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ABSTRACT 
 

Background 

In recent years, many studies have found positive associations 

between copy number variants and predisposition to human complex 

disease. On chromosome 8p23.1, a copy number variation locus, 

named DEFA1A3 is associated with susceptibility to IgA nephropathy, 

and is more generally thought to be involved in the host immune 

response in people with periodontitis.  

Objective 

The main objective of this study was to undertake DEFA1A3 

copy number measurement in 744 European samples with periodontitis 

and also to determine if there is an association between the copy 

numbers and periodontitis. 

Results and Conclusions 

In this study we have used the Paralogue Ratio Tests to type 

741 DNA samples from individuals with periodontitis and assessed the 

accuracy in typing copy number. As a second part of our work, we 

have found that there is an association between copy number 

distribution and periodontitis, but further work needs to be done in 

order to fully confirm and explore this conclusion.  
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1. INTRODUCTION 

1.1 Innate immunity  

Innate immunity or non-specific immunity represents the first 

line of defence against different types of pathogens. The innate 

response system is prompt and consists of many non-specific defence 

mechanisms that are ready to be mobilized within minutes or hours 

after the infection takes place (Levy et al., 2003). It is these defence 

mechanisms such as physical barriers, secretory molecules and 

cellular components that can establish a state of immunity by 

preventing the physical movement of the pathogens from exterior or 

limit their ability to move and spread throughout the body. The innate 

immune system is active against a broader spectrum of pathogens like 

gram-positive and gram-negative bacteria and also against broader 

pathogens-associated molecular patterns like double stranded RNA. In 

comparison, the adaptive immune system response takes longer but is 

more accurate, as it cannot be stimulated by other than certain types 

of epitopes and antibodies. 

In vertebrates, among other epithelial surfaces, the skin 

represents an anti-infective, protective barrier between the outside 

world and the inside of the body. The outermost layer of the skin, the 

epidermis, makes the skin surface resistant to degradation and 

creates a dry and acidic environment, where the growth of most 

harmful bacteria and fungi is inhibited.  Furthermore, the mucous 

membrane represents another physical barrier against potential 
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pathogens. The inner surface of the body is covered and protected by 

a mucus layer, secreted by epithelial cells, which traps the microbes.  

In addition, there are a few other specific defence barriers such as 

salivary glands and the gastrointestinal tract that contribute to the 

homeostasis of the organism. 

Occasionally, pathogens breach physical barriers and enter the 

body, and then it is up to the second line of defence of innate 

immunity to isolate and destroy or inactivate the pathogen. To do so, 

cells of the innate immune system rely on their pattern recognition 

receptors (PRR) to discriminate between self and non-self. As soon as 

an invasion occurs, the complement system initiates an inflammatory 

response that attracts neutrophils or macrophages to the infection 

site where they begin phagocytosis. If the innate immune system is 

not capable of destroying the pathogens, after a certain period, the 

specific adaptive response sets in (Elliott et al., 2014). 

1.2 Periodontal health  

Epithelial tissues are physical barriers that form boundaries 

between different environments and among other functions provide 

protection against microbial infections (Dolińska et al., 2017). The 

periodontal epithelium is a stratified squamous epithelium tight 

around the tooth that plays an important role in oral cavity hygiene 

and homeostasis. It is the only place in the body in which a hard tissue 

passes the epithelium and connects the inside of the body with the 

outside environment (Dale and Fredericks, 2005). This particular 
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characteristic leads to a certain vulnerability towards infections, 

especially towards periodontal disease.  

The periodontal tissue is constantly exposed to pathogenic 

biofilms that form at the junction between the tooth and soft tissue. 

Long exposure to subgingival plaque bacteria leads to inflammatory 

response (Page, 1991). When inflammation is limited to gums the 

condition is called gingivitis, and if the inflammation progresses and 

includes the bone then periodontitis arises. Periodontal disease can be 

described as a chronic inflammatory condition of teeth-supporting 

tissues, such as gums and bones. The severe form of the disease, 

called periodontitis, can lead to tooth loss (Page, 1986; Page, 1991). 

Recent studies have shown that a healthy homeostasis of the 

oral cavity is maintained not only through physical barriers but also 

through chemical barriers such as antimicrobial peptides (AMPs), 

proinflammatory cytokines and chemokines (McCormick and Weinberg, 

2010). Proinflammatory cytokine and chemokine secretions allow the 

infiltration of macrophages and neutrophils to the infection site as an 

inflammatory response (Preshaw and Taylor, 2011). There are several 

types of antimicrobial peptides present in the oral cavity including 

defensins and histatins with only three major sites of AMP secretion: 

gingival epithelium, neutrophils and salivary glands (Chung et al., 

2007). 
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1.3 Host defence peptides 

Antimicrobial peptides (AMP) are oligopeptides that help the 

innate immune system to maintain the balance between healthy and 

infected states. Found in both eukaryotes and prokaryotes, AMP’s 

have a similar role, to fight against pathogens. Being part of the first 

line of defence, AMPs have a broad spectrum of antimicrobial activity 

ranging from viruses to cancer cells (Bals, 2000; Zhang and Gallo, 

2016).  In addition, in the case of periodontal disease, they have been 

found to be involved in the host’s inflammatory response. 

Uncontrolled inflammation caused by excessive production of AMP is 

considered the leading mechanism for the pathogenesis of 

periodontitis (Cekici et al., 2014). 

Base on their secondary structure, AMPs can be categorised in 4 

groups: α-helix, β-sheet, loop and extended. Among these groups, 

defensins and cathelicidins are the most abundant and well-studied 

human AMPs (Lehrer and Ganz, 2002). 

1.4 Defensins 

Defensins are small antimicrobial peptides, composed of 29-34 

amino acids, with a triple stranded -sheet structure (Ganz, 1999). 

Found in high concentration and widely distributed around the body, 

they have multiple antimicrobial functions in both innate and adaptive 

immunity, fighting against Gram-positive and negative bacteria as well 

as fungi, yeast and viruses (de Smet and Contreras, 2005). These are 

divided into three classes: α-defensins, β-defensins and theta-
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defensins that differ not only in length but also in the arrangement of 

their cysteine intramolecular disulphide bridges. Alpha defensins 

follow a 1-6, 2-4, 3-5 cysteine link pattern (Selsted and Harwig, 1989), 

beta defensins are 1-5, 2-4, 3-6 (Tang and Selsted, 1993), while theta 

defensins’ disulphide pattern is formed from peptide bonds between 

two hemi-α-defensins (Tang et al., 1999). 

Beta defensins are mainly expressed in airways, epididymis 

epithelia and leucocytes and they present broad antimicrobial 

properties that are induced upon pathogen invasion. Beta defensins 

genes form a major cluster on 8p23.1 (Linzmeier et al., 1999); 

clusters of presumed β-defensin genes have also been identified on 

6p,20p and 20q (Schutte et al., 2002). 

Alpha defensins are divided in two subclasses. The first 

subclass, known as HNP 1 to 4 (Human neutrophil peptides 1 to 4) is 

synthesized in promyelocytes and stored in neutrophils whereas the 

other subclass known as HD 5 and 6 (Human defensin 5 and 6) is 

synthesized and stored in Paneth cells. In the beta defensin classes, 

there are four well-characterised human β-defensins (hBD 1-4) 

expressed within epithelial cells (de Smet and Contreras, 2005). 

 In the oral cavity, defensins are present in salivary glands, 

salivary secretions and epithelial cells. Both alpha defensins and beta 

defensins are strategically located, ready to trigger the immune 

response. More specifically alpha defensins HNP1 to 3 are found in the 

junctional epithelium, while beta defensins hBD1, hBD2 and hBD3 are 
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expressed in the oral and sulcular stratified epithelium (Greer et al., 

2013). 

Cathelicidins are a family of antimicrobial peptides, mainly 

found in neutrophils and macrophages. They differ in size, structure 

and in amino acid sequences, but a common pro-region is present at 

their N-terminus known as the cathelin domain. Substantial 

heterogeneity is shown at their C-terminus where the mature 

antimicrobial peptide, LL-37, is cleaved and released when required 

(Yang et al., 2004). In oral cavity, the LL-37 peptide is expressed in 

tongue, and buccal mucosa and is found in saliva. LL-37 concentration 

levels are upregulated in the case of chronic periodontitis and it has 

been found that low levels of LL-37 are associated with periodontal 

disease. Furthermore, in gingival crevicular fluids (GCF), elevated 

levels of LL-37 have been found in patients with periodontitis in 

comparison with healthy individuals (Khurshid et al., 2017). 

Therefore, LL-37 can be used as diagnostic tool in the identification of 

periodontal diseases. 

1.5 Defensin mode of action 

Firstly, defensins main ability is to create voltage dependent 

ion channels that permeabilise the bacterial cellular membrane, thus 

allowing other peptides to invade, ultimately resulting in cell death 

(Rice et al., 1987; Wimley et al., 1994). Because of their electrostatic 

charge they are highly effective against negative charged membranes, 

allowing them to degrade both Gram positive and Gram-negative 
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bacteria as well as fungi and enveloped viruses, though with the 

exception of non-enveloped viruses (Fujii et al., 1993; Ericksen et al., 

2005, Ganz et al., 1985). 

Secondly, defensins are known to regulate the complement 

system thus activating the host immune response. They have been 

shown to induce migration of macrophages, mast cells, naïve dendritic 

cells and naïve T-cells which activates the immune response through 

various processes, such as inflammation and wound healing (Yang et 

al., 2000, Hazlett and Wu, 2011).  

1.6 Human genetic variation 

Genetic diversity is defined as variation within the genome. 

Thus, variants such as single nucleotide polymorphism (SNP), 

insertion-deletion polymorphism (Indels) or copy number variation 

(CNV) have been associated with genetic and phenotypic variability 

including diversity among populations, individuals, and susceptibility 

to common and rare disease. Many studies including Genome-Wide 

Association Studies (GWASs) and The 1000 Genomes Project have 

turned their attention to the identification and characterisation of 

variants within human genomes, and have provided a dataset of 

informative variants.  

1.6.1 Types of genetic variation 

Single nucleotide polymorphisms are the most common and 

well-characterised form of variation. Widely spread across the human 

genome, SNPs can be described as a substitution of one single 
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nucleotide with another alternative nucleotide. They are referred as 

SNPs only if the allele frequency of the SNP is greater than 1% 

otherwise they are referred as single nucleotide variants (SNV) (The 

International HapMap Project).  The location of a SNP in the genome 

usually dictates the effect it has on phenotype and contributes to 

their classification. On the assumption that a SNP is found within non-

coding regions, the effect on phenotype is usually minimal or there is 

no effect. When present within a coding region, the mutation caused 

can be nonsynonymous if the amino acid has been altered and it can 

result in a missense mutation or a nonsense mutation (1000 Genome 

Project). Alternatively, the mutation can be synonymous if the amino 

acid structure has not been changed, and it does not affect the 

protein structure (1000 Genome Project). 

Insertions (IN) and deletions (DEL) or indels represent the 

second most common form of genetic variations in human genomes. 

Dispersed throughout the genome, this is a type of genetic variation 

characterised by the presence (insertion) or absence (deletion) of 

different nucleotide sequences (Mullaney et al., 2010). With a 

variable length (between 1 and up to 10,000 base pair (bp)), indels 

can have a far more significant effect on gene expression if found 

within a coding region than SNPs (Mullaney et al., 2010). Assuming 

that the number of added or deleted nucleotides is not a multiple of 

three, indels often lead to severe genetic mutation known as a 

frameshift mutation (Feuk et al., 2006). If the length exceeds 1 kb, 

indels are classified as a copy number variation (CNV) and are 
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commonly referred to as duplication, deletion or amplification 

(Stankiewicz et al., 2010). 

1.7 Copy number variation in human defensin 
regions 

DNA copy number variation (CNV) represents a well-established 

source of genetic diversity between individuals. The DNA fragment 

involved in a CNV polymorphism is usually longer than or equal to 1 

kilobase (kb) and is present in a variable copy number. Due to this 

increased dimension, CNV region can encompass entire genes, their 

regulatory regions, disease loci and segmental duplications (Feuk et 

al., 2006). There are several ways in which CNV can be classified. The 

first and most common method of classification refers to the changes 

made in the DNA structure. Therefore CNV, which are also known as 

copy number polymorphisms (CNPs) can be present as insertion, 

deletion, duplication and multi-site variants (Redon et al., 2006) 

(Figure 1). Together, SNPs, CNVs and other structural genomic 

variants contribute to phenotypic variation such as rhesus blood group 

variation and can take part in genomic disorders such as Charcot-

Marie Tooth disease type 1A (Lupski, 2009). 

Copy number variants can also be classified according to the 

number of alleles underlying variation in the number of copies. Simple 

copy number variants have just two alleles. If a deletion occurs only 

within one allele, then the region in question can be present from 0 to 

2 copies per diploid genome, and if an allele carries a duplication, 
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then the region in question can be present in 2-4 copies. However, 

multiallelic copy number variants encompass regions with highly 

variable number of copies (Black et al., 2014). 

 

Figure 1 - Different types of genetic variation. There are 4 primarily classes of copy 
number variants: deletion, duplication, segmental duplication and inversion (adaptation 
after Almal and Padh. 2012). 

The alpha defensin gene cluster is found within chromosome 8p23.1. 

There are five different α-defensin genes present in humans: DEFA1, 

DEFA3, DEFA4, DEFA5 and DEFA6 whereas DEFA3 is a human specific 

gene (Aldred, 2004; Khan et al., 2013; Linzmeier and Ganz, 2005). 

DEFA1 and DEFA3 genes are copy number variable, with a 19-kb 

sequence unit in the alpha defensin locus known as DEFA1A3 and they 

only differ by a single base substitution. One single copy of the gene is 

always found within the centromeric partial repeat region, whereas a 

variable number of copies are found in 19-kb full repeat regions 

(Figure 2). DEFA1A3 copy number ranges from 3 to 16 copies per 

diploid genome, with a median of 6 found in European populations 

(Khan et al., 2013). More importantly, DEFA3 gene is absent in 

between 10-37% of people, depending on the population. The 

configuration of the DEFA1A3 locus is shown in Figure 2 (Aldred, 
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2004). In addition, DEFA1, DEFA3 and DEFA4 encode four human 

neutrophil peptides, HNP-1, HNP-2, HNP-3 and HNP-4. DEFA4 produces 

the minor neutrophil peptide HNP-4. HNP-1 and HNP-3 amino acid 

structure differs only in their N-terminal amino acid while HNP-2 lacks 

the N-terminal amino acid that distinguishes HNP-1 from HNP-3. Since 

there are no separate genes coding for HNP-2 it is assumed that one or 

both of DEFA1 and DEFA3 must encode the peptide, with subsequent 

removal of the N-terminal amino acid during proteolytic processing 

(Linzmeier and Ganz, 2005). HNP1-3 are synthesised in promyelocytes 

and then stored in the primary azurophilic granules of neutrophils. 

DEFA5 and DEFA6 encode the prodefensins HD5 and HD6 and are 

stored in the Paneth cells of the ileum (Cunliffe et al, 2001). 

It is still unclear if there is a positive relationship between DEFA1A3 

copy number and HNP1-3 expression. Whilst large scale studies have 

been, so far, unable to prove that the level of HNP1-3 expression is 

directly proportional to the DEFA1A3 copy number (Ai et al., 2016), 

one small-scale study showed a relationship with neutrophil peptide 

content (Linzmeier and Ganz., 2005).  
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1.8 Copy number variant formation 

Three major mechanism are known to be involved in the 

formation of copy number variants in the human genome: NAHR – non-

allelic homologous recombination, NHEJ – non-homologous end-joining 

and FoSTeS – Fork Stalling and Template Switching models. Usually, a 

non-recurrent mechanism is involved in the formation of simple copy 

(diallelic) number variants, whereas through recurrent mechanisms, 

multiallelic copy number variants arise.  

NAHR is the main cause of recurrent rearrangements between 

LCRs (low copy repeats) and is thought to be involved in 

approximately 10% to 22% of all human genomic rearrangements 

(Matthew et al., 1999). NAHR is also involved in chromosome 

structural repair, however unlike NHEJ, the repair process is mediated 

by homologous templates. The allelic homologous recombination 

(AHR) is classified as another pathway used in the repair process of 

double stranded breaks (DSBs). In this pathway, the AHR mechanisms 

will use as a template an allele found in the sister chromatid at the 

same region where DSB occurs (Gu et al., 2008). Usually, if the DSB is 

present within a unique region then finding the sister allele will not 

be problematic, whereas if found within a copy variable region, the 

recombination process might use a paralog of the repeat. Therefore, 

by selection a non-allelic region, NAHR can occur. Orientation and 

location of the repeats can influence the rearrangement type. If the 

repeats are tandemly repeated, then deletion or duplications can 

occur and if they are found in an inverted orientation this can lead to 
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inversions in the repaired sequence. Consequently, NAHR can lead to 

recurrent changes in the copy number sequence (Gu et al., 2008) 

(Figure 3). 

 

Figure 3 – Example of homologous recombination. The two thin lines represent the 
sister chromatids joined at the centromere. Red (A) and green (B) arrows are homologous 
low copy repeats (LCRs) and the unique segment between the two homologous regions is 
labelled U. In this schematic representation, both LCRs have the same orientation. The 
location of DSB is marked with an oblique line through the red LCR. The allelic homologous 
recombination (AHR) process is using the allelic region on the sister chromatid to perfectly 
repair the red LCR region where DSB is present. The NAHR occurs when a non-allelic rather 
than allelic position is used as a templated to repair the DSB (green LCR). This leads to the 
creation of a hybrid LCR (red and green). If the LCRs have the same orientation (arrows point 
in the same direction, the subsequent recombination leads to deletions or/and duplications. 
When the LCRs have opposite orientation, the repair process results in an inversion. 

NHEJ is an important mechanism used in both physiological and 

pathological double strand break (DSB) repair process. There are 4 

stages involved in the NHEJ repair process as shown in Figure 4: 

detection of DSB, molecular interaction between the two DNA ends, 

nucleotide rearrangement at the site of both ends and the ligation 

process (Gu et al., 2008). Because the repair process is not based on 

the presence of a homologous template, variation usually occurs 

within the re-joining stage, where nucleotides are added to/or 

deleted from or both ends.  Therefore, NHEJ can lead to genomic 
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rearrangements such as small deletions and duplications. 

Alternatively, microhomology-mediated end joining (MMEJ) has been 

known to be involved in DSB repair but this process always leads to 

deletions between double stranded regions (Gu et al., 2008; Hastings 

et al., 2009) (Figure 4). 

 

Figure 4 - Genomic rearrangement mechanisms adapted from Gu et al., 2008. Non-
homologous end-joining formation process in vertebrates. 

Fork Stalling and Template Switching (FoStEs) – represents 

another way of copy number variant formation. During DNA 

replication, the DNA molecule duplicates to generate two identical 

copies. Sometimes, the activity of the replication fork can be 

interrupted leading to the disengagement of the lagging strand from 

the initial template. After this stage, the lagging strand attaches itself 
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to another replication fork through regions of complementary 

sequences called microhomologies and the DNA synthesis restarts 

(Zhang et al., 2009). Depending on the priming orientation of the new 

fork (direct or inverted) and location (upstream or downstream) this 

can result in deletion, duplication and inversion, as well as complex 

rearrangements resulting from multiple nested rounds of FoSTeS 

(Zhang et al., 2009) (Figure 5). 

         

Figure 5 - Fork stalling and template switching schematic representation. (1) After 
the replication fork (dark blue, solid line) stalls at a DNA lesion (purple square), the lagging 

strand (yellow, dotted line) disengages and anneals to replication fork (red, dotted line) 
through microhomology 1, which primes DNA synthesis. (2) The lagging strand disengages 

once more and invades a second fork (green, dotted line) where it anneals to another 
microhomologous region (green square) to restart synthesis. The invasion can occur several 

times before the lagging strand returns to the original replication fork (3).  
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1.9 Copy number measurement 

Accurate measurement of copy number variants has proved to 

be challenging, especially in regions with high copy numbers (Khan et 

al., 2013). Several methods have been used to measure copy numbers 

at different multiallelic loci, each presenting their own advantages 

and disadvantages. Initially, the most commonly used techniques were 

fluorescence in situ hybridisation (FISH) and Southern Blotting but 

they were time consuming and FISH lacked the capacity of detecting 

small fragments (Aldred et al., 2005; Stuppia et al., 2012). 

Alternatively, comparative genome hybridisation (CGH) has been used 

in detection of copy numbers. CGH works by comparing a reference 

sample, usually a healthy control, with a test samples on a microarray 

(Carter et al., 2007). The downside of using CGH is that it can be 

prone to CNV measurement error for test samples that have copy 

numbers close to the reference ones (Aldred, 2004). 

Multiplex Amplifiable Probe Hybridisation (MAPH) is a reliable 

technique used for measuring copy number in genomic DNA. The MAPH 

technique has been used by Aldred et al in 2005 to measure copy 

number variants at DEFA1A3 locus. MAPH is based on the 

quantification and amplification of specifically bound probes (Armour 

et al., 2000).  Ranging between 100 and 600 bp, MAPH probes are 

designed to recognise a unique region of the newly denatured DNA and 

to be amplified by a single primer pair making it a cost-effective 

technique. The downside of using the MAPH method is that it can only 

detect small copy number fragments, needs a large DNA sample and 
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because is a gel-based technique only a certain number of probes can 

be analysed (Patsalis et al., 2007).  

High-throughput methods such as Multiplex Ligation-dependent 

Probe Amplification (MLPA), Real-Time PCR and Paralogue Ratio Test 

(PRT) have also been used to study the structure and phenotypic 

consequences of CNV at different genomic regions (Stuppia et al., 

2012, Armour et al., 2000). Real-Time PCR is probably the most 

common and easy to perform high-throughput method. The 

disadvantage of using Real-Time PCR is that of losing the accuracy of 

measuring higher copy number (Stuppia et al., 2012). 

 MLPA is a PCR-based method that relies on the ligation of two 

adjacently annealed oligonucleotides to a target sequence. This 

method has been most extensively used to screen DNA samples for 

specific copy number variation (Stuppia et al., 2012). Using MLPA 

offers numerous advantages in comparison with other techniques as it 

can be used for up to 50 DNA targets (all in one PCR-based reaction). 

In a subsequent PCR only the ligated oligonucleotides can serve as 

template (it does not need a purification step in order to remove 

unbound oligonucleotides), all probes have similar end sequences (a 

single primer pair is enough to perform the PCR) and can distinguish 

between sequences that differ by one nucleotide (Stuppia et al., 

2012). Even if, out of the methods described above, the MLPA method 

is expected to achieve a high level of accuracy in determining the 

correct copy number measurements even for samples with higher copy 
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numbers (Khan et al., 2013; Stuppia el al., 2012). for a larger set of 

samples, methods involving Paralogue Ratio Test (PRTs) have been 

proven to be more successful than any other methods described, 

especially for more challenging CNV regions (Table 1) (Armour et al., 

2000; Khan et al., 2013).  

Method Applicable to all CNVs High-throughput Accuracy 

PRT No Yes High 

aCGH No No Medium 

FISH No No High 

MAPH Yes No High 

MLPA No Yes High 

RT-PCR Yes Yes Low 
Table 1 – Different feature of various CNV measuring methods. 

In brief, the PRT method involves a single pair of primers in the 

amplification of two different genomic regions: one is a single copy 

(non-variable) region known as the reference locus and the other one 

is the region of interest. Then the copy number of the target locus is 

estimated from the ratio of test locus to reference locus. There are 

many more advantages of using a PRT method instead of any other 

method. For example, it is less expensive, uses only a small amount of 

DNA and it can be used for a large set of samples (Armour et al., 

2000). 
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1.10  Phenotypic consequences of CNV  

Gene expression is known to be easily affected by copy number 

variation; depending on where they occur, some CNVs can have a wide 

range of effects on human physiological functions (Stranger et al., 

2007). 

The expectation is that gene copy number will be directly 

proportional to gene expression, but this is not always the case. In 

2007, Stranger and colleagues, showed that the gene copy number and 

gene expression can be negatively correlated in lymphoblastoid cell 

lines. Although the association between copy number variants and 

disease development needs further confirmations, few recent studies 

have validated this observation.  

Copy number variable regions are believed to be involved in 

some human complex diseases. In recent years, copy number variants 

have been associated with numerous sporadic and Mendelian diseases. 

In 1992, Lupski and colleagues have found a correlation between 

PMP22 gene duplication and Charcot-Marie-Tooth Type 1A disease. 

Similar to PMP22 is RAI1, a dosage-sensitive gene which causes 

Potocki-Lupski syndrome when duplicated and Smith-Magenis 

syndrome when deleted (Stankiewicz and Lupski, 2010). Inaccuracy of 

copy number measurement studies led to a dispute concerning the 

association of CCL3L1 gene and increased susceptibility to AIDS (low 

copy number) or to rheumatoid arthritis (high copy number) (Gonzalez 
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et al., 2005; McKinney et al., 2008; Field et al., 2009; Aklillu et al., 

2013; Carpenter et al., 2011). 

A study conducted by Ai and colleagues in 2016, confirmed a 

strong correlation between low copy number of DEFA1A3 and IgAN 

/renal disfunction in IgA nephropathy patients of Chinese and 

Caucasian origin. Other studies have come to the same conclusion on 

the basis of SNP data that the DEFA1A3 locus is involved in IgA 

nephropathy and renal disease progression (Yu et al., 2011; Li et al., 

2015; Qi et al., 2016).  

Over the years, many studies failed to combine accurate copy 

number measurements and changes in gene expression in their search 

for associations between complex human disease and CNV loci, 

resulting in the few reported reproducible associations. 
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1.11 Aims  

In this study, the main aim was to type and analyse a set of 744 

European DNA samples, with different stages of periodontitis, in order 

to identify their DEFA1A3 copy numbers, and their compositions in 

terms of DEFA1 and DEFA 3 repeat unit variants, using a newly 

established method of CNV measurement involving fluorescent PCR 

measurement of allelic ratios. The samples were used in a recent 

study that established an association of periodontitis with SNPs in the 

DEFA1A3 (Munz et al., 2017); typing these samples for DEFA1A3 copy 

number would allow us to test whether there was also an association 

of the CNV with periodontitis. Because this precise format of typing 

DEFA1A3 CNV has not been used on a large scale before, we 

particularly wanted to test the new PRT format and to evaluate the 

usefulness of this typing methodology and its accuracy. Providing a 

robust method for typing copy numbers, will increase our chances of 

understanding CNV functional consequences. 
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2. MATERIALS AND METHODS  

2.1 DNA Samples 

744 DNA samples from unrelated patients of European origin, 

with different stages of periodontitis were used for copy number 

measurement. The sample were obtained from Prof. Arne Shäfer 

(Charité Hospital, Berlin).  

2.2 PRT methods 

In this study, two new duplex paralogue ratio tests combined 

with four established allelic ratio measurements were used to 

establish the copy number of DEFA1A3, as well as the individual copy 

number of DEFA1 and DEFA3 variants (and other repeat variants) for 

each sample. Before this project started, these methods had already 

been validated on CEPH samples with known copy numbers, that have 

been subject to previous PRT based DEFA1A3 typing and 1000 

Genomes Project read depth measurement of copy numbers (John 

Armour, unpublished data). For each PCR, 0.5 µl (25ng) of genomic 

DNA was added to 9.5 µl of a master mix with the following 

components: 0.1 µl of 0.5 U Taq DNA polymerase (NEB), 7.4 µl of H2O, 

0.5 µl of each of the 10 µM Primers and 1 µl of 10x LD Mix (1xLD mix 

has a final concentration of 50 mM Tris-HCl pH8.8, 12.5mM (NH4)2SO4, 

125 µg/ml BSA, 200 µM of each dNTP, 1.4mM MgCl2, 7.5mM 2-

mercaptoethanol and H2O (Khan et al. 2013). 

       The two PRT systems were designed to measure the same 

DEFA1A3 copy number using reference copies at either centromeric 
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(CEN1) or telomeric (TEL2) regions, with this dual design expected to 

confer a greater accuracy in the designation of a copy number. This 

depended on the telomeric or centromeric reference copy having a 

characteristic, reliable product size of 260bp (TEL2) and 444bp (CEN1) 

and all other copies having a size of 263bp (TEL2) and 333bp (CEN1) 

(Figure 6). Previous work performed by Khan and colleagues in 2013 

(Khan et al., 2013) allowed us to validate the use of the 260bp 

product from the telomeric copy and 444bp from the centromeric 

copy as a reference for 2 copies. Both TEL2 and CEN1 PRTs were 

carried out in duplicate using two similar PCR assays, one with a HEX 

labelled forward primer and the other one with a FAM labelled 

forward primer, using the average to determine a single unrounded 

estimated of the copy number. By using two separate dyes for each 

PRT, we were able to analyse both PCR products for each sample in a 

single electrophoretic capillary, thus reducing the cost and time. 

At the telomeric end, the TEL2 PCR products were amplified in 

two parallel reactions with 1 µM FAM labelled forward primer FAM-

Figure 6 - GeneMapper profile of a random sample with a total copy number of 7. This profile includes all 
the PRT and allelic ratio measurements. Both CEN1 and TEL2 ratios show a ratio of test to reference of 
about 2.5 (5:2). The indel5 ratio is the ratio of deleted to undeleted (5:2). The DefHae3 ratio is the ratio of 
DEFA1 to DEFA3 (6:1). The 4bp ratio is the ratio of deleted (0) to undeleted (7). The 7bpdup ratio is the 
ratio of unduplicated to duplicated (5:2) 
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DEFAtel2F (5’-AGAGCAGCCGTGCACAAAC-3’) or HEX labelled forward 

primer HEX-DEFAtel2F (5’-AGAGCAGCCGTGCACAAAC-3’), both using 

the same DEFAtel2R reverse primer (5’-GCATCTYGGGGTCCATTGT3’), 

for 25 cycles of 95 ºC for 30 seconds, 66 ºC for 30 seconds, 63 ºC for 2 

minutes, followed by a 72 ºC hold for 40 minutes. Subsequently, the 

TEL2 PRT primers delivers two products: one of 260bp for the two 

reference copies in the telomeric position and 263bp for DEFA1A3 

copies in other parts of the CNV array (Figure 7). For example, we 

would predict that in a 6-copy sample there would be exactly two 

telomeric (260bp) copies and four non-telomeric(263bp) copies, giving 

a ratio of 4:2 (263bp:260bp).  

 

Figure 7 - 4 Predicted PCR products from TEL2 primers and actual peaks obtained 
from capillary electrophoresis. This is the result of a duplicate test in both FAM (blue) and 
HEX (green) and both measurements agree with each other. This individual was determined 
to have 8 copies of DEFA1A3. We can therefore interpret this profile as being 2 telomeric 
copies and 6 non-telomeric copies. Genomic coordinates are given according to GRCh37/hg19 
Feb. 2009.   

 At the centromeric end, products were amplified in duplicate 

reactions using 1 µM FAM labelled forward primer DEEFAcen1F (5’-

TCCTAGAAAGCTGGTTGCTC-3’) or HEX labelled forward primer HEX-
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DEFAcen1F (5’-CCCAGAGAGCTCCTTCATT-3’) with DEFAcen1R primer 

(5’-TCCTAGAAAGCTGGTTGCTC-3’), for 25 cycles of 95 ºC for 30 

seconds, 58ºC for 30 seconds, 68ºC for 2 minutes, followed by a 4 

minutes final extension at 72 ºC. The CEN1 PRT giving products of 

332bp for non-centromeric copies of DEFA1A3 and 444bp for the two 

reference centromeric copies (Figure 8). For example, a 7-copy 

sample would have 5 non-centromeric copies (332bp) and two 

centromeric copies (444bp), giving a ratio of 5:2 (332bp:444bp). 

 

Figure 8 - 4 Predicted PCR products from CEN1 primers and actual peaks obtained 
from capillary electrophoresis. This is the result of a duplicate test in both FAM (blue) and 
HEX (green) and both measurements agree with each other. In the case of Hex-labelled 
products, each product is represented as a double peak, differing by one base pair, 
presumably due to incomplete dA addition of the 3’ end of the product. This individual was 
determined to have 7 copies of DEFA1A3. We can therefore interpret this profile as being 2 
centromeric copies and 5 non-centromeric copies. Genomic coordinates are given according 
to GRCh37/hg19 Feb. 2009. 

 

2.2.1  Del4 and CEN1 Multiplex PCR 

In order to cut down on the numbers of PCRs, we designed a 

multiplex PCR involving one of the allele ratio assay (Del4) and one of 

the new PRTs described above - CEN1. Del4 is a 4bp deletion variant 
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(TATC) found within the second intron of DEFA1A3 which is believed 

to have a significant role in the HNP1-3 protein expression (Ai et al., 

2016). The Indel4/CEN1 assay was performed following the same PCR 

mix as described in the PRT assays and by using 1 µM of each primer 

and 25 cycles at 95ºC for 30 seconds, 58ºC for 30 seconds, 68ºC for 2 

minutes followed by a 40 minutes final extension at 72ºC to generate 

amplicons of 211bp and 215bp for Del4 and 333bp/444bp amplicons 

for CEN1 (Figure 9). For the primer sequences used in the 4bp assays 

see Ai et al., 2016, and the CEN1Hex primers were as described 

above. While both Indel4 and Cen1 forward primers were Hex 

labelled, it did not interfere with their separation after capillary 

electrophoresis, as differ by more than 100bp in length. 

 

Figure 9 - Predicted PCR products from CEN1-4bp Multiplex PCR primers and actual 
peaks obtained from capillary electrophoresis. This is an 8-copy individual and we interpret 
the profile as being 1 undeleted copy and 7 deleted copies. Genomic coordinates are given 
according to GRCh37/hg19 Feb.2009. 
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2.3 Allelic ratios  

In addition to the PRT method to determine total DEFA1A3 

gene copy number, four allelic-ratio measurements were used to 

determine the composition of different repeat variants, as well as 

contribute to measurement of the total copy number at DEFA1A3 

locus: DefHae3 Assay, 4bp, 7bp and 5bp as described by Khan, 2012 

and Ai et al., 2016. 

2.3.1 DefHae3 Assay 

Described by both Aldred in 2005 and Khan in 2013, DefHae3 

assay uses the presence or absence of a site for HaeIII enzyme to 

distinguish between DEFA1 and DEFA3 variants as DEFA1 (GCC) varies 

from DEFA3 (GAC) by a single base pair change. Therefore, after the 

enzyme digestion step is completed, the results are two different size 

products, thus allowing us to determine the ratio between DEFA1 and 

DEFA3 after separation by capillary electrophoresis and quantification 

by fluorescence detection. To act as a reporter of complete 

restriction digestion by HaeIII, the forward primer contains a 

mismatch that creates an artificial HaeIII recognition site in all 

products (Khan et al., 2013). The assay yields products of 144bp for 

DEFA1 (HaeIII present) and 161bp for DEFA3 (HaeIII absent) (Figure 

10). For primer sequences and PCR conditions see Khan 2013. 
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Figure 10 -  Predicted PCR products from DefHae3 primers and actual peaks obtained 
from capillary electrophoresis after HaeIII digestion. This is a 7-copy individual and we 
interpret the profile as being 1 copy of DEFA3 and 6 copies of DEFA1. Genomic coordinates 
are from GRCh37/hg19 Feb. 2009. 

2.3.2 Indel5 and 7bpdup Multiplex PCR 

The 5bp insertion/deletion (“Indel5”) and 7bp duplication 

(“7bpdup”) are two variants well described by Khan in 2013, that have 

been found in many repeat units within DEFA1A3 locus (see Figure 2). 

To reduce the numbers of PCR involved, we did 5bp-7bp indel assays 

in a multiplex reaction as follows.  The Indel5/7bpdup PCR was 

performed in 10 µl PCR mix which included 1 µl of 25ng genomic DNA, 

1 µl of LD MIX, 1 µl of each forward and reverse primers for both 5bp 

and 7bp, 0.1 µl Taq and 5.9 µl H2O. PCR cycle conditions were 25 

cycles of 95ºC for 30 seconds, 57º for 30 seconds, 70ºC for 30 seconds 

followed by a 72ºC hold for 40 minutes. The forward primer used in 

the 5bp assay was HEX labelled while for 7bp assay we used a FAM 

labelled forward primer. The primers were designed to generate 

amplicons of 124bp and 129bp for Indel5 and 275bp/282bp for 7bdup. 

For primers sequences see Khan 2013. The ratio recorded for indel5 
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was the ratio of 124bp – deleted product to undeleted – 129bp product 

(Figure 11) while the ratios recorded for 7bp was the ratios of 

unduplicated - 275bp product to duplicated – 282bp product (Figure 

12). 

 

Figure 11 - Predicted PCR products from Indel5 primers and actual peaks obtained 
from capillary electrophoresis. Each product is represented as a double peak, differing by 
one base pair, presumably due to incomplete dA addition of the 3’ end of the product. This 
is a 6-copy individual and we can interpret the profile as being 5 copies of undeleted and 1 
copy of the deleted. Genomic coordinates are from GRCh37/hg19 Feb. 2009. 

 

Figure 12 - Predicted PCR products from 7bp duplication primers and actual peaks 
obtained from capillary electrophoresis. This is a 6-copy individual and we interpret the 
profile as being 5 copies of unduplicated and 1 copy of the duplicated. Genomic coordinates 
are from GRCh37/hg19 Feb. 2009. 
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2.4 Electrophoresis 

The PCR products for both PRTs and all the Allele Ratio 

measurement for each sample were analysed via ABI 3130XL Genetic 

Analyzer. The ABI process separates the single-stranded products 

through capillary electrophoresis and uses florescence detection to 

quantify the amounts. One innovation in this approach was to do 

electrophoresis not of raw, unpurified PCR products but on AMPure 

purified products which delivered cleaner results.  

The AMPure assay removes unwanted unincorporated primers 

and other interfering material and offers the opportunity to 

concentrate or dilute the samples before electrophoresis. It also 

allows the multiplexing of larger numbers of PCRs into a single 

electrophoresis capillary. The disadvantages are the extra pipetting 

steps, and the way the procedures fixes the proportions of products in 

the mix. For each sample the PCR products were mixed and purified 

before electrophoresis following the Agencourt AMPure XP PCR 

Purification protocol. The master mix had the following 

concentrations: 1 µl from Cen1 - Fam labelled PCR, 1 µl from Cen1 – 

Hex labelled + Indel4 multiplex PCR, 1 µl from Tel 2 – Fam labelled 

PCR, 1 µl from Tel 2 – Hex labelled PCR, 1 µl from Indel5 + 7bp 

multiplex PCR and 3 µl from DefaHaeIII PCR.  

After the AMPure purification step, 1 µl from each fluorescently 

labelled PCR product mixture was added to 10 µl of HiDi Formamide 

and ROX-labelled markers. For each group of 16 samples a ratio of 170 
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µl of HiDi to 2 µl of ROX was used. Then, as a final step the samples 

were denatured at 96 ºC for 3 minutes and submitted for 

electrophoresis on an ABI 3130xl Genetic Analyzer (DeepSeq, 

University of Nottinigham). The same injection time and voltage was 

used for all the samples: 1kv for 15s. After the capillary 

electrophoresis step, the ABI data collection program generates an 

fsa. file that contains all the peaks profiles for which a sample have 

been tested for.  

2.5 Data analysis 

Two main programs were used to assign the correct copy 

number for each sample: GeneMapper (Applied Biosystems and a 

custom Maximum Likelihood Program developed by Prof. John Armour 

(Black et al., 2014).  

2.5.1 Gene Mapper Analysis  

          After the ABI capillary electrophoresis step, the fsa files were 

loaded in the Gene Mapper program. The program allowed us to 

visualise and analyse all the peaks profiles of each PRT and allelic 

ratios amplicons involved in the analysis and to quantify all the results 

in Excel spreadsheets. Therefore, for each peak, analysis parameters 

including the peak threshold and peak range had to be defined 

relative to the ROX markers. The peak range template can be seen in 

Table 2. 10 pts was the minimum peak amplitude threshold used for 

all samples. Throughout this analysis procedure we made sure that all 
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the samples that were eligible for further analysis delivered accurate 

results. 

Marker Name Dye Colour Min Size Max Size 

5bp deleted Green 118.5 121.5 

5bp undeleted Green 124.0 126.5 

4bp deleted Green 208.0 210.0 

4bp undeleted Green 212.0 214.9 

7bp unduplicated Blue 271.0 275.0 

7bp duplicated Blue 279.0 282.0 

Tel2-A-Fam Blue 258.0 260.0 

Tel2-B-Fam Blue 261.7 263.5 

Tel2-A-Hex Green 258.5 260.5 

Tel2-B-Hex Green 262.0 264.0 

Cen1-A-Fam Blue 331.0 335.5 

Cen1-B-Fam Blue 441.2 443.2 

Cen1-A-Hex Green 330.0 334.0 

Cen1-B-Hex Green 441.0 443.5 

DEFA1 Yellow 142.0 146.0 

DEFA3 Yellow 159.0 163.0 

 

Table 2 - All the assays for which a sample has been teste for are displayed under 
the “Marker Name” column and their minimum and maximum size range input designated for 
software recognition of the relevant peaks. 

 

          All samples have been measured by using “area” in 

GeneMapper and they have been considered saturated only if they 

exceeded 8000 fluorescence units (height). In the case of products 

represented by double peaks, we only accepted the use of a ratio 

deriving from summing the two peaks if the proportions of the peaks 

were the same between the two products. Results that did not match 

our expectations were manually inspected, and any problems found in 

the analysis rectified manually. For example, the peak threshold had 

to be modified from plate to plate because there was a natural 

variation between plates.  
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2.5.2  Defining Ratios 

          After all the adjustment were made, the GeneMapper output 

was analysed using the Excel program. The program was used to 

determine the raw copy number for all samples in both TEL2 and 

CEN1, as our measurements were calibrated internally and not against 

standard reference samples, and to calculate the ratios for every 

other assay. 

Both TEL2 and CEN1 PRTs were carried out in duplicate PCRs, 

with primers labelled either in HEX (green) or FAM (blue) (see Section 

2.2). In order to determine the raw copy number for each sample two 

ratios were calculated initially: one between the two HEX-labelled 

peaks and the other one between the two FAM-labelled peaks (Table 

3). 

 

Table 3 – Example of how the ratios for TEL2 in FAM and HEX are calculated 

 Then an average was calculated between the two individual 

ratios (CEN1 FAM Ratio / CEN1 HEX Ratio and TEL2 FAM Ratio / TEL2 

Hex Ratio) (Table 4). 
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Table 4 – Example of how the average between TEL2 in FAM and HEX Ratios and 
CEN1 in FAM and HEX are calculated. 

 

PRT averages correlate well with each other and when plotted 

all together resulting in formation of tight clusters around integer 

values of 1, 1.5, 2, and 2.5 (Figure 13). We knew from previous work 

conducted by Tyson and Armour in 2012 that the first cluster is 

expected to correspond to a copy number of 4, as a copy number of 3 

is extremely rare. Therefore, the first cluster (around integer value of 

1) corresponds to a copy number of 4, the second one (1.5) 

corresponds to a copy number of 5 and so on 

 

Figure 13 – Copy number measure determined by CEN1 PRT plotted against copy 
number estimates TEL2 PRT, showing the correlation between the two measures (r2=?????) 
and evidence of clustering around integer values of 1, 1.5 and 2. 
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          The average of each cluster was extracted and used in a linear 

regression formula to determine the unrounded copy number for each 

sample. 

2.5.3 Maximum likelihood analysis.  

Using both the unrounded copy numbers and the allelic ratios, 

a maximum likelihood program such as the one applied by Khan et al 

in 2013, was then used to provide the Most Likely Copy Number 

(MLCN) and minimum ratio data for all the samples. The program, 

written by Prof. John Armour, combines the measurements of each 

PRT (unrounded copy number) and allelic ratio results from DEFA1A3, 

indel5, 7bp duplication and 4bp deletion assays and evaluates the 

likelihood of getting the data conditional upon a particular copy 

number, assuming in turn each possible copy number from 2 to 16. 

The copy number that maximised the joint probability of all the data 

recorded for a sample is termed the Maximum Likelihood Copy 

Number (MLCN). The ratio conventions for DEFA1A3, indel5, 7bp and 

4bp indels are explained in Khan et al. 2013 and Ai et al. 2016. The 

highest probability in each group is scaled to 1, and all other values 

expressed relative to that. 

 For a more thorough explanation, we have selected sample 

A05 as an example. Given PRT copy number results of 6.88808 and 

7.26329, indel5 deletion/non-deletion ratio of 5.64105, DEFA1/DEFA3 

ratio of 5.49231, 7bp nonduplication/duplication ratio of 5.97692 and 

a 4bpdeletion/non-duplication ratio of 0.40347, the program gave the 



 42 

following output (Table 5). In Table 5, N=7 is the most likely copy 

number. The next highest value in the “Combined” analysis is 5.5 x 10-

4 for N=8, and so N=7 has a probability that is approximately 103 higher 

than N=8. This is how the minimum ratio of 1813.27 is calculated at 

the bottom left; the minimum ratio is the factor by which the 

maximum likelihood value (in this case with N=7) exceeds the next 

highest value (in this case for N=8) The results from Table 5 are from 

a single sample, but the analysis can be performed for up to 999 

samples. 

 

Table 5 - -Maximum likelihood output for sample A05 with a copy number of 7. N=7 
gives the highest probability value of 1 for PRT1, PRT2, DEFA1A3, 7bp, while N=13 (offscreen) 
is the best copy number for indel5. N=7 is the most likely copy number overall in the 
combined analysis in the first line. For clarity, the display of the table misses out copy 
numbers between 12 and 16.  

            In some cases, depending on the origin of the samples, ratio 

assays can often be uninformative, and therefore the analysis does not 

include the ratios at all. We have noticed this trait in the case of 

Indel4 assay, where the presence of Indel4 is more frequent in Asian 

populations than in European populations. Nonetheless, the input file 

will need a value to cover the missing measure, and adding a value of 

0, -1 or -10 for everyone will not affect the copy number outcome for 

the experiment in which the missing value has not been typed. “0” 

value indicates that there is no signal from the numerator (deleted at 

indel5. Non-duplicated at 7bp dup, deleted at 4bp del, or DEFA1), “-
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1” indicates that there is no signal from the denominator (non-deleted 

at indel5, duplicated at 7bp dup, undeleted at 4bp del, or DEFA3, and 

“-10” indicates that no result was obtained (Table 6). 

 

Table 6 – Example of 7 input samples and their ratio assays from Plate 1. The 4bp 
assays are uninformative for samples A01, A02, A04, A06 and A07 and they all have been 
marked with 0 because their numerator (4bp deleted) signal is missing. Also, sample A07 
missing value from DEFA1A3 measurement has been market with “-1” because the signal 
from the denominator (DEFA3) was absent. 

The ratio assays are evaluated by computing a “normalised 

ratio”, the value of the ratio relative to the expected one. The ratios 

of products that we observed are not necessarily exactly the same as 

the ratio of copies that we are measuring. The ratios of the products 

are different from the ratios of input copies because of the biases in 

the PCR. A minimum ratio is then generated for each sample which is 

the ratio between the most likely copy number and the second most 

likely copy number. Therefore, the minimum ratio result acts like an 

index of confidence in the assignment of copy numbers (the higher the 

minimum ratio is, the more likely is that the copy number was 

assigned with great accuracy). 
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3.  Results 

3.1 DEFA1A3 COPY NUMBERS 

DEFA1 and DEFA3 are copy-variable genes present within the 

alpha-defensin region on chromosome 8, and accurate copy number 

measurement has encountered difficulties (Khan et al., 2013). In this 

study, six different measurements were used to measure the copy 

number at DEFA1A3 locus – two paralogue ratios test (PRTs) to 

determine total gene copy number, and four ratio measurements 

between repeat variants. Each PRT was performed in duplicate, so 

that each sample was tested using a total of eight PCRs, four PRTs and 

four variant ratio tests. The four variants used were composed of 

three indels (5 bp, 7bp, 4bp) followed by the measurement of one 

base substitution used to differentiate the DEFA1 and DEFA3 variants 

(Khan et al., 2013; Black et al., 2014 and Ai et al., 2016) (see section 

2.2;2,3). Eight plates of DNA samples were processed following a 

standard operation procedure and analysed using a Maximum 

Likelihood method similar to the one employed by Khan et al.2013 

(see section 2.5). The ABI profile of a randomly selected sample, 

showing the arrangement of the two PRT and four allelic ratios at 

DEFA1A3 locus is displayed in Figure 14. 
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For greater accuracy, the ratio measurements of TEL2 and 

CEN1 were each done in duplicate using two differently-labelled 

primers (HEX/green and FAM/blue). The ratio is calculated by 

comparing the amount of PCR product in both HEX and FAM from the 

263/444 (non-reference product) with the amount from 260/333 

(reference product), assuming that the reference locus always has 

two-copies per diploid genome. The same principle of deriving a ratio 

of two differently-sized peaks applies to the measurement of the four 

allelic ratios and they were calculated as follows: DefHaeIII ratio is 

the ratio of DEFA1 to DEFA3, the Indel5 ratio is the ratio of deleted 

(124bp) to undeleted (129bp), the 7bpdup ratio is the ratio of 

unduplicated (275bp) to duplicated (282) and the 4bp ratio is the ratio 

of deleted (211bp) to undeleted (215bp). 

The six measurements were then used to determine DEFA1A3 

copy number in 744 unrelated DNA samples from Europeans from a 

study of periodontitis (Munz et al., 2017). Of these 744 samples, 3 

failed (0.40%) to produce useful results and 31 other targeted samples 

for which all the procedures have been successful were further 

analysed for reasons discussed below. Similar to Khan et al., 2013, 

PRT measurements and Aldred et al’s MAPH measurement, we have 

found that in our analysis the deduced integer DEFA1A3 copy numbers 
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ranged from 4 to 12. The distribution and frequency of copy number 

measurement for all 741 samples is displayed in Figure 15.  

 

Figure 15 - The distribution and frequency of measured copy numbers in 741 
unrelated samples from Europeans. 

 

3.2 Quality control 

We wanted to validate the consistency of measurements 

between different plates, and in particular to evaluate any evidence 

for batch effects, in which the values returned may depend on the 

particular typing experiment performed. There might be small but 

important differences in exactly how the experiment went from one 

plate to another. We pursued this in initial data by comparing allelic 

ratios between plates; as a simple check, we had a close look at the 

distribution of uninformative (zero) ratios between plates, to reassure 

ourselves that our data is consistent with the one described in the 

literature for a European population. In the case of the allelic ratios, 
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the frequency of having a ratio of 0 (for example, samples with no 

copies of DEFA3) should be approximately the same in all plates, and 

it seems that our data was mostly consistent with the expectation. 

With the exception of two allelic ratios that stood out in the overall 

analysis, DEFA1A3 in the second plate with a percentage of 40% and 

Indel4 in the fourth plate with 79.5%, our data was consistent 

between all eight plates (Table 7). We specifically inspected the 

results from those plates and saw no evidence of technical problems. 

Furthermore, to test if the results for 4bp in plate 4 and DEFA1A3 in 

plate 2 are different from all the others we did a Chi-Square test of 

independence and found that there is a significant difference between 

them and all the other plates. With a p value of 1.71x10-3 for 4bp and 

1.84x10-5 for DEFA1A3. We expect some variation between the plates 

because we sample a different set of people randomly. The results 

deduced from the analysis of the overall allelic ratios equal with zero 

(Table 8) proved that our data strongly agrees with the literature and 

matched with previous results from a European population (Khan et 

al., 2013, Black et al., 2014). 

 
 

Plate 1 Plate 2 Plate 3 Plate 4 Plate 5 Plate 6 Plate 7 Plate 8 

4bp % 63.8 57.7 67.4 79.5 59.3 58.8 50.5 
 

58.1 
 

7bp % 5.6 5.5 7.8 4.5 5.4 6.6 4.4 
 

3.4 
 

DEFA1A3 % 23.6 40 13.4 20.4 19.7 14.4 15.7 
 

15.1 
 

5bp % 13.8 8.8 14.6 10 9.8 11.1 11.2 
 

8.1 
 

               Table 7 - The percentage of samples with a ratio of 0 between plates. 
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Percentage Plates 

4bp % 61.9 

7bp % 5.4 

DEFA1A3 % 20.3 

5bp % 10.9 

 

Table 8 - Allelic ratio percentage of samples with a ratio of 0 for all eight plates. 

3.3 PRT agreement  

Each ABI profile was individually analysed to ensure that there 

are no oversaturated or uneven PRT and allelic ratio peak 

measurements that may affect the quality of the results. All eight 

plates delivered good results, with some repeat testing needed for 

some plates due to some inconsistency in the case of the CEN1-4bp 

assay. We have observed that there seemed to be a correlation 

between freshly diluted primers and the success of the experiment, 

especially in the case of the CEN1-4bp assay; this is presumably 

because the multiplex PCR (see Methods) may be more sensitive to 

the condition of the primers.  

The full set of PRT measurements in both TEL2 and CEN1 for all 

741 samples was then used to determine the raw copy number. Both 

TEL2 and CEN1 PRTs were carried out in duplicate PCRs using two 

similar PRT assays: one assay with HEX-labelled primers and the 

second one with FAM-labelled primers. Firstly, two ratios are 



 50 

calculated, one between the two HEX-labelled peaks and the other 

one between the two FAM-labelled peaks.  

 

Figure 16 –Predicted PCR products from TEL2 primers and actual peaks obtained 
from capillary electrophoresis. This is the result of a duplicate test in both FAM (blue) and 
HEX (green). This individual was determined to have 8 copies of DEFA1A3. We can therefore 

interpret this profile as being 2 telomeric (reference) copies and 6 non-telomeric (test).  

Secondly, the final ratios in TEL2 and CEN1 are calculated as an 

average of the ratios from two individual tests. PRT measurements 

correlate well with each other both individually in each plate (Table 

9) and when plotted all together resulting in formation of tight 

clusters around integer values of 1, 1.5, 2, and 2.5 (Figure 17). We 

knew from the literature that the first cluster is expected to 

correspond to a copy number of 4, as a copy number of 3 is extremely 

rare, with just one example found by Tyson and Armour in 2012. 

Therefore, the first cluster (around integer value of 1) corresponds to 

a copy number of 4, the second one (1.5) corresponds to a copy 

number of 5, the third (2) to a copy number of 6 and the forth (2.5) 

with a copy number of 7 while the clusters for high copy numbers are 

more dispersed. TEL2 and CEN1 ratios for the lowest copy number 

cluster (corresponding to a copy number of 4) are around values of 1 



 51 

for both TEL2 and CEN1 PRTs, which can be explained as 2 non-

reference copies and 2 reference copies. However, the clusters for a 

copy number of 6 centre on values slightly less than 2 for TEL2 and 

more than 2 for CEN1. This is completely explicable in terms of the 

increased efficiency of amplification of shorter fragments. The 

average of each formed cluster for copy numbers of 4,5,6 and 7 was 

recorded and used in a linear regression formula to determine the raw 

copy number for all samples in both TEL2 and CEN1; our 

measurements were calibrated internally and not against standard 

reference samples. 

Plate 1 2 3 4 5 6 7 8 

TEL2/CEN1 R2 0.872 0.716 0.870 0.914 0.894 0.847 0.877 0.817 

 

Table9 – R2 showing the agreement between TEL2 and CEN1 measurements in all 
eight plates. The highest agreement is seen in plate 4 with a R2 of 0.914, while the lowest 
agreement with a R2 of 0.716 is present in plate 2. Although, there is some random variation 
between plates, the R2 results are consistent among plates. 
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Figure 17 - PRT measurements plotted against each other resulting in the formation 
of clusters of raw copy numbers. This display shows samples for which the two PRT 
measurements were concordant but there are exceptions (see Figure 26). The correlation 
between the two measurements is R2=0.8319. The PRT results are from 741 European 
samples with periodontitis. 

3.4  Copy Number Assignment Quality. 

Having the inferred copy number and the allelic ratios we were 

able analyse the data with a Maximum Likelihood approach. The 

Maximum Likelihood approach assumes that all the measurements on 

a single sample are consistent with a single true copy number, and the 

results are evaluated for their consistency with each of the possible 

copy numbers from 2 to 20. The copy number that maximises the 

probability of the full set of measurements is defined as the maximum 
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likelihood copy number (MLCN). We started by looking at the 

normalised ratios for PRTs; the normalised ratio for PRTs is the ratio 

of the observed copy number estimated from PRT to the MLCN. Thus, 

a PRT measurement of 6.6 for an MLCN of 6 would yield a normalised 

ratio of 1.1; ideally, the distribution of normalised ratios for well-

calibrated and accurate measure should have a mean of about 1, and 

a low standard deviation.  The maximum likelihood model used 

assumes that each copy number measurement is drawn from a normal 

(Gaussian) distribution, and if the data does not conform to those 

expectations the maximum likelihood calculation will not be accurate. 

We observed that both the mean value of the normalised ratio for the 

TEL2 PRT (TEL2= 0.984) and for the CEN1 PRT (CEN1= 0.997) were 

close to 1, indicating that our measurements were accurate and 

around the same mean values with a standard deviation of 0.067404 

for TEL2 and 0.058809 for CEN1.  The distributions of the normalised 

ratios for both PRTs are shown in Figure 18 and Figure 19 and conform 

well to the expectation of a normal distribution.  



 54 

 

Figure 18 - Normalised ratio distribution for TEL2. 

 

 

Figure 19 - Normalised ratio distribution for CEN1. 

In addition to the PRT measurements, the mean and standard 

deviation values observed for allelic ratios (Table 10) were strongly 

correlated with those observed in previous work (Khan et al. 2013). 
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Ratio 

Assays 

Mean 

Observed 

Mean 

Assumed 

SD 

Observed 

SD 

Assumed 

Indel5 0.98 1.05 0.084 0.11 

Del4 1.15 1.04 0.19 0.12 

7bpdup 1.02 1 0.09 0.12 

DefHaeIII 0.99 0.91 0.127 0.126 

 

Table 10 - Assumed mean and standard deviation from previous work compared with 
observed measurement for all ratio assays deducted after Maximum likelihood analysis of 
741 individuals.         

 

          It is important to reassure ourselves that we obtained accurate 

results from all allelic ratio assays in all 741 samples, as they help us 

validate the unrounded total copy number determined from the PRTs. 

Furthermore, the ratios obtained will help us to establish the correct 

copy numbers for either the deleted or the undeleted variants in the 

case of Indel5, DEFA1 or DEFA3, deleted or undeleted variants of 4bp 

and the duplicate or the unduplicated variants of 7bpdup.  

          We were particularly concerned to evaluate how the DefHaeIII 

reflected copy numbers. From previous work (Khan, 2012) we knew 

that for DEFA1A3 assay there is a bias towards the undigested (DEFA1) 

products arising from incomplete digestion and this copy number 

measurement will require some further adjustments. Because this PCR 

assay may form single-stranded products or heteroduplexes, HaeIII 

enzyme will fail to distinguish the digestion site leading to incomplete 
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digestion and a ratio shift towards more DEFA3. For example, if we 

have a ratio of 1:1 (DEFA1:DEFA3), in the products we will always get 

more of the undigested (DEFA3-type) product if the digestion is 

incomplete, shifting the ratio to (for example) 1:1.5. Therefore, we 

used the observed ratios to predict the number of copies per person 

for DEFA3 based on the MLCN and the observed ratio (Figure 20). We 

observed that the first non-zero peak was not at 1 but at about 1.5. 

This suggested that the degree of incomplete digestion is leading to a 

distortion and we readjusted the data specifically for DefaHaeIII by a 

factor of 1.5 and included the new ratio in the analysis (Figure 21).  

 

Figure 20– DEFA 3 copy number frequency before calibration. Absolute numbers of 
copies of DEFA3 estimated based on the DEFA3 to DEFA1 ratio and the total copy number of 
each sample. We would expect cluster around 0,1 and 2 if the measurements are properly 
calibrated.The majority of the samples formed clusters around integers with a value of 1.4 
and 2.8 suggesting a miscalibration of DEFA1A3 by a factor of about 1.5.  
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Figure 21 - DEFA 3 copy number frequency after calibration. Absolute numbers of 
copies of DEFA3 estimated based on the DEFA3 to DEFA1 ratio and the total copy number of 
each sample. The majority of the samples formed clusters around integers with a value of 1 
and 2, suggesting that our calibration lead to better copy number assignment. 

 

Because the copy number measurements of DEFA1A3 are whole 

numbers, all the ratio measurements should be centred values 

expected from on whole numbers as well. In the case of Del4, Indel5 

and 7bpdup assays, the ratios showed no evidence of bias, and 

therefore further calibration was not required (see figures 22, 23, 24). 

 

Figure 22 – Frequency of 7bp duplicated copy numbers deducted from the MLCN and 
the 7bpdup ratio in 741 European samples. 
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Figure 23– Frequency of 5bp undeleted copy numbers, estimated by combining the 
observed ratio with the MLCN, in 741 European samples. 

 

Figure 24 – Frequency of 4bp deleted copy numbers, estimated by combining the 
observed ratio with the MLCN, in 741 European samples. 

         After we reassured ourselves that the means and SD fitted for 
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MLCN program assumed that all the PRTs and allelic ratios measure 

the same copy number and as a measurement of confidence it 

generates a minimum ratio (MR) value. The minimum ratio is the ratio 

of the likelihoods between the most likely copy number and the 

second most likely copy number. Therefore, the higher the minimum 

ratio is, the more likely it that we have correctly assigned the copy 

number. 

          The MR results very between just above the unity, up to several 

millions. A MR between 2 and 10 was recorded for 125 samples (16.9%) 

(Figure 25). The median MR value was 844.038, and the interquartile 

range was 19.42-47357.8. Most of the samples that delivered a 

minimum ratio of below 10 were high copy number samples or had 

missing data. 

 

Figure 25 - Minimum ratio distribution in 741 unrelated samples. 83.08% of the 
samples had a minimum ratio greater than 10. 
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3.5 Concordance between PRT measurements  

Among the 741 samples we noticed that for 31 of them there 

was a different relationship between CEN1 and TEL2 measurements. 

The CEN1 ratio measurements were between 1.5 to 2 times higher 

than TEL2 measurements for 27 samples, and we have found four 

cases in which TEL2 ratio measurements were between 1.5 and 2 

times higher than CEN1 measurements. For this reason, the samples 

were excluded from our internal calibration, but they were analysed 

as normal through the Maximum Likelihood test and we therefore 

expected that those samples should have more indications of 

inconsistency between measurements. The overlay display of the 31 

samples on the general distribution is shown in Figure 26. 

 

Figure 26 Marked with blue is the distribution of the 712 consistent samples 
overlaid in red by the distribution of the 27 samples were CEN1 measurements are higher 
than TEL2 measurement and marked in green the distribution of the 4 samples where TEL2 
measurements are higher than CEN1 measurement. 
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This phenomenon is reproducible as we have repeated 15 

random samples out of 31 and found the same measurements in both 

CEN1 and TEL2. It is important to mention that the PRT assays relies, 

for example, on CEN1 444 bp product always coming from the 

centromeric position and the 332 bp product always coming from non-

centromeric position. If either the 444bp sequence was transferred to 

a non-centromeric position in an allele or a 332 bp sequence was 

transferred to the centromeric position, we will get the wrong 

answer. If there was a rearrangement of the locus such that a 332 bp 

product was derived from a centromeric (reference) position on one 

of the haplotypes, that will approximate double the ratio and will in 

turn give rise to an apparent copy number that is twice what it should 

be. For example, in Figure 26, the points shown in red could arise in 

some cases because the centromeric regions have been replaced by 

the non-centromeric regions, giving rise to a ratio approximately 

double the one expected for that copy number. Also, the 4 examples 

found in green could arise because a telomeric sequence is replaced 

by a sequence usually seen in non-telomeric regions. Agreement of 

measurements from both PRT assays gives further reassurance that 

the estimated copy number is indeed accurate as the independent 

tests are measuring the same number of repeat units. 

We proceeded by looking at the distribution of the minimum 

ratio and found a MR median of just 7.992 and a quartile range from 

2.110 to 37.645. This is an indication that CEN1 measurements in the 

samples might positively mislead the determination of the copy 
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numbers, but further analysis needs to be done in order to fully 

understand the cause of it. The most plausible mechanism for this 

kind of discrepancy is failure to amplify one copy of the reference 

because of sequence mismatches under the PRT primers, so that the 

apparent ratio is more likely to be correct in each case. Nevertheless, 

more work is needed to determine the true copy numbers for these 

samples before the nature of the discrepancies can be defined.  

3.6 CNV Association 

A CNV association analysis can be performed using different 

methods. In our case, the initial approach was to use all our results 

and to assign to every sample the best integer copy number and then 

use the copy number to do the association test. The problem in using 

a standard association test was that a simple association test will 

treat the copy numbers as if they are known without error, and it 

would ignore all the uncertainties associated with it. For example, it 

can make a just as strong a conclusion for samples that have been 

derived with very low confidence as for samples derived with high 

confidence. Therefore, we used an analysis method that will take into 

the account all the uncertainties present when deriving a copy 

number measurement and communicate them to the association 

analysis part. Even if the PRT method has been proven to be one of 

the most precise methods used in the determination of copy number, 

for a copy number of 6 and a minimum ratio value of (say) 43, there is 

still a chance that 1 time in 44 the copy number will be incorrectly 

measured.  
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For our purposes and because we worked with nonstandard 

data such as likelihood ratios from PRT based tests, an R package 

called CNVassoc was the best approach used in analysing the 

relationship between our cases and controls. In comparison with a 

standard association test the CNVassoc package allowed us to 

integrate the uncertainties from our measurements into the analysis 

(Subirana et al., 2011). 

Based on our data, CNVassoc interpreted how many different 

copy number classes there were among cases and controls and then 

using uncertainties about the assignment derived from our likelihood 

analysis it did the association test. Our maximum likelihood analysis of 

PRT data was used to produce an intermediate file in which each 

sample is not associated with just one copy number but is associated 

with probabilities of each copy number, very like the likelihoods 

produced in our initial analysis. The Maximum likelihood output 

generates 15 copy number states ranging from 2 copies to 16 copies 

for each sample. Because the first three copy numbers (from 2 copies 

to 4 copies) and the last five (from 11 copies to 15 copies) gave a low 

probability, we combined the copy numbers probabilities ranging from 

2-4 and 11-16, resulting in an 8 possible copy number states. To 

conform to the CNVassoc input format these are (confusingly) labelled 

1-8. (Table 11). In comparison with another R package called CNVtools 

(Barnes et al., 2008), CNVassoc allowed us to do the CNV association 

testing based on the copy numbers and probabilities matrix that we 

provided from our own analysis.  



 64 

 

Table 11 - We have 5 samples and 8 copy number states and each of these copy 
number states is associated with a probability. These probabilities have been obtained from 
the Maximum likelihood output.  

          We compared our data with 589 unrelated Europeans samples 

from unaffected individuals that act as controls for the periodontitis 

samples. The data for these 589 samples was obtained from Khan et 

al., 2013, Additional File 3. Through this method we wanted to test 

whether the distribution of our values matches a null hypothesis that 

there is no difference in the frequencies of copy numbers between our 

cases and the controls. The CNVassoc analysis gave us a CNV 

Likelihood Ratio Test output with a Chi-square value of 35.983 and a 

P-value equal to 7.30x10-6. This showed that there is a statistically 

significant difference between the cases and the controls.  

          The comparison of the copy number distribution from our 

results, with the copy number distribution from Khan et al., 2013 is 

shown in Figure 27.  

[1,] [2,] [3,] [4,] [5,] [6,] [7,] [8,]

[1,] 6.76908E-15 0.037457623 0.962235711 0.000297211 2.87259E-07 6.98424E-07 5.83833E-06 2.63165E-06

[2,] 4.31312E-65 5.15241E-14 0.067455353 0.826041228 0.018752127 0.077444256 0.009320141 0.000986895

[3,] 8.24686E-33 5.47805E-07 0.999979114 1.66294E-05 3.50761E-06 1.17276E-07 4.51409E-08 3.83385E-08

[4,] 4.88805E-27 0.000159213 0.999628089 3.6548E-05 0.000163963 9.87383E-06 2.09339E-06 2.20146E-07

[5,] 7.74913E-26 8.02823E-06 0.998804313 0.001133713 4.75844E-05 4.94059E-06 1.18778E-06 2.33092E-07
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Figure 27 - The copy number distribution comparison between our periodontitis 
samples (marked in orange) and controls (marked in blue). There seems to be a significant 
over-representation of copy numbers of 5,6 and 7 among cases (p = 7.30x10-6 likelihood ratio 
test) 

          The two copy number distributions in Figure 27 showed clear 

differences, with an overrepresentation of central (N= 6 or 7) copy 

numbers among periodontitis samples. There is no apparent simple 

additive association with copy number, and the overrepresentation 

appears to apply to specific copy number states. Even if there might 

be an influence from typing artefacts, the fact that for a copy number 

of 6 in the case of periodontitis samples there are nearly 100 extra 

samples indicates that the distribution is not likely to be due to 

random sampling effects. 

          Because pattern is clearly non-additive, and because it seems 

to have an excess of average copy numbers (6, 7) we undertook some 

further analysis to examine the accuracy of the data extracted from 

Khan. To test if there are any artefacts between cases and controls 
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we looked at the distribution of estimated copy number for the 7bp 

duplication variant (Figure 28). 

 

Figure 28 - Frequency of 7bp duplicated copy numbers deducted from the MLCN and 
the 7bpdup ratio in 589 samples from Khan et al., 2013. 

          The estimates cluster around integer values, and we would 

predict that pervasive error in this dataset would lead to erosion of 

the distinctions between these clusters. The internal consistency of 

the data from Khan gave us confidence that those copy numbers are 

accurate. 

         The overrepresentation of average copy numbers implies that 

there may be specific CNV alleles that are important in the case of 

samples with periodontitis. A specific overrepresentation of 3-copy 

alleles will tend to be associated with a few additional 5 copy samples 

but would predominantly lead to an excess of 6 and 7 and a few 

higher copy numbers samples. 3 is the average copy number haplotype 

and will not shift the overall distribution. Therefore, we can conclude 

that the important outcome of our analysis is not the overall copy 

number distribution but the distribution of a particular allele. 
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        As a very simple confirmation of CNV Likelihood Association Test, 

we did a Cochran-Armitage trend test between 3 groups of copy 

numbers: low copy numbers (from 3 to 5), medium copy numbers 

(from 6 to 8) and high copy numbers (from 9 and higher). This might 

not be as sensitive as a Likelihood Ratio Test but nevertheless we 

should expect to see a shift in the overall distribution of copy 

numbers. The Cochran-Armitage test gave a P value of 0.02305, 

suggesting that there are significant differences between our cases 

and controls, confirming the outcome of the CNV Likelihood Ratio 

Test.   

        As a secondary analysis we looked at the distribution of the 

individual repeat unit types between cases and controls to see if there 

might be a significant difference in the representation of DEFA3, 4bp 

or 7bp. We divided the copy number states for each of our individual 

repeat variant types in 3 categories: 0 copy number, 1 copy number 

and 2 copy number or more. Using a Cochran-Armitage test we have 

found that in case of DEFA3, a P value of 0.2650 was recorded 

between cases and controls for copy number splits of 0, 1 and 2 or 

more, whereas for 4bp and 7bp a P value of 0.2939 and 0.222 was 

recorded. This suggested that there seems to be an equal distribution 

of copy numbers for the individual repeat unit types in our cases and 

controls. In the context of the outcome of the association with total 

copy number distribution, the Cochran-Armitage test is not a 

satisfactory test because it assumes additivity. Using the same three 

categories, we did a Chi-Square test to see if there are significant 
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difference between the distributions. We expect a chi-square test to 

be more sensitive to non-progressive shifts in distribution than the 

Cochran-Armitage test. In the case of DEFA3 we obtained a chi-square 

statistic of 0.396 (P > 0.05). The 7bbpdup Chi-square statistic value 

was 7.814 with a p value of 0.020. For the 4bp deletion a Chi-square 

statistic of 6.828 was obtained and a p value of 0.032. We had 

particular reservation in the case of the 4bp control data because the 

data was not typed in Khan et el., 2013 and there is a good reason to 

be concerned that the control data is not comparable with the cases 

data. Using only a very small set of data (57 samples) for which the 

typing was clear, we concluded that there is a nominal significant 

difference between cases and controls (Figure 29).  

 

Figure 29 - The 4bp copy number states distribution, grouped in 3 categories. Our 
periodontitis samples are market in blue and the controls are marked in red. The first 
column represents the 0-copy number distribution, the second represents the 1-copy number 
distribution and third is the distribution of a 2-copy number or more copy numbers.  
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4. DISCUSSION  

4.1 Measurement of CNVs 

As discussed in subchapter 1.9, there are many methods that 

can be used to measure CNVs at multiallelic loci. This study focused 

not only in undertaking copy number measurement in 744 European 

samples with periodontitis but also to further demonstrate that the 

PRT method is a reliable and cost-effective method of CNV typing. We 

only had time to do CNV typing, but further studies can be done, 

where CNV data can be integrated with SNP data. The advantage is 

that the SNP data have already been obtained for these samples (Munz 

et al., 2017) and as a model for how to approach the further analysis, 

Ai et al., 2016 is a good example. They have found that the CNV 

association with IgA nephropathy was stronger than SNP association 

and it remained significant even after conditioning on the SNP 

genotypes. Also, SNP data can be integrated with diseases status and 

ultimately combined SNP and CNV data can be associated with disease 

status.  

We were particularly concerned about the accuracy of the 

experiment, especially because our measurements were calibrated 

internally, in the absence of standard reference samples, and because 

(after promising initial testing) the TEL2 and CEN1 PRTs were being 

used for the first time in the systematic typing of a large set of 

samples. The agreement between the PRT assays combined with the 

results from four allelic ratio measurements gave us confidence in the 
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correct assignment of copy numbers. Furthermore, the recorded 

minimum ratio values have proven that our copy number assignment 

was supported by multiple consistent independent measurements and 

is likely to have a low frequency of error. 

As mentioned in Chapter 3, 31 samples out of 744 were 

targeted to be further analysed. We have observed that is seems to be 

a discrepancy between TEL2 and CEN1 ratio measurements. Usually, 

the two PRT measurements should have about the same ratio as they 

are measuring the same copy number (Armour et al., 2000). In 27 of 

these 31 samples, CEN1 ratio measurement is from 1.5 to 2 times 

higher than TEL2 ratio, and in four samples the TEL2 ratio was 

between 1.5 to 2 times higher. It is possible that the CEN1 and TEL2, 

values might influence the copy number calling and this explanation is 

consistent with their low minimum ratio results. Our assumption is 

that there is something unusual in the sequence of these haplotypes 

that gives a higher CEN1 or TEL2 value, most likely a SNP affecting 

amplification of the reference amplicon. We will expect that this 

phenomenon to exist on a particular haplotype background and to 

share a particular SNP haplotype. Unfortunately, we did not have the 

time and the SNP data resources to investigate further in the context 

of this project. 

Given the CNV Likelihood Ratio Test output, the P value from 

the Cochran-Armitage test and the total copy number distribution plot 

between the two sets of data, we can conclude that further analysis 
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need to be done in order to firmly establish if there is a true 

association between DEFA1A3 copy number and periodontitis that is 

not influenced by measurement error. 

4.2 CNV Association  

Before we began our association study, we had to make sure 

that the copy number measurements from control samples we are 

using to compare our periodontitis data with are as accurate as 

possible. The data we have used was extracted from Khan et al., 2013 

Additional file 3. Because the study was done five years ago, and our 

data was not typed using the same methods described in the article 

we tried to make sure that their method of measurement does not 

introduce some biases in the analysis, which can generate significant 

differences. 

To do so, we compared the distribution of the 7bpdup 

individual repeat units. We have chosen this individual repeat, 

because among other repeats this is the most informative and 

accurate in terms of forming clusters around the integers (the 

corresponding data generated in this project can be seen in Figure 

22). We therefore used the 7bpdup ratios and total copy numbers 

from Khan et al to generate a distribution and to compare it with our 

distribution. As a result, the two distributions shared the same 

characteristic of forming clusters around the same integers, reassuring 

us that the data extracted from Khan et al was likely to have a low 

frequency of measurement error. 
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As the results we obtained from the CNV Likelihood Test and the 

confirmation from Cochran-Armitage test, we conclude that there is 

an overall association between copy number distribution for DEFA1A3 

periodontitis in this sample. The pattern observed is consistent with 

overrepresentation of a 3-copy allele, but further work needs to be 

done. Among others, the integration of our CNV data for these 

periodontitis samples with existing SNP data would be a helpful next 

step in understanding the basis of this apparent association.  
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