support 
formats, and/or automation. Monolithic capillaries are especially suitable for in-
tube SPME media due to the low pressure drop, allowing a high flow-rate to achieve 
high throughput and a total porosity greater than that of particle-packed capillaries. 
Hydrophobic main chains and acidic pendant groups of poly (methacrylic acid-
ethylene glycol dimethacrylate) enhance the ability to extract basic analytes from 
aqueous matrices. The physicochemical properties of graphene-based sorbents and 
carbon nanotubes (Figure 4E) enable their use in extraction, with these combina-
tions showing excellent results when used for in-tube SPME. In addition, various 
cationic, anionic and zwitterionic liquid-mediated sol–gel coatings have been 
developed for effective in-tube SPME.

Other innovative extractive phases that enhance the affinity of the analytes 
include silica magnetite (SiO2-Fe3O4; Figure 4F) and poly (N-isopropylacrylamide; 
Figure 4G), which have been used in new microextraction processes involving 
magnetism and thermal energy, respectively. Magnetic and temperature controlled 
in-tube SPME are performed using flow-through systems, due to the need for 
additional equipment providing a magnetic or thermal field, which is easier to 
implement using flow-through devices. Other techniques include wire-in-tube 
SPME, using modified capillary columns with inserted stainless steel wires, and 
fiber-in-tube SPME, using PEEK tubes packed with fibrous rigid-rod heterocyclic 
polymers. These methods increase extraction efficiency by reducing capillary 
volume or increasing the extracting surface and have shown improved extraction 
efficiency when extended to microscale applications.

3. Method development and characteristics of in-tube SPME

3.1 Optimization of in-tube SPME

In-tube SPME depends on the distribution coefficient of each analyte. 
Extraction conditions may be optimized by increasing the distribution factor in the 
stationary phase. The selectivity and efficiency of extraction depend on the type 
of stationary phase and on the internal diameter, length, and film thickness of the 
capillary column. Sorption equilibrium is attained by optimizing various extrac-
tion parameters for each type of analyte. These parameters include extraction rate, 
sample volume, sample pH, flow-rate, number of draw/eject cycles (only draw/
eject system), and desorption conditions. As described in the preceding section, the 
choice of capillary coating is important for optimizing extraction selectivity and 
efficiency. Generally, low and high polarity columns selectively retain hydrophobic 
and hydrophilic compounds, respectively. Stationary phase consisting of a thicker 
film and longer column can extract larger amounts of compound, but quantitative 
desorption of compounds from capillary columns may be difficult. PLOT-type 
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columns have a larger adsorption surface area and thicker film layer than liquid-
phase-type columns, enabling more analytes to be extracted [16, 18].

Generally, the optimal length and internal diameter of a capillary column 
used in combination with HPLC is 20–80 cm and 0.25 or 0.32 mm, respectively. 
Although thick-film capillaries often show higher sample capacity and extraction 
sensitivity, it is extremely difficult to reliably bind thicker chemical coatings to the 
inner surfaces of fused-silica capillary tubes using conventional approaches. In 
contrast, thin-film capillaries can minimize the time to reach extraction equilib-
rium due to their low sample capacity. Capillary columns with chemically bonded 
or cross-linked liquid phases are very stable in water and organic solvents and can 
prevent loss of phase by LC mobile phase [18].

The volume of sample passed through a capillary is usually 0.2–2 mL in flow-
through extraction systems, and their optimum extraction flow rates are 0.25–4 mL/
min depending on the volume of the column. Although increases in the number 
and volume of draw/eject cycles can enhance extraction efficiency in draw/ejection 
systems, peak broadening is often observed [16]. Optimal conditions for a capillary 
column of inner diameter 0.25 mm and length 60 cm include a draw/ejection volume 
of 30–40 μL, a draw/ejection flow rate of 50–100 μL/min and 10–15 draw/ejection 
cycles. Below this rate, extractions require an inconveniently long time, and above 
this rate, bubbles form on the inside of the capillary, reducing extraction efficiency. 
Furthermore, the extraction efficiency of the analyte to the stationary phase varies 
with the pH of the sample solution. The presence of hydrophilic solvents such as 
methanol in the sample reduces the extraction efficiency. The analyte extracted on cap-
illary coatings can be easily desorbed statically or dynamically without carryover [18].

3.2 Characteristics of the in-tube SPME technique

Table 1 summarizes the characteristics of in-tube SPME. The main advantage is 
that the series of processes can be automated, which enables continuous extraction, 

Advantage Disadvantage

• Minimal sample adjustment

• Large injection volume (flow-through system)

• Applicable to polar and thermolabile liquid samples

• Low solvent consumption

• Decreased handling of biohazardous samples

• Less sample loss due to online closed system

• Lower likelihood of carryover

• Higher mechanical stability of capillaries

• Reusability of capillaries without plugging or breaking

• Commercially available GC capillary columns

• Applicability of various unique adsorbents to specific 
and efficient extraction

• Easy on-line coupling with liquid chromatography

• Enabling of full automation by column switching

• Commercially available autosamplers

• Improvements in selectivity and sensitivity

• Better precision and accuracy

• Tendency of the capillary to clog

• Limited to particulate-free samples

• Stripping of non-bonding thick-film 
coatings

• Possible peak broadening

• Switching of valves, extraction columns, 
and pumps required

• Complicated switching system

• Relatively low enrichment factor

• Relatively long extraction time

Table 1. 
Advantages and disadvantages of in-tube SPME.
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inner surfaces of fused-silica capillary tubes using conventional approaches. In 
contrast, thin-film capillaries can minimize the time to reach extraction equilib-
rium due to their low sample capacity. Capillary columns with chemically bonded 
or cross-linked liquid phases are very stable in water and organic solvents and can 
prevent loss of phase by LC mobile phase [18].
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min depending on the volume of the column. Although increases in the number 
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illary coatings can be easily desorbed statically or dynamically without carryover [18].
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desorption and injection with column switching using a standard autosampler, 
and online coupling with the LC system [16, 18, 31]. In-tube SPME may be suit-
able for the determination of polar and thermolabile compounds. Compared with 
manual techniques, automated sample-handling procedures not only shorten the 
total analysis time but are more accurate and precise. Automated techniques are 
also suitable for miniaturization, high-throughput performance, and online cou-
pling with analytical instruments, and reduce the consumption of solvent. Online 
procedures can limit contact with dirty and hazardous samples, reducing sample 
contamination and loss. Online column-switching systems are highly sensitive 
due to pre-concentration resulting from the injection of large sample volumes into 
the extraction support without loss of chromatographic performance. The main 
disadvantage is that the capillaries tend to clog, which may be avoided by removing 
interfering phases such as particles or macromolecules by filtration or centrifuga-
tion before extraction. Although the absolute recovery rate of the in-tube SPME 
method is generally low, it can be extracted and concentrated reproducibly using an 
autosampler, and all extracts can be introduced into the LC column [16, 18, 31].

The online in-tube SPME method can be applied to polar and nonpolar com-
pounds in liquid samples, and can be coupled with various analytical methods, 
such as HPLC and LC–MS. Early applications of online in-tube SPME have involved 
draw/eject extraction systems and commercially available open-tubular GC capil-
laries such as Supel Q PLOT and Carboxen 1006 PLOT capillaries. The subsequent 
development of various operating systems and new sorbent materials improved 
extraction efficiency, such as sorption capacity and selectivity, and extended the 
range of applications. Last decade, numerous applications of online in-tube SPME 
methods have been reported to many types of pharmaceutical and biomedical [86, 
89–124], food [125–137], and environmental [138–178] analyses.

4. Conclusions and future directions

The online in-tube SPME techniques described in this chapter have many 
desirable features for automated separation of analytes, using column-switching 
techniques. These methods are especially well suited to the analysis of samples 
requiring significant cleanup and concentration to improve their selectivity and 
sensitivity, as well as being useful for high-throughput sampling. Since the in-tube 
SPME method using capillaries as an extraction device is useful for online sample 
preparation to extract and concentrate polar and non-polar compounds from aque-
ous solution, it has become an effective technique for convenient analysis of a wide 
variety of compounds in complex matrices such as biological, pharmaceutical, food 
and environmental samples [31]. Furthermore, various operating systems and new 
sorbent materials have been developed to improve extraction efficiency and sorp-
tion capacity and selectivity, and to extend the range of applications. These include 
MIPs, RAM, immunosorbents, monolithic materials, carbon nanoparticles, ionic 
liquids, temperature responsive polymers and magnetic hybrid adsorbents.

The main future direction in sample preparation is the development of more 
sensitive and selective extraction sorbents [31]. Chiral active phases, ionic liquids, 
dendrimers, aptamer modified sorbents, magnetic materials, temperature respon-
sive materials may be available as new polymer devices for effective sample prepara-
tion. Furthermore, biomimetic coating materials including ultrasound and light 
responsive polymers may be available as a selective extraction device in the future. 
These customized coating materials, differing in type, shape, and size, are expected 
to result in highly efficient extraction of various samples. Biocompatible RAM and 
monolithic sorbents are useful for direct analysis, without pre-treatment other than 

173

Online Automated Micro Sample Preparation for High-Performance Liquid Chromatography
DOI: http://dx.doi.org/10.5772/intechopen.89079

Author details

Hiroyuki Kataoka*, Atsushi Ishizaki and Keita Saito
School of Pharmacy, Shujitsu University, Nishigawara, Okayama, Japan

*Address all correspondence to: hkataoka@shujitsu.ac.jp

dilution and centrifugation of biological samples. As another future direction, bet-
ter integration of sampling/sample preparation and instrumental analysis will allow 
wider use of automated online analysis. Especially, the use of column-switching 
systems involving microextraction techniques and/or microdevices will offer conve-
nient integration of sample preparation with various analytical instruments such as 
HPLC as well as other chromatographic systems, electrophoresis, direct MS, etc.

Finally, this chapter provides an overview of the configurations and characteris-
tics of in-tube SPME technology for online automated micro sample preparation for 
HPLC. We hope that this chapter will serve as a guide to choosing the most effective 
sample preparation techniques for the analysis of various complex samples.
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HPLC as well as other chromatographic systems, electrophoresis, direct MS, etc.

Finally, this chapter provides an overview of the configurations and characteris-
tics of in-tube SPME technology for online automated micro sample preparation for 
HPLC. We hope that this chapter will serve as a guide to choosing the most effective 
sample preparation techniques for the analysis of various complex samples.
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Abstract

Polyaniline based composite cation exchange materials have been used in 
industrial application for more than 100 years. The organic-inorganic composite 
cation exchanger was prepared by using sol-gel process. The organic polymer part 
furnishes the good chemical and mechanical properties, whereas the inorganic part 
improves the ion-exchange behavior and thermal stability. A new and novel poly-
aniline-Bi(III) iodovanadate composite cation exchanger prepared by using sol-gel 
process and was characterized by FT-IR, XRD, SEM-EDS studies. The ion exchange 
capacity, effect of size and charge of metal ion, eluent concentration, effect of time 
on IEC elution behavior and oxidizing properties of Bi(III) iodovanadate was also 
studied by column method. Polyaniline-Bi(III) iodovanadate composite exhibits ion 
exchange capacity for Na+ ion is 1.48 meq/g.

Keywords: elution behavior, ion exchange capacity, thermal stability, sol-gel process

1. Introduction

Polyaniline has become one of the most interesting organic conducting polymer 
due to its high chemical and environmental stability, easy to synthesis in labora-
tory, feasibility of electrical conductivity and low cost of aniline monomer [1–3]. 
Literature survey reported that many ion exchange composite cation exchanger used 
for the separation of some toxic metal ions and dyes from the environment. New 
organic-inorganic conducting polymer composite cation exchanger developed by 
incorporation of organic polymer into the inorganic heteropolyacid moiety [4]. It is 
extensively used in rechargeable batteries, charge storage devices, protector shield 
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incorporation of organic polymer into the inorganic heteropolyacid moiety [4]. It is 
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in magnetic fields, sensors, biosensors, catalytic processes, microwave absorption, 
image processing and infrared optic applications [5–9]. Polymer based composite 
cation exchanger have extended enormous applications such as ion selective elec-
trode, photocatalyst, antimicrobial, sensors, environmental remediation, etc. Several 
hetropolyacids are used as a catalyst in organic synthesis and they are extensively 
used for reagents in qualitative and quantitative analysis [10–12]. This paper deals 
with preparation, characterization, ion exchange studies, chemical stability and 
oxidizing ability of Bi(III) iodovanadate and newly fabricated polyaniline-Bi(III) 
iodovanadate composite cation exchanger. The structural analysis of polyaniline-
Bi(III) iodovanadate composite was done by FT-IR, XRD and SEM-EDS studies.

2. Experimental section

2.1 Reagents and instrument

The reagents used for the preparation were analytical grade and used without 
any further purification. FT-IR spectra were recorded on a JACSO-4100 FT-IR 
Spectrometer. X-ray diffraction pattern was also recorded by using analytical system 
Shimadzu XRD-6000 model and the spectrum was recorded 10–90° using Cu-Kα 
radiation. The surface morphology and elemental composition was determined by 
using scanning electron microscope JSM-6390Lv energy dispersive X-ray detector.

2.2 Preparation of polyaniline-Bi(III) iodovanadate cation exchanger

Polyaniline gel was prepared by 0.2 M solution of aniline and potassium per-
sulfate in 1 M hydrochloric acid [13] with constant stirring. Bi(III) iodovanadate 
inorganic ion exchanger was prepared by mixing 1:2:3 volume ratio of 0.2 M solu-
tion of bismuth nitrate, potassium iodate and sodium meta vanadate. The mixture 
of solution was adjusted to pH = 1 by using 1 M HNO3, and the precipitate was 
stirred for 1 hour [14]. The gel of polyaniline was mixed with inorganic precipitate 
of Bi(III) iodovanadate and the mixture was stirred thoroughly using magnetic 
stirrer. The green colored gel was kept for 1 day. The gel was filtered and dried it in 
oven at 50°C. The dried product of composite cation exchanger is crushed and the 
product is converted into H+ form by using 1 M HNO3 with occasional shaking for 
1 day. The product is filtered and dried at 50°C. The H+ form of polyaniline-Bi(III) 
iodovanadate is used for ion exchange and chemical stability studies.

2.3 Ion exchange capacity

The ion exchange capacity of dry H+ form of polyaniline-Bi(III) iodovanadate 
was determined by column process using 0.1 M NaCl as eluent. The liberated H+ ion 
was determined titrimetrically against NaOH solution by using phenolphthalein 
indicator and IEC was calculated by using formula,

  IEC =    (N ∗ V)  _______ W   meq / g  (1)

where N and V are the normality and volume of NaOH respectively and W is the 
weight in gram.

2.4 Chemical stability

To find out extent of dissolution of composite cation exchange material, chemi-
cal stability was studied in different organic and inorganic solvents. Two fifty 
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milligram of H+ form of polyaniline-Bi(III) iodovanadate mixed with 25 ml of 
different solvents and kept for 24 hours. After 24 hours the composite material was 
filtered and dried. The stability of composite cation exchanger was determined by 
change in color and weight of composite cation exchanger.

2.5 Inorganic heteropolyacid as oxidizing agent

The catalytic function of heteropoly compounds has attracted much attention, 
particularly in the last two decades, because their acidic and redox properties can 
be controlled at atomic/molecular levels. As for the phase of these catalytic systems, 
various systems are possible: homogenous liquid, liquid/liquid (phase transfer), 
liquid/solid, gas/solid systems, and so on. There are actually several large-scale 
industrial processes that use heteropolyacid catalysts.

Polyaniline gel was prepared by 0.2 M solution of aniline and potassium 
persulfate in 1 M hydrochloric acid with constant stirring. About 0.5 g of Bi(III) 
iodovanadate inorganic ion exchanger were added to the solution of acidic aniline 
with constant stirring for 1 hour. Aniline was polymerized into the green color poly-
aniline. The product of polyaniline was filtered and washed with DMW, ethanol, 
acetone and dried at 50°C.

3. Results and discussion

The incorporation of organic polymer polyaniline into the inorganic matrix of 
Bi(III) iodovanadate was confirmed by carrying out FT-IR spectral studies. The 
characteristic peaks of polyaniline and Bi(III) iodovanadate were observed in the 
FT-IR spectrum of polyaniline-Bi(III) iodovanadate composite shown in Figure 1b. 
The FT-IR peak observed at 3400 cm−1 is due to the -OH stretching vibrations. The 
benzenoid and quinoid stretching frequency obtained at 1477 and 1560 cm−1 [15]. 
Peaks at 1270 and 1654 cm−1 as singed to -CN stretching and -NH bending vibration 
in neighboring quinoid ring [16]. The characteristic bands at 878, 784 and 671 cm−1 
may be assigned to M-O stretching [17].

The XRD pattern of polyaniline shows broad peak at two theta value of 25.43° which 
indicate low crystallinity of the conducting polymer XRD pattern of polyaniline-Bi(III) 
iodovandate composite (Figure 2b) exhibit high intensity peaks at two theta values 
26.09, 33.6 and 32.8°. The observation in the XRD pattern of polyaniline composite 
shows that the composite is crystalline nature and calculated particle size is 14.96 nm.

Figure 1. 
(a) FT-IR spectrum of polyaniline; (b) FT-IR spectrum of polyaniline-Bi(III) iodovanadate.
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Peaks at 1270 and 1654 cm−1 as singed to -CN stretching and -NH bending vibration 
in neighboring quinoid ring [16]. The characteristic bands at 878, 784 and 671 cm−1 
may be assigned to M-O stretching [17].

The XRD pattern of polyaniline shows broad peak at two theta value of 25.43° which 
indicate low crystallinity of the conducting polymer XRD pattern of polyaniline-Bi(III) 
iodovandate composite (Figure 2b) exhibit high intensity peaks at two theta values 
26.09, 33.6 and 32.8°. The observation in the XRD pattern of polyaniline composite 
shows that the composite is crystalline nature and calculated particle size is 14.96 nm.

Figure 1. 
(a) FT-IR spectrum of polyaniline; (b) FT-IR spectrum of polyaniline-Bi(III) iodovanadate.
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Figures 3a, b represents SEM photographs of polyaniline and polyaniline-Bi(III) 
iodovanadate composites, respectively. SEM photograph of polyaniline salt suggests 
that agglomerates are randomly distributed on its surface, whereas polyaniline-Bi(III) 

Figure 3. 
(a) SEM photograph for polyaniline; (b) SEM photograph for polyaniline-Bi(III) iodovandate; (c) EDS 
analysis for polyaniline-Bi(III) iodovanadate.

Figure 2. 
(a) XRD pattern for polyaniline; (b) XRD pattern for polyaniline-Bi(III) iodovanadate.
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iodovanadate composite have porous morphology with granular structure [18]. It is 
clearly evident from SEM study, inorganic ion exchanger homogeneously distributed 
on the surface of polyaniline. Figure 3c shows that presence of all the elements pres-
ent in the material which shows purity of composite.

The ion exchange capacity is affected by the size and charge of metal ions. 
Ion exchange capacity of polyaniline-Bi(III) iodovanate composite for vari-
ous alkali and alkaline earth metal cations follows the order K+ > Na+ > Li+ and 
Ba2+ > Sr2+ > Mg2+ respectively. The ions with smaller hydrated ionic radii easily 
enter the pores of cation exchanger resulting in higher adsorption. Similar observa-
tion was observed by Mesalem et al. and Nachood et al. [19, 20]. Elution behavior 
was carried out to find out the volume of eluent (NaCl) required for complete elu-
tion in H+ ion from 1 g composite cation exchanger on H+ form and represented in 
Figure 4b. It is clear from Figure 4b 120 ml of NaCl is enough for complete elution 
of H+ ions.

Eluent concentration is main factor which affects the Na+ ion exchange capac-
ity. The minimum molar concentration of eluent was found to be 0.1 M. The effect 
of time on ion exchange capacity shows constant: ion exchange capacity after 
60 minutes. The observed datas of eluent concentration and effect of time show in 
(Figure 5).

Chemical stability study was carried out to find the stability of prepared com-
posite cation exchanger in different solvents of interest such as DMW, 2 M HCl, 
H2SO4, NaOH, ether, 1,2-dichloroethane, cyclohexane and benzene. The polyan-
iline-Bi(III) iodovanadate composite was more stable in DMW, Partially stable in 
mineral acid and organic solvents and unstable in 2 M NaOH because of dedoped 
form of ion exchanger.

Figure 4. 
(a) IEC of polyaniline-Bi(III) iodovanadate composite for various metal ions; (b) elution behavior of 
polyaniline-Bi(III) iodovanadate composite.

Figure 5. 
Na + IEC for polyaniline-Bi(III) iodovanadate as a function of (a) eluent concentration; (b) contact time.
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3.1 Bi(III) iodovanadate as oxidizing agent

The hetropolyacid (iodovanadate) unit of inorganic ion exchanger like Bi(III) 
iodovanadate is made up of oxygen and hydrogen with some metals and nonmetal 
(iodine and vanadium). Bi(III) iodovanadate can act as a oxidizing agent, to the 
polymerization of aniline monomer into green colored polyaniline gels without 
adding oxidizing agent [10, 21–24].

4. Conclusion

In this present paper, polyaniline-Bi(III) iodovanadate composite cation 
exchanger have enhanced Na+ ion exchange capacity compared to polyaniline and 
Bi(III) iodovanadate. The composite cation exchanger was prepared successfully 
by using sol-gel method. FT-IR and SEM-EDS studies confirmed that the inorganic 
ion exchanger incorporated into polyaniline matrix. XRD spectral studies proved 
that the composite cation exchanger is in nano size range and crystalline nature. Ion 
exchange capacity and chemical stability studies proved that the composite material 
act as good ion exchanger and stable in mineral acid and organic solvents. It was 
concluded that polyaniline-Bi(III) iodovanadate composite act as good potential for 
environmental remediation.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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