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Abstract 

The human amylase gene family on chromosome 1p21.1 is highly copy 

number variable. The salivary (AMY1) and pancreatic (AMY2A and 

AMY2B) amylase genes encode the starch-digesting enzymes expressed 

in the salivary gland and pancreas, respectively. Different molecular 

approaches have been used to investigate copy number variation (CNV) in 

this region, more specifically the salivary AMY1 copy number (CN). High 

AMY1 CN has been shown to be correlated with adaptation to human 

dietary starch intake, and low AMY1 CN reported to be a predisposition 

factor to obesity. These findings have not been replicated independently, 

and reliable measurement methods and accurate structural 

characterisation of the region are important to address such findings. The 

large dynamic copy number range of AMY1 genes and the extent of 

sequence identity in this region demands accurate, reliable and high-

throughput CNV measurement methods. 

In this study, high-resolution paralogue ratio test (PRT) measurement 

methods have been developed to define the full scope of variations in 

human amylase genes. The data demonstrated independent allelic series 

of amylase CN variants (CNVs) in sub-Saharan Africans, in which the 

region has undergone homologous and non-homologous rearrangements 

to create new haplotypes, some of which contain five copies each of the 

AMY2A and AMY2B genes. These expansions have taken 

AMY2B/AMY2A /AMY1 repeat unit as a starting point to create new allelic 

series represented by triplication, quadruplication and quintuplication. 
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With a better understanding of amylase region variation and the high-

resolution measurement methods developed in this study, the effect of 

amylase CNVs on diseases was assessed in eight common diseases. The 

results of case-control association studies showed no evidence of 

significant association between amylase CNVs and the eight diseases 

being tested. Furthermore, the significant association between amylase 

CN and body mass index (BMI) has been reassessed in three different 

cohorts (in a total of 4237 samples). The data demonstrated no evidence 

for an association between amylase CNVs and BMI. The lack of evidence 

of significant associations suggest that amylase CNVs does not influence 

BMI or obesity. 
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1 Introduction 

1.1 Human genome variation 

A key feature of biological importance in the human genome is variation in 

the sequence between different individuals, which occurs due to sequence 

and structural changes in the DNA. The Human Genome Project provided 

the benchmark for the characterisation of genetic variations (Lander et al., 

2001). Based on their size, genomic variations are found in the genome in 

different forms; single nucleotide polymorphism (SNP), repetitive 

sequences that are variable in number, deletion/insertion of a small DNA 

sequence and structural variation (Iafrate et al., 2004). Among the 

structural variants, there is a range of size differences; segments of DNA 

approximately 3 Mb or more which could be identified by microscopy are 

called microscopic structural variants, and those that are larger than 1kb 

but less than 3Mb known as sub-microscopic structural variants (Feuk et 

al., 2006). These variations in the genome play an important role in 

susceptibility to disease and in genetic diversity. The completion of the 

1000 Genomes Project provided a comprehensive map outlining genetic 

variants in human genome, and after reaching its end goal the project 

reconstructed the genomes of 2504 individuals in 26 worldwide 

populations. A broad spectrum of genetic variants has been identified, and 

a total of 84.7 million SNPs with a frequency >1%, 3.6 million short 

insertion/deletion and 60000 structural variants have been characterised 

(The 1000 Genomes Project Consortium, 2015). 
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1.2 Copy number variations 

Copy number variants (CNVs) are sub-microscopic structural variations, 

which refer to a segment of DNA more than 1 kb present in variable copies 

compared to the human reference genome assembly. A CNV might be 

due to complex deletion or addition of homologous sequences at different 

positions in the genome or could be simple in structure such as a tandem 

duplication (Iafrate et al., 2004, Feuk et al., 2006, Redon et al., 2006). Di-

allelic copy number variants are the simplest type of CNVs which comprise 

presence or absence of a gene; these are not affected by recurrent 

rearrangements, while multi-allelic or complex CNVs harbour many 

structural variants and are subject to recurrent rearrangements that lead to 

a dynamic range of copy number > 3 per diploid genome (Wain et al., 

2009, Usher and McCarroll, 2015). CNVs also have been classified based 

on allele frequency into rare CNVs often encompassing large regions of 

hundreds of kilobases with an allele frequency of <1%, and in contrast 

common CNVs having frequency >5% (Kato et al., 2010, Cantsilieris et al., 

2013). Copy number variations are common in the human genome, and 

around 2,391,408 CNVs have been collected by the Database of Genomic 

Variants (DGV) from different studies. It has been estimated that 4.8-9.5% 

of the human genome contributes to CNV (MacDonald et al., 2014, Zarrei 

et al., 2015). 

There are several mechanisms behind CNV formation in humans, the 

most common mechanism being non-allelic homologous recombination 

(NAHR), which is a process of recombining highly similar duplicated 
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sequences. Because recombination occurs between non-allelic sequences 

it will result in both duplication and deletion if the recombination happened 

between homologous chromosomes or between sister chromatids, while if 

the recombination occurs within the same chromatid it will only result in 

deletion (Conrad et al., 2010, Liu et al., 2012). Another potential 

mechanism for generating CNVs is the double-strand break repair system, 

which involves two pathways, non-homologous end joining (NHEJ) and 

microhomology-mediated end joining (MMEJ). Unlike NAHR non-

homologous end joining requires no sequence homology, whereas MMEJ 

requires a very short sequence similarity ranging between 5 and 25bp 

(Hastings et al., 2009) (Figure 1.1). 

1.3 Impacts and consequences of copy number variable regions 

Even though not all structural variants in the genome have a clear 

phenotypic effect, CNVs have a significant contribution to human disease 

and population diversity (Swaminathan et al., 2012, Pankratz et al., 2011, 

Hollox et al., 2008, Sebat et al., 2004). Copy number variants could affect 

the gene expression level by altering the gene dosage through changing 

the number of gene copies in a particular genome, or by more indirect 

mechanisms such as altering the spacing of genes and enhancers 

(Handsaker et al., 2015, Conrad et al., 2010). Rare individual CNVs which 

encompass hundreds of kilobases of DNA that might contain a single or 

multiple genes, as well as their regulatory parts, have been shown to 

correlate with neuropsychiatric diseases such as autism, Schizophrenia,  
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Figure 1.1 Potential mechanisms for CNV formation. (A) Non-homologous end 

joining (NHEJ): This mechanism requires no DNA sequence homology. It 

involves binding the Ku70/80 heterodimer to the break ends, with the 

presence of DNA-protein kinase (PK) complex. Re-joining the double 

strand break (DSB) ends leads to 1-4bp deletion or insertion. (B) 

Homologous recombination (HR): This mechanism requires extensive 

sequence homology. After formation of a DSB with presence of the sister 

chromatid (shown the diagram in pink colour) the break ends anneal with 

the sister chromatid at the homologous sequences forming two Holliday 

junctions. The two Holliday junction can be resolved by endonuclease 

(black and grey arrows) (C) Microhomology-mediated end joining 

(MMEJ): This mechanism requires 5-25bp DNA sequence similarity at the 

ends of the double strand break, and the DNA-end binding proteins are 

different from those used in NHEJ. Figure from Ottaviani et al. (2014). 
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and Alzheimer’s disease(O'Roak et al., 2011, Xu et al., 2008, Rovelet-

Lecrux et al., 2006). 

Several individually rare large deletions and duplications have been 

identified in developmental disorders, including learning disability. One 

obvious example is Down syndrome, well-known for being caused by 

chromosomal aneuploidy (trisomy) at human chromosome 21 that leads to 

increased dosages of hundreds of genes, which have variable phenotypic 

effects including learning disability (Roper and Reeves, 2006). Duplication 

and deletion of a region harbouring PMP22 gene on chromosome 17p12 

have been associated with Charcot-Marie Tooth disease type IA and 

hereditary neuropathy with liability to pressure palsies (HNPP) respectively 

(Iyer and Girirajan, 2015). A microdeletion in 16p11.2 harbouring the TBX6 

gene was identified in congenital malformation and developmental delay 

cases (Bijlsma et al., 2009). 

It has been suggested that common multi-allelic CNVs play a significant 

role in evolution and genetic diversity with a potential disease implication 

(Campbell et al., 2011). A 20kb deletion upstream of the immunity-related 

GTPase family M (IRGM) gene is strongly associated with Crohn’s 

disease. Haplotypes with this deletion were shown to have distinct 

expression of IRGM compared to the reference haplotype which in turn 

affected the efficiency of anti-bacterial autophagy (McCarroll et al., 2008). 

Association studies at multi-allelic CNV regions have dramatically 

increased with the rapid advance in CNV genotyping approaches. More 

recently a study found that the association between schizophrenia and the 

MHC locus is attributable at least in part to CNV of complement 
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component 4 (C4); many common structurally distinct haplotypes of C4 

were found to alter the expression of C4A and C4B in the brain (two 

functionally distinct isoforms of C4), and these alleles were associated to 

the schizophrenia risk in proportion to their effect on greater C4A 

expression(Sekar et al., 2016). 

Several diseases were highlighted to be correlated with multi-allelic CNVs; 

for example high copy number of beta-defensin was associated with 

psoriasis (Hollox et al., 2008). Low copy number of FCGR3B has been 

associated with systemic lupus (Fanciulli et al., 2007). Furthermore, both 

high and fewer copies of beta-defensin were significantly correlated with 

Crohn’s disease in different studies (Fellermann et al., 2006, Bentley  et 

al., 2010). Low copy number of CCL3L1 has been correlated with 

susceptibility to HIV infection(Gonzalez et al., 2005). Finally, high copy 

number of CCL3L1 and low copy number of FCGR3B have been 

associated with rheumatoid arthritis(McKinney et al., 2010, McKinney et 

al., 2008). However, not all of the above mentioned associations have 

been replicated by well-powered studies in different cohorts and reached a 

level of acceptance. In fact, follow up studies showed lack of evidence of 

some of these associations. A well-powered study using PRT method for 

measuring beta-defensin copy number did not replicate the association of 

beta-defensin with Crohn’s disease and found shortcomings of CNV 

measurement methods used in the previous studies on beta-defensin 

association with Crohn’s disease (Aldhous et al., 2010). Moreover, the 

Wellcome Trust Case Control Consortium (WTCCC) genome-wide 

association study was conducted on 8 common diseases including 
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rheumatoid arthritis and Crohn’s disease, and found no evidence of 

associations between CCL3L1, FCGR3B, or beta-defensin copy number 

with diseases despite the large sample size and good copy number 

measurements (The Wellcome Trust Case Control Consortium, 2010). 

1.4 Molecular approaches for CNV investigations 

The accurate measurement of multi-allelic CNVs in complex regions is a 

big challenge due to a high level of sequence identity in these genomic 

regions and the intrinsic difficulty of resolving different states at high copy 

number. Although a number of molecular approaches have been 

developed to investigate multi-allelic CNV regions, yet no single method is 

applicable for analysing all CNV classes because of the diverse genetic 

properties of each class. Molecular techniques that have been developed 

for estimating gene copy numbers could be classified into four categories: 

(a) locus-specific hybridization based techniques which include 

Fluorescence in-situ hybridization (FISH), Southern blotting and Pulsed 

Field Gel Electrophoresis; (b) Array-based approaches; (c) Sequencing-

based approaches and finally (d) PCR-based techniques that include 

quantitative real – time PCR, Multiplex amplifiable probe hybridization 

(MAPH), Multiplex ligation-dependent probe amplification (MLPA) and 

Paralogue ratio test (PRT) and droplet digital PCR (ddPCR) (Cantsilieris et 

al., 2013, Mazaika and Homsy, 2014). 

Fibre-FISH is a modified method from the fluorescent in-situ hybridization 

(FISH) technique. The principle of fibre-FISH involves releasing the DNA 

from interphase nuclei onto a slide then hybridizing it with fluorescently 
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labelled DNA probes; multi-coloured probes can be used to label different 

targets. This method is considered powerful in resolving complex 

structural rearrangements and counting the copy number with precision. 

Additionally, it can determine copy number per haplotype which is 

important for studies of diseases (Perry et al., 2007, Carpenter et al., 

2015). Although fibre-FISH is the most accurate approach for genotyping 

multi-allelic CNVs, it requires a high-quality DNA, laborious workflow, low 

throughput, and a possibility of cross-hybridization of the probes with 

paralogues in the highly variable regions(Cantsilieris et al., 2013). 

Array-comparative genomic hybridization (CGH) on the other hand has 

been used to measure copy number in genome-wide scale studies. This 

technique includes labelling test and reference DNA with different 

fluorescent labels and hybridizing it to an array of (usually oligonucleotide) 

probes. Copy number inference can be made in term of gain and loss by 

comparing the signal intensity ratios between test and reference DNA. 

This approach has been used in studying the global representation of 

CNVs and in large-scale case-control association studies (Conrad et al., 

2010, The Wellcome Trust Case Control Consortium, 2010). 

The PCR-based approaches are considered the common high-throughput 

assays for estimating copy number variation of a targeted genome region. 

Quantitative real-time PCR is a high-throughput approach for gene copy 

number estimation. Different from the normal PCR, real-time PCR 

simultaneously detects and quantifies a specific DNA region. The amount 

of the amplified product and the number of required cycles to reach a 

defined threshold yield could be monitored by using fluorescent dye or 
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probe in the PCR reaction(Cantsilieris and White, 2013). Different multi-

allelic CNV regions were investigated using real-time PCR approach, such 

as salivary and pancreatic amylase genes (Falchi et al., 2014, Perry et al., 

2007). A study testing the accuracy and reproducibility of quantitative 

approach in measuring CCL3L1 gene has shown qPCR is subject to error 

and failed to produce data clustered around integer values; the authors 

suggested using more accurate and robust methods like PRT especially in 

disease association studies to ensure the quality of copy number typing 

(Cantsilieris et al., 2014). 

The paralogue ratio test is another PCR – based approach for gene copy 

number estimation developed by Armour et al. (2007) which involves 

amplification of different but similar sequences using a single pair of 

primers; the primers are precisely designed to amplify simultaneously two 

almost identical DNA sequences, but differing in size (reference and test). 

The difference in size between the two products can be measured by 

capillary electrophoresis since one of the primers will be labelled with a 

fluorescent dye. Depending on the ratio between the reference and the 

test loci estimation of gene copy number could be obtained. This method 

is considered a simple, inexpensive and rapid technique that does not 

need any overnight step as in other methods like MLPA and MAPH. In 

addition, it requires a low quantity of DNA (10ng) making it suitable to 

analyse gene copy numbers in large-scale association studies (Armour et 

al., 2007). PRT has been found to be superior to real-time PCR especially 

in large numbers of samples in case – control association studies in terms 

of accuracy of determination of integer copy number estimation. The data 
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could be assessed for their quality by examining the degree of clustering 

around the integer value; no obvious clustering suggests a high level of 

error that disperses these clusters (Aldhous et al., 2010). Several studies 

reported the use of PRT successfully for estimating gene copy number in 

different multi-allelic CNVs including β-defensin genes (Aldhous et al., 

2010), α-defensin genes (DEFA1/DEFA3) (Khan et al., 2013), 

CCL3L1/CCL4L1(Walker et al., 2009) and AMY1(Carpenter et al., 2015). 

With the rapid advances in sequencing technology, next generation 

sequencing has been implemented in genome-wide studies. The data 

from next generation sequencing (NGS) provide valuable information 

about the extent of structural variations in the human genome, as it 

provides high coverage and ability to detect break points(Metzker, 2010, 

Abel and Duncavage, 2013). The main consideration of NGS approach for 

investigating multi-allelic CNVs is the length of sequencing reads which 

are short and difficult to map accurately in large regions like segmental 

duplications(Liu et al., 2013). However, analysis of NGS read depth which 

employs counting the number of reads between test and reference loci 

has been used successfully in investigating multi-allelic CNV regions 

(Sudmant et al., 2010, Carpenter et al., 2015, Usher et al., 2015, Black et 

al., 2014). 

1.5 Amylase 

Alpha-amylase (α- 1, 4- glucan 4- glucanohydrolase) is an enzyme 

catalysing hydrolysis of α-1, 4-glycosidic bonds of dietary starch and 

glycogen to maltose (a disaccharide); subsequently the latter is converted 
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to two molecules of glucose by the enzyme maltase. Accordingly, amylase 

begins the first step of starch digestion that is an essential process to 

provide cells with glucose, the major energy and carbon source (Peyrot 

des Gachons and Breslin, 2016). Alpha-amylase includes two types of 

isozymes and the main tissues that produce them in humans are salivary 

glands and pancreas (Meisler and Ting, 1993, White, 2015). The 

contribution of both tissues for the serum amylase level is nearly equal 

(Falchi et al., 2014). 

Among all mammals only primates, rodents and lagomorphs produce both 

salivary and pancreatic amylase, while the rest produce amylase only in 

their pancreas. Within primates, salivary amylase enzyme is only 

produced by Old World monkeys, apes and humans, while New World 

monkeys do not produce amylase in their saliva (Samuelson et al., 1996, 

Janiak, 2016). 

Salivary amylase is encoded by AMY1 genes, represented in the 

reference human genome assembly (hg19) by three strongly related 

genes named AMY1A, AMY1B and AMY1C, while the pancreatic amylase 

enzyme is encoded by AMY2 genes which encompass AMY2A and 

AMY2B. Although AMY1 and AMY2 transcripts are mainly expressed in 

salivary gland and pancreas respectively, studies observed a significant 

level of expression in liver, nervous system tissues, adipose tissue and 

male and female reproductive system (Fernández and Wiley, 2017). Both 

salivary and pancreatic amylase genes are located in a gene cluster on 

chromosome 1p21.1, and the human hg19 reference genome assembly 

shows two pancreatic amylase genes (AMY2A and AMY2B) and three 
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salivary amylase genes (AMY1A, AMY1B, and AMY1C) and a 

pseudogene (AMYP1) that lacks the first three exons but is otherwise a 

close match to AMY2A. The arrangement of the amylase genes is in a 

head to tail manner except for the AMY1B that has an inverted direction 

(Groot et al., 1989, Carpenter et al., 2015) (Figure 1.2). 

 

Figure 1.2 The human amylase genes are located in a gene cluster on the 

chromosome (1p21.1). The human reference assembly hg19 shows three 

salivary amylase genes (AMY1A, AMY1B, and AMY1C) arranged in a head 

to tail direction except AMY1B has an inverted orientation, pseudogene 

AMYP1 and pancreatic amylase genes (AMY2A and AMY2B). The black 

and purple ó18kbô rectangles indicate two near- identical intergenic regions 

with multiple sequence similarity to other parts of the locus. The scale at 

the top is in kb. 

Although they are expressed in different tissues, salivary and pancreatic 

amylases are strongly related and have nearly identical sequences. cDNA 

sequences are 96% identical in the coding sequence and there is 94% 

amino acid sequence identity between both genes (Nishide et al., 1986). 

Salivary amylase is composed of 11 exons while the pancreatic amylase is 

composed of 10 exons; the main difference between them is the presence 

of an extra nontranslated exon at the 5' end of the salivary amylase gene 

(Horii et al., 1987). All amylase genes (salivary and pancreatic) have a γ - 

actin pseudogene insertion upstream of the first exon, in the promoter 

region. It is believed that all the genes evolved from a single ancestral 
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gene within the primate lineage. Furthermore, all three copies of salivary 

amylase genes have an insertion in their promoter of a full-length human 

endogenous retrovirus element, interrupting the γ- actin pseudogene in the 

promoter regions. This human retroviral element confers tissue specificity 

of salivary amylase genes and led to expression in saliva. The retroviral 

element is absent in AMY2B, while AMY2A contains the residual structure 

of the retroviral element due to a retroviral excision making AMY2A 

expression restricted to the pancreas (Butterworth et al., 2011, Suntsova 

et al., 2015, Samuelson et al., 1990). 

1.6 Copy number variation of amylase genes 

The human amylase gene cluster is a highly copy number variable region. 

Salivary and pancreatic amylase genes are among the common large-

scale variable regions (Iafrate et al., 2004, Wong et al., 2007). Description 

of amylase gene copy number variation goes back over 25 years to when 

Groot et al. 1980, 1990 showed using Southern blot analysis that in 

humans the salivary amylase gene has extensive copy number variations. 

In their study Groot et al. (1989) described two haplotypes of amylase 

genes containing a variable number of salivary amylase; these are short 

haplotype (“H0”) and long haplotype (“H2”). The short haplotype is about 

100kb long and consists of AMY1C, AMY2A and AMY2B. On the other 

hand, the long haplotype length is about 300 kb, which includes the short 

haplotype plus an additional four copies of both AMY1 A and AMY1B 

(making a total of five copies of AMY1) and two copies of AMYP1 

pseudogene. They proposed the structure of the long haplotype as 
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AMY2B-AMY2A-AMY1A-AMY1B-AMYP1- AMY1A-AMY1B-AMYP1-

AMY1C. The amylase CNVs have been confirmed since then using array-

CGH and real-time PCR (Perry et al., 2007, Falchi et al., 2014). 

More recently studies applying high-resolution copy number measurement 

methods on samples from the different populations of the International 

HapMap Project demonstrated AMY1 copy number within the range 2-18 

copies and that AMY2 genes are less extensively variable compared with 

AMY1 (Carpenter et al., 2015, Usher et al., 2015). Moreover, these studies 

observed that the predominant haplotypes are those harbouring odd 

numbers of AMY1 copies. Carpenter et al. (2015) described different CNV 

classes involving deletion and duplication events affecting both AMY1 and 

AMY2 genes; these were (a) a deletion of about 75kb encompassing one 

copy each of AMY2A and AMY1, (b) duplication of pancreatic AMY2A and 

AMY2B along with a copy of AMY1, (c) an independent AMY2A 

duplication, and (d) higher order AMY2 duplications. 

While humans show extensive AMY1 gene copy number variation, studies 

on ancient DNA observed 13 copies of the AMY1 gene in the ancient 

hunter-gatherer Loschbour (8000 years old) (Lazaridis et al., 2014), and a 

single copy on each chromosome in both Neanderthals and Denisovans; 

in fact, chimpanzee (Pan troglodytes verus ) our closest living relative 

shows two copies per cell (Perry et al., 2015, Perry et al., 2007). It has 

been suggested that the multiple copies of AMY1 gene were favoured in 

modern humans due to a selective sweep after the separation of humans 

and Neanderthals(Inchley et al., 2016). 
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1.7 Physiological effect of amylase genes CNV 

The extensive variation in AMY1 copy number in humans attracted more 

researchers to explore the functional effects of salivary amylase variation. 

Studies assessing the effect of AMY1 CN on amylase protein expression 

and activity showed a strong correlation between copy number and 

salivary and serum amylase levels (Perry et al., 2007, Mandel et al., 

2010). Moreover, AMY1 copy number inversely correlated with insulin 

resistance in Korean male adults (Perry et al., 2015). Nevertheless a more 

recent study using more accurate CNV measurement methods showed 

only weak AMY1 CN positive correlation with salivary enzyme production 

and activity (Carpenter et al., 2017). It has been suggested that copy 

number variation of the salivary amylase gene is positively associated with 

the dietary starch content; populations that consume more starch have 

more AMY1 copies than those that consume less starch (Perry et al., 

2007). To test the hypothesis of amylase correlation with high starch 

content diet Perry et al. (2007) conducted their study on seven different 

populations. With regard to diet the studied populations grouped into 

populations with high starch diet which included European Americans, 

Japanese and Hazda hunter-gatherers, and populations of low starch diet 

included Biaka, Mbuti, Datog pastoralist and the Yakut. The populations in 

each group were not clustered geographically but according to the dietary 

starch content. They found that the average diploid copy numbers of 

AMY1 are higher in populations with high starch diet than in those who 

consume low starch. Based on their results the authors hypothesized a 
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model in which a positive selection occurred on AMY1 as a copy number–

variable gene in (some) populations with high starch diet, while in 

populations with low starch diet AMY1 has evolved neutrally. Additionally, 

they suggest that diet influenced AMY1 copy number rather than 

geographical closeness, especially in Japanese (High starch diet) and 

Yakut (low starch diet) populations which are geographically close, but 

each with different starch diet content (Perry et al., 2007). Likewise, strong 

evidence has been shown that selective pressures acted on amylase gene 

evolution in dogs (Axelsson et al., 2013). Dogs and wolves only express 

the pancreatic AMY2B gene; wolves only have two copies of AMY2B while 

domestic dogs exhibit variable copies ranging from 4-30, which is 

significantly correlated with amylase enzyme activity. This increase in 

AMY2B copy number was positively selected towards high starch content 

diet and played an important role during the dog domestication process by 

allowing the dogs to survive on diets rich in starch compared to the 

carnivorous diet of wolves (Axelsson et al., 2013). 

In humans the copy number variation in AMY1 gene has been also linked 

to the BMI. In a recent study by Falchi et al. (2014) conducted on 6200 

samples using quantitative real -time PCR to investigate the AMY1 copy 

number variation, most of the samples were of European origin which 

included 154 Swedish family members, a UK twins cohort and a French 

cohort, and a selected Singaporean Chinese case-control cohort. The 

authors observed no association between pancreatic amylase gene copies 

and the BMI, but they found a significant correlation of AMY1 copies with 

obesity (an inverse correlation between amylase copy numbers and BMI) 
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and a positive association of AMY1 copies with the expression of the gene 

as well as the serum level of amylase enzyme. They assumed that AMY1 

copy number variants constitute 2.47-19.86% of the total genetic variation 

in obesity. The low copy number of AMY1 will decrease the salivary 

enzyme level; in turn this will increase the risk of obesity (Falchi et al., 

2014). High copy number of AMY1 was reported to be beneficial for 

energy metabolism and significantly protected against obesity in a study of 

Mexican children(Mejia-Benitez et al., 2015). Furthermore a clinical study 

on a small cohort of 62 obese and 72 control samples showed that low 

AMY1 CN number was correlated with early onset obesity in females 

(Viljakainen et al., 2015). However these results were contested later by 

different studies, and it was argued that the CNV measurement methods 

used in previous studies were less accurate and showed continuous 

distributions of AMY1 copy number rather than measurements clustering 

around integer values (Carpenter et al., 2015). A study using more 

accurate measurement method on a total of 3500 European samples with 

99% power to detect the effect of AMY1 CNV on BMI failed to replicate the 

same result (Usher et al., 2015). Most recently a study on East Asian 

samples, again using robust methods of CNV measurement, could not find 

AMY1 copy number association with BMI (Yong et al., 2016). 

1.8 Remaining questions at the amylase region 

After the initial description of the amylase region by Groot and colleagues 

(Groot et al., 1989), there has been extensive work to investigate copy 

number variations in this region. Most of the studies focused on the 
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salivary AMY1 gene CNVs and for that purpose different methods have 

been developed. However, the large dynamic copy number range of 

AMY1 genes and the extent of sequence identity in this region make the 

technical challenge for accurately genotyping the gene copy number 

bigger and developing accurate reliable high-throughput measurement 

methods is demanding. While AMY1 got most of the attention there was 

little known on the pancreatic amylase gene variations. A strong 

association has been shown between variation in the pancreatic amylase 

genes and AMY1 genes. Hence a further analysis of the pancreatic AMY2 

genes is required and development of reliable assays for genotyping 

AMY2 gene CN in parallel with AMY1 is crucial to understand the full 

scope of genetic variations in this gene family, in particular, the potential 

range of CNVs of AMY2 genes. 

Furthermore, studies investigating the physiological (phenotypic) 

significance of the salivary amylase CNVs applied measurement methods 

subject to systemic errors and failed to produce copy number values 

clustered around integer values. Establishing new accurate CNV 

measurement assays provides a solid base to conduct large-scale 

association studies. 

Although the correlation between AMY1 CN and BMI was investigated 

previously by different studies yet there are still strong debates and 

discrepant findings about such association. None of these studies have 

been robustly replicated in different cohorts and reached a high level of 

acceptance. This might be due to the technical difficulties in this multi- 

allelic CNV region and the fundamental association between the 
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pancreatic AMY2 and AMY1 gene variations. Additionally, in the previous 

studies, the hypothesis was tested in cohorts at specific age groups either 

in adults or young children. It is important to establish new accurate, high-

throughput genotyping methods to provide a solid base ground to conduct 

large-scale association studies. Furthermore, testing BMI association with 

amylase gene CNVs in cohorts at different life stage will give much power 

to the analysis and could clear the doubts cast on this hypothesis. 

Finally, the association of amylase genes with disease was only tested 

with obesity, and no doubt it is worth exploring such association with other 

diseases, for example type 2 diabetes. 
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2 Materials and methods 

2.1 General reagents and methods 

2.1.1 DNA samples 

HapMap 

Genomic DNA of 360 individuals from the International HapMap Project 

was used at a concentration of 10ng/µl (The International HapMap Project, 

2003). These samples were collected from four geographically diverse 

populations that include: 180 residents of Utah, USA, with northern and 

western European ancestry (CEU), 90 samples from Yoruba from Ibadan, 

Nigeria (YRI), 45 Han Chinese from Beijing, China (CHB) and 45 

Japanese from Tokyo, Japan (JPT). The CEU samples were collected by 

the Centre d’Etude du Polymorphisme Humain (CEPH) and consist of 56 

trios, 5 duos and 2 singletons. The YRI samples also consist of 30 trios 

whereas the CHB and JPT samples are unrelated. 

ECACC 

Another cohort used in this study was European Collection of 

Authenticated Cell Cultures (ECACC) Human Random Control (HRC) 

sample. DNAs from 480 individuals were selected randomly from healthy 

non-related UK Caucasian blood donors (www.phe-

culturecollections.org.uk/products/dna/hrcdna/hrcdna.jsp). 
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The 1958 Birth Cohort 

The 1958 Birth Cohort (1958BC) represent all births in England, Wales 

and Scotland during one week in 1958, also known as the child 

development study (Power and Elliott, 2006). Up to 1448 DNA samples 

from the 1958BC at a concentration of 10ng/µl were used in this study. 

2.1.2 PCR buffers 

10x low dNTPs (LD) PCR buffer 

The 10x LD buffer contains 50mM Tris-HCl (pH8.8), 12.5mM ammonium 

sulphate, 1.4mM magnesium chloride, 125μg/ml BSA, 7.5mM 2-

mercaptoethanol and 200µM of each dNTP. This buffer was used for all 

PCR reactions unless stated otherwise. The final volume of the PCR 

mixture was 10μl, which was composed of 1μl 10X LD PCR buffer, 1μl 

DNA (10ng), 0.5 U Taq DNA polymerase (NEB), 1μl forward primer, and 

1μl reverse primer (10µM). 

Phusion High-Fidelity DNA polymerase 

Phusion DNA polymerase (New England BioLabs) was used to amplify 

long PCR product (9839bp) in verification of AMY2A/AMY2B triplication, 

quadruplication and quintuplication-associated inversion. This structure 

was verified in the quintuplication carrier NA19159 using primersTripl_inv 

AMY2AF3 (GCTCTACCCAATGCTTAATCCT) and Tripl_inv AMY2BR4 

(GCACAGCACTGAAACATGATTT) to amplify across the predicted 

(9839bp) inverted structure. The PCR master mix contained DNA (50ng), 

5μl Phusion HF buffer (New England BioLabs), 0.5μl dNTPs (10mM each), 
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1.25μl forward primer (10µM), 1.25μl reverse primer (10µM), 0.25μl 

Phusion DNA polymerase (BioLabs), 5μl betaine (5M), and water to a final 

volume of 25μl. The PCR cycles were: one cycle of initial denaturation at 

95°C for 5 minutes; 30 cycles of 95°C (30 seconds), 58°C (20 seconds) 

and 65°C (20 minutes); and a final extension step at 65°C for 10 minutes. 

LongAmp Taq DNA polymerase 

LongAmp Taq DNA polymerase (New England BioLabs) was used to 

verify the structural basis of the AMY1C variant in the YRI population. 

Primers AMY1DS (TGGCTTCCCAGTAGAGCCCTTT) and AMY1CR 

(TGCTCCAGATCCTCAACAGCA) were used to amplify a 3118bp product 

specific to AMY1C. The PCR master mix contained 10ng genomic DNA, 

5μl 5x LongAmp buffer (New England BioLabs), 0.75μl dNTPs(10mM 

each), 1μl forward primer (10µM), 1μl reverse primer (10µM), 1μl 

LongAmp Taq polymerase (New England BioLabs), and deionized distilled 

water was added to make the final volume of 25μl. The PCR cycles were 

one cycle of initial denaturation at 95 °C (5 minutes), followed by 34 cycles 

of 95°C (30 seconds), 61°C (30 seconds) and 70°C (3 minutes), and a 

final extension step at 65°C for 10 minutes. 

2.1.3 Primer design 

All the primers were designed using Primer3 (Koressaar and Remm, 2007, 

Untergasser et al., 2012). The UCSC Genome Browser hg19 

(http://genome-euro.ucsc.edu) was used to obtain the reference DNA 

sequence of regions of interest (Kent et al., 2002). Primer pairs were 

designed to have approximately 50% GC content and similar annealing 
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temperatures. Then each primer was checked for any possible SNP 

overlap using Trace archive 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&BLAS

T_SPEC=OGP__9606__9558&LINK_LOC=blasthome) and 

dbSNP(Sherry et al., 2001). Finally, the UCSC Genome Browser in silico 

PCR tool was used to check the specificity of all designed primers (Kent et 

al., 2002). 

2.1.4 Agarose gel electrophoresis 

Agarose gel electrophoresis was used to separate the DNA fragments. 

Depending on the sizes of the products being separated, agarose gels at 

concentrations between 0.8% and 3.0% were prepared using 0.5x TBE 

buffer containing 0.5µg/ml ethidium bromide. 5x loading buffer was 

prepared with 0.02% bromophenol blue, 40% sucrose and 2.5x TBE. Each 

sample was mixed with 5x loading buffer prior to loading on to the agarose 

gel. 100bp or 1kb ladder (New England BioLabs) was loaded alongside 

the samples to determine the size of the DNA fragments being separated. 

Gels were run at 80-120V in 0.5% TBE containing 0.5µg/ml ethidium 

bromide, and visualised under UV light. 

2.1.5 Sanger sequencing 

PCR products were cleaned prior to sequencing using Agencourt AMPure 

XP (Beckman Coulter) according to the manufacturer’s manual. The 

sequencing reaction contained 0.5ul BigDye (Applied Biosystem), 3.5 ul 5x 

sequencing buffer (10mM MgCl2 and 250mM Tris pH9), 0.5µl primer 
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(10mM), 20-30ng of purified PCR products, and water was added to make 

the final volume up to 10µl. The sequencing reaction conditions were 25 

cycles of 95°C (30 seconds), 50°C (15 seconds) and 60°C (4 minutes). 

Following that the sequencing products were purified using Agencourt 

CleanSEQ (Beckman Coulter), according to the manufacturer’s protocol. 

Samples were sent to DBS genomics 

(https://www.dur.ac.uk/biosciences/services/dna/) for electrophoresis 

using an ABI3730. BioEdit was used to view sequence traces. 

2.1.6 Capillary electrophoresis 

Capillary electrophoresis was conducted on an ABI3130xl Genetic 

Analyser 36 cm capillary. This was used to separate and quantify different 

PCR products in the same capillary. Before the electrophoresis, the 

desired amount of each PCR product was mixed with 10ul HiDi formamide 

containing 0.125µl ROX-500 markers. These products were then 

denatured at 96°C for 3 min before electrophoresis using POP-7 polymer 

and an injection time of 30 sec at 1 kV. GeneMapper software v4.1 

(Applied Biosystems, Warrington, UK) was used to extract peak area data. 

2.2 Amylase gene copy number measurement assays 

AMY1: AMY2 ratio assay 

Copy number ratios for AMY1 relative to AMY2 (AMY2A and AMY2B) 

were determined using primers HEX-AMY1_2F (HEX 

ACAGTTGATTTTTGATCTTGTAGG) and AMY1_2R 

(TACAGCATCCACATAAATACGAA). In this assay, the forward primer 
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was labelled with hexachlorofluorescein (HEX) fluorescent dye. The final 

volume of the PCR mixture was 10μl containing 1μl DNA (10ng), 0.1μl (0.5 

U) Taq DNA polymerase (New England BioLabs), 1μl forward 

primer(10µM), 1μl reverse primer (10µM), 1μl 10X LD PCR buffer. The 

PCR cycling conditions of this assay were an initial denaturation step at 

95°C for 5 minutes, 25 cycles of 95°C (30 seconds), 57°C (30 seconds) 

and 65°C (30 seconds), with a final extension step at 72 °C for 50 minutes. 

The difference in the size between the two products was resolved using 

ABI3130xl 36 cm capillary genetic analyser according to the procedure in 

section (2.1.6). GeneMapper v4.1 software (Applied Biosystems) was 

used to extract the peak area and calculate the ratio for each sample. 

AMY2A:AMY2B ratio assay 

The ratio of AMY2A to AMY2B copy number was measured using primers 

FAM (6-carboxyfluorescein) fluorescent labelled forward primer FAM-

GATTTTTAATCAATACACATTTGC and Rev: 

ATAGTGACTTCCTTGCATTGGG primer. The PCR master mix contained 

1μl DNA (10ng), 1.9μl 10X NH4 buffer (BIOLINE), 0.8μl MgCl2(50mM), 

0.16μl dNTPs (25mM each), 1μl forward primer (10µM), 1μl reverse primer 

(10µM), 0.2μl (1U) Taq DNA polymerase (New England BioLabs) and 

water was added to make the final volume up to 20μl. The cycling 

conditions were: one step initial denaturation at 95°C for 5 minutes, 29 

cycles of 95°C (30 seconds), 58°C (10 seconds) and 61°C (30 seconds), 

and a final extension step at 72°C for 50 minutes. PCR products were 

resolved using ABI3130xl 36 cm capillary genetic analyser according to 

the procedure in section (2.1.6). GeneMapper v4.1 software (Applied 
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Biosystems) was used to extract the peak height and calculate the ratio for 

each sample. 

Quantitative AMY2A/AMY2B duplication fragment assay 

This assay was modified from the AMY2A/AMY2B duplication junction 

fragment described by Carpenter et al. 2015. It employs three primers 

AMY2B2D (GCCTGGCTAATTTGTTGTTAG), FAM-AMY2B2R (FAM-

AAATTAACTCCATGCATCACC), and AMY2B2F 

(TGCATAGAAATGGCACATAGT). Primers AMY2BF and AMY2BR make 

192bp products, and AMY2BD and AMY2BR make 176bp products if the 

AMY2A/2B duplication is present. PCRs of 10μl used 10 ng genomic 

DNA), 0.5 U Taq DNA polymerase (New England BioLabs), 1μl from each 

primer (10µM), 1μl 10X LD PCR buffer, and water was added to make the 

volume 10µl. The PCR cycling conditions were an initial denaturation 

stage of 95°C for 5 min, followed by 22 cycles of 95°C (30 seconds), 60°C 

(30 seconds), 65°C (1 minute), and a final extension at 72°C for 50 min. 

1μl from PCR reactions was resolved by capillary electrophoresis on an 

ABI3130xl Genetic Analyser 36 cm capillary as described in section 

(2.1.6). GeneMapper v4.1 software (Applied Biosystems, Warrington, UK) 

was used to extract peak area data. 

AMY1 C PRT 

This assay included two fluorescent PCRs per sample, each using three 

primers and switching the activities of primers using cycling conditions. 

The first PRT used primers AMY1CF (TTCTAAGGTGCCTTCTAGTC), 

Hexachlorofluorescein (HEX)-AMY1CR (CATCTTCAAGCCTGCATTC), 
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and nested forward primer NF2 (ATAGCTTAGAGTAGTTAAC), and the 

second contains AMY1CF (TTCTAAGGTGCCTTCTAGTC), FAM (6-

carboxyfluorescein)-labelled AMY1CRB2 (AGTGAGATGAGGCATTGTG), 

and nested forward primer NF5 (GGCCTCTATACATGAG). The final 

volume of both the PCRs was 10μl containing 10ng genomic DNA, 0.5 U 

Taq DNA polymerase (New England BioLabs), 1 µl of each primer 

(AMY1CF, HEX-AMY1CR and NF2) or (AMY1CF, FAM-AMY1CRB2 and 

NF5),1μl 10X LD PCR buffer (Section 2.1.2). 

Reactions started with 15 cycles of 95°C (30 seconds), 61°C (30 

seconds), and 65°C (2 minutes), during which AMY1CF and 

AMY1CR/RB2 anneal stably to make products specific to AMY1. The 

cycles then switched to 95°C (30 seconds), 54°C (30 seconds), and 65°C 

(1 minute), for 14 (AMY1CR+NF2) or 13 (AMY1CRB2/NF5) cycles, before 

final extension at 72°C for 50 minutes; at the lower annealing temperature 

in the second phase, the nested primers NF2 and NF5 anneal stably to 

make shorter products that are more readily resolved. 2μl from reactions 

with AMY1CR/NF2 and 0.8μl from reactions with AMY1CRB2/NF5 were 

resolved by capillary electrophoresis on an ABI3130xl Genetic Analyser 36 

cm capillary as described in section (2.1.6), running the products from the 

two reactions in the same capillary. GeneMapper v4.1 software (Applied 

Biosystems, Warrington, UK) was used to extract peak area data. 
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2.3 Case control association studies 

The Wellcome Trust Case Control Consortium (WTCCC) probe 

intensity data 

Array-CGH probe intensity data of 21058 samples were obtained from the 

Wellcome Trust CNV genome-wide association study in seven measures 

for each sample; raw signal red intensity data, raw signal green intensity 

data, ratio of raw signal red and green, Quantile–normalised red (QNorm–

red), Quantile–normalised green (QNorm–green), ratio of QNorm–

red/QNorm–green and Quantile–normalised ratio of red and green 

(QNorm–ratio) (The Wellcome Trust Case Control Consortium, 2010). The 

amylase region was targeted by 98 probes including the flanking regions, 

and the probe intensity data at each gene were used to extract copy 

number states using probe variance scaling (PVC) (see chapter 5). Ten 

probes in the genomic interval (hg19 chr1:104122285-104130502) were 

used in analysing AMY2B gene copy number scores, 6 probes for the 

AMY2A gene (hg19 chr1: 104155244-104160972), and 8 probes for AMY1 

gene (hg19 chr1:104190085-104294374). The index numbers for each 

probe and their coordinates are summarised in table 2.1. 
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Table 2.1 Summary of probes in the WTCCC genome-wide CNV study used in 

extracting copy numbers for each of AMY1, AMY2A and AMY2B genes. 

The original information about all probes was derived from Conrad et al. 

(2010), and the coordinates were converted from the human reference 

assembly hg18 to hg19. 

Gene Probe position (hg19 chr1:) probe index 

A
M

Y
2

B
 

104122285 3548 

104122892 3549 

104124947 3550 

104125647 3551 

104126302 3552 

104127414 3553 

104128104 3554 

104128821 3555 

104129779 3556 

104130502 3557 

A
M

Y
2

A
 

104155244 3582 

104156717 3583 

104157749 3584 

104158655 3585 

104159508 3586 

104160972 3587 

A
M

Y
1 

104190085 3596 

104198262 3597 

104202414 3543 

104203837 3599 

104205457 3546 

104206165 3600 

104206817 3601 

104294374 3598 
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Statistical analyses 

The extracted copy number scores from the WTCCC study of eight 

common diseases with a combined control group were used to conduct 

case-association studies (The Wellcome Trust Case Control Consortium, 

2010). The sample sizes of each disease group and the shared control 

group are listed in table 2.2. Chi-square tests of independence and 

Cochran-Armitage tests were used to compare copy numbers of AMY2B, 

AMY2A, and AMY1 genes between the disease and control groups (see 

chapter 6). P-values were adjusted for multiple testing using Bonferroni 

correction, dividing the critical p-value 0.05 by the number of tests 

performed. Thus a p-value< 0.0021 was considered nominally significant 

(0.05/ 24). Chi- square and Cochran- Armitage tests were performed in 

Microsoft Excel. 
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Table 2.2 Sample size of 8 common diseases and a shared control group used in 

amylase genes case-control association study. 

Cohort name Sample size 

Breast cancer (BC) 1832 

Crohn’s disease (CD) 1690 

Bipolar disorder (BD) 1869 

Hypertension (HT) 1898 

Rheumatoid (RA) 1713 

Type 1 diabetes (T1D) 1905 

Type 2 diabetes (T2D) 1885 

Coronary artery disease (CAD)  1855 

The 1958 Birth Cohort (58BC) and UK blood service 
collection (UKBS)  

2898 

2.4 BMI association analyses 

BMI association with AMY1, AMY2A, AMY2B copy number was assessed 

in three cohorts: T2D, CAD and the 58BC. For the T2D and CAD cohorts, 

CN number scores extracted from array-CGH data were used. BMI data, 

age and sex for both cohorts were obtained from the relevant disease 

coordinators in the WTCCC study (The Wellcome Trust Case Control 

Consortium, 2007, The Wellcome Trust Case Control Consortium, 2010). 

Details of sample size and the BMI data are listed in table 6.7. For the 

58BC the BMI associations were assessed using both array-CGH copy 

number scores and direct typing using PRT methods. BMI data from 8 

sweeps (from age 7 to 50 years) from the biomedical data of the 58BC 

were used in this study (Power and Elliott, 2006). The sample size and sex 

composition of each age group are listed on table 6.9 (see chapter 6). 

Finally, the association study was performed in the three cohorts all 

combined into one group. All association analyses were assessed by a 
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linear regression model using PLINK toolset v1.07 

(http://pngu.mgh.harvard.edu/purcell/plink/) (Purcell et al., 2007). Age and 

sex were included as multiple covariates for T2D and CAD cohorts, 

whereas only sex was used as a covariate for the 58BC. 

PLINK file format 

The common copy number polymorphism format in PLINK package v 1.07 

was used for the association analyses using the option --gfile (generic 

variant). For this option in each association test, three different file formats 

were generated: MAP, FAM and gvar files. The FAM file contained the 

general information about individuals, and was composed of 6 mandatory 

fields (one row per individual) as follows: 

1. Family ID (the same ID as the individual ID was used) 

2. Individual ID 

3. Paternal ID (0 was used) 

4. Maternal ID (0 was used) 

5. Sex (1=male; 2=female; other=unknown) 

6. Phenotype (the BMI data was used) 

The MAP file was generated for each marker (AMY1, AMY2A, and 

AMY2B), which contained 4 columns: 

1. Chromosome number 

2. Marker ID (AMY1 or AMY2A or AMY2B) 

3. Genetic distance (0 can be used) 

4. Base pair position 

http://pngu.mgh.harvard.edu/purcell/plink/
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The generic file format (gvar) was created and contained the CNV 

genotype data. The gvar file must have 7 columns per individual: 

1. Family ID (same as the individual ID) 

2. Individual ID 

3. Name (variant name same as the marker name in the map file) 

4. Allele1 (A code for allele from the first parent, this could be 

anything, A was used) 

5. Dosage1 (copy number for the first allele) 

6. Allele2 (code for allele from the second part, B was used) 

7. Dosage2 (copy number for the second allele) 

Although the haplotype composition was unknown, an arbitrary split was 

made of total copy number between alleles; this does not affect the 

association analysis, which only considers total (diploid) copy number. 

Covariates were added to the linear regression analysis using the 

command --covar. For that a text file was generated containing the 

covariates as follows: 

1. FID (Family ID) 

2. IID (Individual ID) 

3. Cov1 (first covariate) 

4. Cov2 (second covariate if present) 

The output file of the command (plink --gfile filename.gvar --covar 

filename.txt) will not show the regression coefficient and p-values of the 

covariates themselves, and therefore a PED file was generated for that 

purpose. It contained the same six columns as in the FAM file with an 
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extra 7th column containing the genotype data. A dummy SNP genotype 

data column was used in column 7. The PED file was converted to binary 

PED file (.BED) using the command (plink --file filename.ped --make-bed). 

The command (plink --bfile filename.bed --linear--covar filename.text) was 

used to assess the association between the covariates and BMI. 
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3 Development of AMY1C paralogue ratio test (PRT) 

3.1  Underlying principle of the AMY1C_PRT 

The AMY1C PRT includes amplification of salivary amylase genes 

(AMY1A, AMY1B and AMY1C). Previous observations by Carpenter et al. 

(2015) and Usher et al. (2015) showed that the haplotype structures all 

include a single centromeric copy of AMY1C (AMY1C) at the end of the 

repeat region, together with variable numbers of other internal copies of 

AMY1A and AMY1B. Therefore this assay was designed based on 

consistent sequence differences distinguishing AMY1C from AMY1A and 

AMY1B, so that measuring the internal ratio (AMY1A+AMY1B):AMY1C 

could be used to estimate the total AMY1 copy number, assuming all 

individuals have two copies of AMY1C. Based on a 10bp deletion found in 

the AMY1A and AMY1B, but not in most AMY1C copies, a forward 

(AMY1CF) and reverse (AMY1CR) primer were used in this assay (Figure 

3.1). 



36 
 

Because of the sequence similarity of the AMY2/A2B 18kb region with 

salivary amylase genes, the forward primer is carefully designed to 

discriminate against the AMY2/A2B 18kb region. According to the 

reference assembly AMY1C loci should make 633bp products while 

AMY1A and AMY1B loci make 624bp (9bp shorter). These products are 

longer than can be reliably resolved and quantified by capillary 

electrophoresis, and therefore a nested primer (NF2) was used to create a 

secondary, shorter product (Figure 3.1). The nested primer (NF2) works 

as a forward primer with AMY1CR, and needs a lower annealing 

temperature to anneal stably; after initial amplification at high (61°C) 

annealing temperature to generate the products specific to AMY1, 

Figure 3.1 Diagram of amylase gene cluster showing the primer placement for the 

AMY1C PRTs, and illustrating the indel differences between paralogue 

sequences at AMY1A/B copies and the AMY1C copy. Almost all haplotypes 

differ by the three indels shown in between AMY1C and AMY1A/1B. The 

AMY1C variant has the same 10bp deletion specific to AMY1A/1B, but still has 

the 3bp insertion, which can be used to distinguish this variant haplotype from 

AMY1A/1B using the NF5 assay. 
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lowering the annealing temperature to 54°C allows the shorter products to 

be generated using the nested primers. Hence NF2 and AMY1C-R should 

make 436bp products from AMY1C and 427bp products from AMY1A and 

AMY1B. To make these assays simpler, rather than doing two different 

PCR reactions for the initial and nested phases of each assay, all three 

primers (AMY1C-F, AMY1C-R-HEX and NF2) were mixed together in one 

reaction tube and two successive 3-step PCRs with different annealing 

temperatures were set up. Consideration was taken for the nested primers 

to have a lower annealing temperature than the forward and the reverse 

primers, therefore avoiding them generating products from the AMY2A2B 

18kb region in the first stage of the PCR cycles. 

3.2 AMY1C variant in African populations 

In almost all samples genotyped using the AMY1C PRT the preliminary 

observations showed that the 10bp deletion was found in AMY1A/1B 

copies, but not AMY1C copies, which is the principle of this assay; in 

addition, the AMY1 copy number estimate was in agreement with the 

results of the previous experimental analysis conducted by our group 

(Carpenter et al., 2015). However, in a minority of the African samples the 

results yielded a very high AMY1 copy number estimate, nearly twice the 

value expected for these samples. The obvious interpretation of this was 

that the system had measured the ratio of products from AMY1A/1B to 

only one copy of the AMY1C reference locus, rather than two, and the 

other copy of AMY1C is either deleted or indistinguishable from AMY1A/B 

copies (in other words, the AMY1C variant has the same 10bp deletion). 
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To investigate the structural basis of this variant a 3.1kb PCR product 

specific to AMY1C genes was amplified and an initial agarose gel check 

showed that samples with AMY1C variant produced two bands, which 

indicated that the two AMY1C copies are different in size, while the control 

samples (lacking the anomalous AMY1C measurements) produced one 

band indicating the two AMY1C copies are identical in size (data not 

shown). 

To investigate the sequence basis of this variant, which constitutes about 

3% of haplotypes in the YRI HapMap phase 1 samples, the long PCR 

product was examined by Sanger sequencing; the result confirmed that 

the 10bp deletion usually specific to AMY1A/1B was also found in one 

copy of AMY1C and that up to 70bp downstream of the deletion the 

sequence in this haplotype has variants typical of AMY1A/1B (Figure 3.2). 

Therefore the first AMY1C PRT will create products from the AMY1C 

variant of the same length as AMY1A/1B products, which means in this 

case that products characteristic of the reference locus (AMY1C) will be 

derived from only one copy rather than two. This will mislead the analysis 

and give a higher AMY1 CN estimate for those individuals who carry this 

variant haplotype (Figure 3.3b).



39 
 

 

  

 

Figure 3.2 :  Direct sequencing of 3.1kb product specific to AMY1C genes showing the AMY1C variant haplotype. This trace has been reverse 

complimented to match the direction of the reference sequence and the mixed position shows the heterozygous position of the indel. The red 

arrows point to the variants between the two copies of AMY1C, and the alleles on the AMY1C variant haplotype match AMY1A/1B. The blue 

arrow shows the allele where both AMY1C copies have the same allele that differs from AMY1A/1B.  
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The sequencing result also showed that an adjacent 3bp deletion 

associated with AMY1A/1B and is consistently absent in AMY1C, even on 

the variant haplotypes; it therefore could be used to design a second 

AMY1C PRT that could reliably distinguish AMY1C products from 

AMY1A/1B, even in the presence of the AMY1C variant haplotype (Figure 

3.3). The second PRT was based on the same forward primer (AMY1CF) 

and a reverse primer (AMY1CRB2) including both 10bp and 3bp deletions, 

and nested primer NF5 was used to create a secondary, shorter product. 

Therefore AMY1A/1B would produce 344bp, AMY1C (usually) a 357bp 

product, and the minority of African AMY1C variant haplotypes would 

produce an additional 347bp product 3bp longer than AMY1A/1B. Thus 

the second AMY1CPRT will identify and quantify any individual carrying 

this variant, allowing the correct analysis of the first PRT (Figure3.3b) 



41 
 

 

 

AMY1A/1B AMY1A/1B AMY1C AMY1C 

2 copy 2 copy 2 copy 2 copy 

(a) 

AMY1A/1B AMY1C AMY1C AMY1A/1B/1C AMY1C 

3 copy 1 copy 2 copy 1 copy 1 copy 

(b) 

Figure 3.3 Capillary electrophoresis traces for two YRI samples both having 

4 copies of AMY1 genotyped using AMY1CPRT. (a) Results of 

sample NA19144; both NF2 (green) and NF5 (blue) traces 

consistently show two peaks each from AMY1A/1B and AMY1C, the 

areas of which are in the ratio 2:2. (b) Results of sample NA18857, 

which carries the AMY1C variant haplotype. The NF2 trace (green) 

shows two peaks, the areas of which are in the ratio 3:1. Without 

further information this would be misinterpreted as a ratio of 6:2, 

totalling 8 copies. However, the NF5 trace (blue) for the same sample 

shows 3 peaks with the ratio of 2:1:1. The third peak is longer by 3bp 

than AMY1A/1B representing the AMY1C variant haplotype. The 

identification of the variant AMY1C haplotype allows a correct 

interpretation of the NF2 trace in which the variant AMY1C copy is 

included with the AMY1A/1B, and implies a true ratio of 3:1, totalling 

4 copies. 



42 
 

3.3  Data calibration using k-means clustering 

The preliminary evaluation of the AMY1C PRT assays and copy number 

calculation were made by calibrating the ratios obtained from each of NF2 

and NF5 using the reference standard samples, which were HapMap CEU 

samples (NA11930, NA06993, NA10852, NA10835, NA12248,11931, 

NA11993 and NA07347 with AMY1 CN equal to 2,6,6,8,8,10,11 

respectively) (Carpenter et al., 2015). To validate this PRT assay 840 

genomic DNA samples from two different cohorts were genotyped; the first 

cohort included HapMap samples from different populations, which were 

Europeans (CEU1/2), Asians (CHB/JPT) and Africans (YRI). The second 

cohort consisted of ECACC (European Collection of Cell Cultures) Human 

Random Control (HRC) samples. Since the AMY1C PRT records two ratio 

measurements of the same sample using two different nested primers, 

extensive testing showed that the obtained ratios were generally in good 

enough agreement to form tight, distinct clusters corresponding to different 

integer values (Figure 3.4). This observation led to the development of an 

alternative internal method of calibration that allows assignment of 

samples to integer states without relying on reference standard samples. 

Theoretically, assuming equal amplification, the total AMY1 copy number 

in this assay is CN= (R*2) + 2, where R is the ratio of (AMY1A and 

1B)/AMY1C. Therefore a sample with a given CN will have ratio of 

approximately (CN-2)/2; for example, when CN = 6, we expect that the 

ratio will be about 2. A slightly different calibration was performed for the 

African samples which carry the AMY1C variant haplotype, as the ratio in 



43 
 

this case will be (CN-1)(for example 5:1 in a 6-copy sample), and more 

generally in these samples CN= R+1. 

The clustering statistics were applied to define a linear regression curve 

between ratios and copy number for each PRT assay. K-means clustering 

algorithms were used to define the centroid for clusters up to 8 copies, in 

which each observation belongs to the nearest centroid (mean). By 

assigning the mean of each cluster to their relevant copy number 

(according to the above calculations), a linear calibration curve has been 

derived for each PRT assay. This calibration curve was used to convert 

each PRT ratio measurement to a copy number estimate, and then the 

linear relationship was extrapolated to higher copy numbers. 
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Figure 3.4: 2D plot of raw ratios from 840 samples typed by AMY1C PRT 

assays NF2 and NF5. In approximately all samples the results of the 

two assays are highly consistent, and up to copy numbers of 8 form 

well-defined clusters. The eight outlier samples (red triangles), are 

results from YRI samples which carry the AMY1C variant haplotype. 
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3.4  Accuracy of AMY1C_PRT 

The internal calibration conducted in this assay appeared to be more 

accurate than relying only on a small subset of samples like the reference 

standard samples. To assess the accuracy of the AMY1C PRT method, 

840 DNA samples were typed and their AMY1 copy number obtained 

using the internal calibration method (as described above) (Figure 3.5). 

Figure 3.5 AMY1 copy number estimate results from 840 samples measured 

with AMY1C PRT assays (NF2 and NF5).  
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Then the average copy number estimate was calculated from 

measurements of the two AMY1C PRT assays (NF2 and NF5) for each 

sample, and normalised with the corresponding integer copy number. The 

standard deviation of this normalised ratio was about 0.033, with more 

than 98% of measurements falling within 10% of the true values (Figure 

3.6). 
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Figure 3.6 Accuracy of the AMY1C PRT assay. Average copy number 

estimate calculated from measurements from NF2 and NF5 

assays on 840 samples, and then these mean values were 

normalised by their integer value. The normalised ratios shown 

here have a mean of 0.996, and follow a normal distribution 

with a standard deviation of 0.033. 
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3.4.1  Comparison with read depth and previous PRT 

Another way to assess how AMY1C PRT measures AMY1 copy number 

accurately to compare it with previous data from the same samples. Read 

depth data of 209 samples were available, based on low-coverage 

sequence reads from the 1000 Genomes Project, to calculate AMY1 gene 

copy number (Carpenter et al., 2015). Comparing the mean copy number 

estimate of the two AMY1C PRT assays (NF2 and NF5) with these read 

depth estimates showed good correlation between the two measures (R² = 

0.952) (Figure 3.7a). This agreement verified the accuracy of the AMY1C 

PRT measures for these samples. In addition to the read depth data, 

Carpenter et al. (2015) measured AMY1 copy number for 658 HapMap 

and ECCACs samples using different PRT methods. Plotting these data 

against the results obtained by AMY1C PRT showed good agreement, 

validating the accuracy of the AMY1C PRT based copy number estimate 

(Figure 3.7b). AMY1C data looks tighter compared to the previous PRT 

methods, which are more dispersed. This shows the advantage of the 

internal calibration method used with AMY1C PRT assay, and it is also 

confirms an improvement on the previous methods used to measure 

AMY1 copy number. 
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Figure 3.7 Concordance of AMY1C PRT with Read depth analysis and previous PRTs.(a)Bivariate plot of AMY1 CN estimate of 209 samples 

with AMY1C PRT and read depth analysis shows high concordance between the two methods.(b) AMY1C PRT Results of 658 HapMap 

and ECCACs samples plotted against copy number estimates based on previous PRT methods. 

(b) 
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3.4.2  Comparison with reference standard samples 

Previous work provided strong evidence for the actual copy numbers of 

HapMap CEU reference standard samples (Carpenter et al., 2015). These 

samples were initially used to calibrate the ratios from both AMY1C PRT 

assays (NF2 and NF5). Typing these samples multiple times, and getting 

reproducible expected copy number would be another good approach for 

evaluating the accuracy of AMY1C PRT. Therefore, seven out of eight of 

these samples were typed multiple times (13 experiments) using AMY1C 

PRT assays. On almost all occasions they gave consistent and 

reproducible AMY1 CN number estimates (Figure 3.8). 

 

Figure 3.8 Results of 7 HapMap reference standard samples genotyped with AMY1C PRT 

assays (NF2 and NF5) in 13 different experiments. 
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3.4.3  Odd and even distinction of AMY1 CN in relation to AMY2A CN 

A standard haplotype contains an odd copy number of AMY1 genes, 

which makes an even total copy in a diploid sample. Previous work 

suggested an association between CNV in the pancreatic AMY2 genes 

and total AMY1 copies; samples with AMY2 variation have been observed 

to have an odd diploid number of copies of AMY1 (Carpenter et al., 2015). 

Furthermore, when the pancreatic AMY2A gene copy number is odd so is 

AMY1, and when the AMY2A is even so is AMY1 (Usher et al., 2015). This 

“odd and even” rule could be used as quality check to evaluate the 

accuracy of any AMY1 gene copy number measurement method, in term 

of values corresponding to integer copy number. On that basis, 998 

samples from the Finnish Biobank cohort were genotyped using AMY1C 

PRT assays, and the average AMY1 copy number plotted against their 

relevant AMY2A copy number (Figure 3.9a). There were distinctive 

patterns of odd and even diploid total AMY1 copy number clusters in 

relation to variations in the pancreatic AMY2A CN. About 90% of the 

samples follow the odd and even rule (Figure 3.9b). A minority (10%) of 

samples do not follow this rule, and are mostly samples carrying higher 

(>7) numbers of AMY1 genes, for which measurement errors of plus or 

minus one copy are more frequent. 
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Figure 3.9 (a) A 2D plot between pancreatic AMY2A copy number and salivary 

AMY1 copies for 998 Finnish Biobank samples. There are distinctive 

patterns of odd and even total AMY1 copy number in relation to variations 

in the pancreatic AMY2A copy number. When there is no change in the 

AMY2A copy number (or when 2A=0, 2 or 4) the AMY1 diploid copy 

numbers tend to be even, while when there is a deletion (2A=1) or a 

duplication (2A =3), the total AMY1 tends to be odd numbered.(b) Pie 

charts show the proportion of samples with an even and odd AMY1 CN, 

when the AMY2A CN is even (left pie chart) and when the AMY2A CN is 

odd (right pie chart). 
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4 Definition of new allelic series of pancreatic amylase genes 

The pancreatic amylase genes (AMY2A and AMY2B) are less extensively 

variable than the salivary AMY1 genes. The human reference assembly 

(hg19) shows one copy each of AMY2A and AMY2B, and both are located 

in the same vicinity as the salivary amylase genes. Most previous studies 

have focused on variations in the salivary amylase genes, and little is 

known about the variation of pancreatic amylase and its characterisation 

compared to salivary amylase. It has been found that variation at the 

pancreatic amylase genes (especially AMY2A) is associated with the copy 

number of AMY1 genes (Carpenter et al., 2015, Usher et al., 2015). 

Segregation analysis in family trios can help to define the possible 

haplotype composition and structure transmitted from the parents to the 

offspring. The aim of this part of the study was first to define and 

characterise the pancreatic AMY2 copy number variations between 

different human populations, by developing reliable and robust genotyping 

assays, and then define the haplotype structure to understand the full 

scope of amylase gene CNVs, especially those affecting AMY2A and 

AMY2B. 

4.1 AMY2A:AMY2B assay 

The main principle of this assay is to amplify the pancreatic AMY2A and 

AMY2B genes using one pair of primers. The pair of primers has been 

designed carefully to amplify simultaneously two closely similar sequences 

from the AMY2A and AMY2B genes with a four base length difference, 

and to avoid the amplification of salivary amylase AMY1 genes. There is a 
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four base deletion (indel) present in AMY2A but not AMY2B that makes 

the size different between the two products, at 163bp and 167bp 

respectively (Figure 4.1). To ensure that AMY1 will not be amplified 

consideration was taken to have primer bases mismatched with AMY1. In 

the initial evaluation, the PCR product was digested with DdeI restriction 

enzyme to check for products from AMY1 (data not shown). The restriction 

endonuclease digestion step confirmed that only pancreatic amylase was 

amplified, and the assay was able consistently to discriminate between 

AMY2 and AMY1. Within AMY2 the assay was able to distinguish clearly 

and consistently between AMY2A and AMY2B due to the presence of the 

indel bases in AMY2A that made the size difference. 

 

Figure 4.1 Diagram of amylase gene cluster at the showing the position of 

sequences amplified in the AMY2A:AMY2B ratio assay. 

Depending on the ratio measurement between AMY2A and AMY2B, copy 

number variation of both genes could be estimated; however, when they 

have equal copies it would be difficult to rely only on this assay to estimate 

the actual copy number of both genes. Different ratio measurements were 

obtained using AMY2A:AMY2B ratio assay on samples from different 
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populations (Figure 4.2). A ratio of about 1 indicates an equal copy 

number of both genes, and most individuals in studied populations tend to 

have this ratio. In this case, they mostly have either two copies of both 

AMY2A and AMY2B or three copies of both genes, the latter confirmed by 

the duplication junction assay (see section 4.3). A ratio of about 0.5 

indicates 1 copy of AMY2A and 2 copies of AMY2B. In other words, an 

individual with this ratio carries a deletion of a copy of AMY2A. A ratio of 0 

indicates homozygous deletion of AMY2A. A ratio around 0.67 (i.e., 2:3) 

represents an individual carrying AMY2A:2B duplication and AMY2A 

deletion at the same time. Finally, individuals with a ratio of about 1.5 have 

3 copies of AMY2A and 2 copies of AMY2B; they carry an independent 

duplication of AMY2A but not AMY2B. Other combinations are possible, 

such as 4:3, but these were not commonly observed. 

 

Figure 4.2 Capillary electrophoresis traces showing ratios obtained by 

AMY2A:AMY2B assay in different populations: (a) Ratio of 0 (European: 

NA12813). (b) Ratio of about 0.5 (Asian: NA18624). (c) Ratio of 1.5 

(African: NA18504). (d) Ratio of about 1 (European: NA12763). 

Since it is not likely to obtain ratios exactly in the expected ratios, there will 

be a range around the expected ratio and these ranges are likely to have a 

normal distribution. Hence, two frequency distribution curves involving the 
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ratios around 1 and 0.5 were plotted depending on the mean and standard 

deviation of these ratios. The distribution of the data was a good fit with 

the normal distribution curve (Figure 4.3). This will help to define threshold 

values within the dataset between different ratios. 
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Figure 4.3 AMY2A:AMY2B ratio distribution in all studied populations (ECCACs, 

CEU, and CHB/JPT and YRI). (a) Histogram representing the frequency 

distribution of obtained ratios around 1. The red curve indicates the fitted 

normal distribution. (b) Histogram representing the frequency distribution 

of obtained ratios around 0.5. The red curve indicates the corresponding 

normal distribution. 

(a) 

(b) 
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4.2 AMY1:AMY2 ratio assay 

This test measures the ratio between AMY1 copy number and total AMY2 

copy number. The principle of this assay is similar to the AMY2A:AMY2B 

ratio assay in which a single pair of primers is used to amplify two similar 

sequences from AMY1 and AMY2. The main consideration in designing 

the primers was to include indel bases in one gene to give a size 

difference between the two products, but also to ensure that both AMY2A 

and AMY2B were included in the AMY2 product while avoiding products 

from the AMYP1 (AMY2A) pseudogene. A four base indel present in 

AMY1 DNA sequence makes its product size (169bp) different from AMY2 

which is 173bp (Figure 4.4). As an initial check that both AMY1 and AMY2 

were amplified using this pair of primers, the PCR product was digested 

with EcoRV restriction enzyme and then the digested product was 

resolved using agarose gel electrophoresis. The restriction endonuclease 

digestion confirmed the specificity of this assay in terms of amplifying both 

AMY1 and AMY2 copies (data not shown). 

Based on the ratio between the two products in this assay an estimation of 

diploid AMY2 copy number could be made when the AMY1 copy number 

is known or vice versa. This assay has been used successfully to infer the 

AMY2 copy numbers in the YRI samples, especially those individuals with 

a higher-order of AMY2A:AMY2B duplication (see section 4.5). 
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Figure 4.4 Diagram of amylase gene cluster showing the positions of sequences 

amplified in the AMY1:AMY2 ratio assay. 

4.3 The quantitative duplication fragment assay 

The duplication junction was originally designed by Carpenter et al. (2015) 

to identify haplotypes containing a specific duplication that encompasses 

both AMY2A and AMY2B. The composition of this haplotype series is 

(AMY2)2(AMY2B) 2(AMY1) n. (where n is even), and it contains a unique 

junction resulting from non-homologous rearrangement (Figure 4.5a). 

Individuals with this junction sequence were associated with a haplotype 

carrying two copies each of AMY2A and AMY2B (Carpenter et al., 2015). 

However, this original assay was completely qualitative, demonstrating 

only the presence or absence of the duplication junction and unable to 

distinguish homozygous from heterozygous carriers, or identify individuals 

with a higher order of this duplication. In the present study, this assay has 

been modified to a fluorescent PCR assay quantifying the junction 

sequence. The assay includes three primers in the reaction (see Material 

and Methods), two of which amplify a 192bp product from non-copy 
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variable (2 copies) sequence upstream of AMY2B, which acts as a control 

for a successful amplification. The fluorescent primer can also work with 

the third primer, to amplify a 172bp product from the duplication junction 

sequence if present. The ratio of the duplication products relative to the 

control products can be used to quantify the duplication junction fragment 

in each individual (Figure 4.5b). 
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Figure 4.5 (a) simplified diagram of the AMY2A:AMY2B duplication structure. D 

(for Duplication) indicates the specific junction sequence. The two red 

boxes show the position of the quantitative duplication fragment assay. C 

(for Control) indicates the position of the copy invariant sequence 

upstream of AMY2B, which produces a 192bp control product. D is the 

duplication junction sequence, which produces 172bp if the individual 

carries at least one copy of this junction. (b) Quantification of the junction 

fragment for the AMY2A/2B duplication allele and its derivatives, 

measuring the representation of a PCR product from the specific 

duplication junction fragment (ñdupò) relative to a control product present 

in two copies in every individual. Traces are shown from NA18854, 

NA18859, NA19116 and NA19200, with 0, 1, 2 and 3 copies of the 

duplication junction respectively. 
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4.4 Characterisation of AMY2 variation in different populations 

Genomic DNA from 840 samples from different populations were 

genotyped to characterise the pancreatic AMY2 gene variations, including 

Europeans (HapMap CEU1/2 and ECACC-HRC), Asians (HapMap 

CHB/JPT) and Africans (HapMap YRI) (see chapter 2). The variation at 

the AMY2 genes was represented in different forms, including a 

duplication of both AMY2A and AMY2B genes, homozygous and 

heterozygous deletion of the AMY2A gene, and an independent 

duplication of the AMY2A gene (AMY2A-only duplication). These 

distinctive CNV classes were validated by read depth analysis on low-

coverage sequence reads from the 1000 Genomes Project, to calculate 

AMY2 genes copy number (Carpenter et al., 2015). The frequency of each 

of these variations was different between different populations 

4.4.1 Europeans 

600 DNA samples from individuals of the HapMap CEU cohort (120 

individuals) and ECACC cohort (480 individuals) were examined. Most 

samples had a ratio around 1 for the AMY2A:AMY2B assay, which 

indicates equal numbers of AMY2A and AMY2B. The deletion of AMY2A 

and duplication (of both AMY2A and AMY2B) variants were common 

features in the European samples. The frequency of AMY2A deletion was 

about 18%, and 61 samples (10%) carried the AMY2A:AMY2B duplication. 

Nine samples had an extra copy of AMY2A (an independent duplication of 

AMY2A but not AMY2B). Results of these variants are summarised in 

table 1. Among those samples that are positive for the duplication, 9 
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samples exhibit a ratio of about 0.67 indicating that they have 2 copies of 

AMY2A and 3 copies of AMY2B. 

4.4.2 Asians 

90 DNA samples from the HapMap Asian sample were typed using the 

AMY2A:AMY2B ratio assay. Almost all samples had the ratio around 1 

and none of them was positive for the duplication junction assay. There 

were only two samples with AMY2 variations; one was in Han Chinese 

samples with a deleted copy of AMY2A, the other was a Japanese sample 

with an extra copy of AMY2A (Table 4.1). 

Table 4.1 Summary of AMY2 variation between three different populations. 

  Population No. of 
individuals 

AMY2A 
deletion 

AMY2A - only 

duplication 

AMY2A and 
AMY2B 
duplication 

Europeans 600 106 (18%) 9 61 (10%) 

Asians 90 1 1 0 

Africans 60 1 6 (12%) 12 (20%) 
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4.4.3 Africans 

60 DNA samples from the HapMap Yoruban (YRI) collection were 

genotyped. Their results were different from the previous two populations. 

In addition to the AMY2A:2B duplication, which comprises 20% of the 

samples, the independent AMY2A duplication was a common feature in 

the African samples, comprising 12% of the samples. The deletion of 

AMY2A was rare, in the 60 samples genotyped only one sample carried 

the deletion (Table 4.1). In addition to the previous three classes of AMY2 

variation, in the African YRI samples, AMY2A:AMY2B ratios around 1.2, 

1.25 and 1.3 suggested high copy numbers of AMY2. The total copy 

number of these samples was confirmed by the AMY1:AMY2 ratio assay, 

and these ambiguous results triggered further investigation towards 

defining the haplotype structures of these samples (see section 4.5). 

4.5 Higher order of AMY2 duplication in Africa 

To define the composition and structure of alleles containing more than 

two copies each of AMY2A and AMY2B, results from the three previously 

mentioned assays were combined with AMY1 microsatellite assay results 

(Carpenter et al., 2015) from a segregation analysis done in the (African) 

HapMap YRI family trios (father/mother/child); a representative example of 

AMY1 coupled microsatellite segregation analysis is shown in Figure 4.6. 

These analyses assisted in defining the haplotype composition in these 

Yoruban trios and also revealed new arrangements of the pancreatic 

AMY2 genes. It showed distinct haplotype classes associated with higher-
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order duplication of AMY2A and AMY2B, resulting in triplication, 

quadruplication and quintuplication. 

 

Figure 4.6 Segregation of AMY1 in family trio Y060 demonstrated by 

microsatellite analysis. Each copy of AMY1 is associated with a 

microsatellite allele, so that the profiles shown demonstrate the split of the 

total AMY1 copy number between the different allele lengths (for example, 

the 12 copies of the father NA19119 are split 1 + 4 + 7). There are four 

possible segregation patterns for this trio logically compatible with the 

total copy numbers and whole-number splits (see also Table 4.2). The 

untransmitted allele in the mother NA19116 carries one copy each of 

AMY2A and AMY2B and is therefore strongly predicted to have an odd 

number of copies of AMY1. Only two of the four possible segregation 

patterns have an odd number of AMY1 in the untransmitted maternal allele, 

and both of those involve the transmission of 3 copies from the mother 

NA19116, and 8 copies from the father NA19119 (Table 4.2). One of those 

compatible segregation patterns is indicated here by the blue arrows and 

numbers. 
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4.5.1 Triplication 

The structure of the triplication haplotype is characterised by the presence 

of three copies each of AMY2A and AMY2B.This new arrangement of 

AMY2 was only seen in family Y060 and Y072. The AMY2A:AMY2B ratio, 

coupled with the quantitative duplication junction assay and the 

AMY1:AMY2 assay, provides strong evidence of the total copy numbers of 

AMY2. Additionally, the segregation analysis clearly shows whether the 

triplication haplotype is transmitted to the child or not. In the family Y060 

the father NA19119 is homozygous for the AMY2A-only duplication and 

the total AMY2 CN is 6 (2 copies of 2A and 1 copy of 2B on each 

haplotype), and the mother NA19116 is positive for the AMY2A:AMY2B 

duplication assay with 2 copies of the junction fragment and a total AMY2 

CN of 8 (Figure 4.6b). The child NA19120 is also positive for the 

AMY2A:AMY2B duplication with a total AMY2 CN of 9 and an 

AMY2A:AMY2B ratio of 1.26 which suggests 5 copies of 2A:4 copies of 

2B. The segregation analysis showed that because the father is 

homozygous for the AMY2A-only duplication he will transmit 2 copies of 

2A and 1 copy of 2B to the child, and the child will receive the rest of their 

AMY2 copies (6 copies) from the mother; this means there must be a 

haplotype carrying the 2A:2B triplication in the mother (Table 4.2). 

Another example of triplication is found in family 72. The triplication 

haplotype is found in the mother NA19152 and it is not inherited by the 

child. Because of the complexity and a partial truncation of a copy of 

AMY1 gene, relying on segregation analysis could not reveal the 
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haplotype structure in the mother and the child (Table 4.2). Therefore it 

has been confirmed using the fibre-FISH technique (see section 4.5.4).
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Table 4.2 Segregation of AMY1, AMY2A and AMY2B copy number in Yoruban trios Y060 and Y072. 

Family Y060 ID component AMY1 AMY2A AMY2B junction 
  diploid 6 4 4 2 

Mother NA19116 transmitted haplotype 3 3 3 2 
  untransmitted haplotype 3 1 1 0 
  diploid 12 4 2 0 

Father NA19119 transmitted haplotype 8 2 1 0 
  untransmitted haplotype 4 2 1 0 
  diploid 11 5 4 2 

Child NA19120 Maternal haplotype 3 3 3 2 
  Paternal haplotype 8 2 1 0 

       

Family Y072 ID component AMY1a AMY2A AMY2B junction 
  diploid 5/6 6 5 3 

Mother NA19152 transmitted haplotype 2/3 3 2 1 
  untransmitted haplotype 3 3 3 2 
  diploid 8 2 2 0 

Father NA19153 transmitted haplotype 3 1 1 0 
  untransmitted haplotype 5 1 1 0 
  diploid 5/6 4 3 1 

Child NA19154 Maternal haplotype 2/3 3 2 1 
  Paternal haplotype 3 1 1 0 

a Ambiguous values are shown for the AMY1 copy numbers of the mother and child in family Y072; because of the partial copy of AMY1 on the 

transmitted maternal haplotype, the copy number recorded depends on the precise location of the measure used.
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4.5.2 Quadruplication 

This variation is seen in family Y045. The father NA19200 is positive for 

the duplication junction and the total copy number of AMY2 is 10 (Figure 

4.6b). The mother NA19201 is negative for the duplication assay and has 

4 copies of AMY2. Since the child NA19202 has 10 copies of AMY2 this 

mean that the father will transmit the quadruplicated haplotype with 8 

copies of AMY2 (4 copies each of 2A and 2B) and the mother can only 

transmit a standard haplotype with one copy each of AMY2A and AMY2B; 

details are shown in the table (4.3). 

4.5.3  Quintuplication 

This new arrangement includes the presence of 5 copies each of AMY2A 

and AMY2B on the same chromosome. This variation is found in YRI 

family Y056. The total number of copies of AMY2 in the mother is 12 and 

the segregation shows that the child got a haplotype of AMY2A and 

AMY2B with one copy of each. This means that the non-transmitted 

haplotype from the mother contains a total of 10 copies of AMY2. 

 

4.5.4 A new AMY1:AMY2A junction in family 72 

The segregation analysis in family Y072 repeatedly showed ambiguous 

copy number of AMY1 in the mother NA19152 and her child NA19154 

(Table 4.2); the microsatellite measurement (upstream of the AMY1 gene) 

indicated 3 copies of AMY1in the transmitted maternal haplotype, but only 
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2 copies were shown by the (downstream) PRT, and intermediate values 

(estimates of 5.2 and 5.55 ) from previous work by Carpenter et al. (2015) 

and Usher et al. (2015) respectively, based on read depth analysis of 1000 

Genomes Project reads from the mother NA19152. The segregation 

analysis also showed that this haplotype contained 3 copies of AMY2A 

and 2 copies of AMY2B (Table 4.2). The overall structure was unveiled by 

fibre-FISH analysis conducted by our collaborators Fengtang Yang and 

Sandra Gomes at Wellcome Trust Sanger institute (data not shown). The 

fibre-FISH also showed a hybrid structure with a copy of AMY2A and its 

upstream sequence immediately interrupting one copy of AMY1. 

Investigation of 1000 Genomes Project data from NA19152 showed a 

single read conforming to this hybrid junction, from which PCR primers 

were used to demonstrate that the new junction interrupted AMY1 in exon 

4, with 3bp microhomology at the breakpoint (GenBank KX230759).
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Table 4.3 Segregation of AMY1, AMY2A and AMY2B copy number in Yoruban trios Y045 and Y056 

Family Y045 ID component AMY1 AMY2A AMY2B junction 

  diploid 6 2 2 0 

Mother NA19201 transmitted haplotype 3 1 1 0 

  untransmitted haplotype 3 1 1 0 
  diploid 7 5 5 3 

Father NA19200 transmitted haplotype 4 4 4 3 
  untransmitted haplotype 3 1 1 0 

  diploid 7 5 5 3 

Child NA19202 Maternal haplotype 3 1 1 0 
  Paternal haplotype 4 4 4 3 

       

Family Y056 ID component AMY1 AMY2A AMY2B junction 
  diploid 8 6 6 4 

Mother NA19159 transmitted haplotype 3 1 1 0 
  untransmitted haplotype 5 5 5 4 
  diploid 6 2 2 0 

Father NA19160 transmitted haplotype 3 1 1 0 
  untransmitted haplotype 3 1 1 0 
  diploid 6 2 2 0 

Child NA19161 Maternal haplotype 3 1 1 0 
  Paternal haplotype 3 1 1 0 
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4.6 Fibre-FISH verification and long PCR 

To confirm and define the physical map of the haplotypes that carry the 

pancreatic amylase gene expansion in the African samples, details of 

samples containing interesting new haplotypes were shared with our 

collaborators Sandra Gomes (Louzada) and Fengtang Yang at the 

Wellcome Trust Sanger Institute, and used to perform a fibre-FISH 

analysis. Previous observations by Carpenter et al. (2015) showed that the 

high level of sequence similarity between amylase genes will lead to 

cross-hybridization, especially between AMY1 and AMY2A, but it is 

possible to distinguish AMY1 and AMY2A genes on the basis of 

hybridization patterns. The probe and general details of fibre-FISH are 

given in detail in Carpenter et al 2015. The fibre-FISH analysis verified the 

haplotype composition of each class with a higher order of AMY2 

duplication, which is an expansion of a repeat unit containing one copy 

each of AMY2B, AMY2A and AMY1. It also revealed that in all cases 

(triplication, quadruplication and quintuplication) the first telomeric unit 

contained an inversion of AMY2A and AMY1 genes, to give the gene order 

of (AMY2B-AMY1-AMY2A)-(AMY2B-AMY2A-AMY1)(n-1) (Figure 4.7).To 

investigate the sequence basis of this novel structure, a long product of 

9.8kb was amplified across the inversion in the quintuplication carrier 

NA19159 followed by Sanger sequencing (see Material and Methods). 

The sequencing results (GenBank accession KX394682) verified the 

orientations shown in Figure 4.7 but demonstrated no sequence variants 

or new junction unique to this structure. 
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Figure 4.7 Fibre-FISH analysis of the inferred quadruplication allele in family Y045, conducted by our collaborators Sandra Gomes and Fengtang Yang at the Wellcome Trust Sanger 

institute. The AMY2B probe employed (green) is specific to sequence upstream of AMY2B. The probe (red) for the sequence upstream of AMY2A cross-hybridizes with very 

similar sequence surrounding the ERV upstream of AMY1, and the AMY1 gene probe (white) also cross-hybridizes with coding regions of AMY2A and AMY2B. In many 

locations, this additional cross-hybridization between similar amylase sequences provides useful confirmation of the type and orientation of the gene. The patterns of 

hybridization observed with these three probes with AMY1, AMY2A and AMY2B are shown in the upper panel. The lower panel shows interpretation of the quadruplication 

haplotype (AMY2B)4(AMY2A)4(AMY1)4 inherited by child NA19202 from father NA19200 in family Y045 (see also Table 4.3). Haplotype composition was deduced from 

segregation analysis of copy number, and has a structure made up of repeated units each containing a single copy of AMY2B, AMY2A and AMY1; ñJò shows the inferred 

positions of the duplication junction sequence, and the boxed region indicates the characteristic inversion of AMY1 and AMY2A in the first (telomeric) repeat unit. The signals 

from flanking fosmid probes on either side confirm that several of these images come from complete, unbroken representatives of the haplotype structure, which is estimated to 

extend for about 435kb between the telomeric (left) copy of AMY2B and the centromeric (right) copy of AMY1. 
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4.7 Conclusions 

The PCR-based ratio assays in this study successfully highlighted the 

common CNVs at the AMY2 genes, and they have been successfully 

applied to three different populations (European, Asian and African). They 

have shown that the pancreatic AMY2A and AMY2B genes have 

undergone several independent rearrangements to create new copy 

number. Each of these variations have different frequencies between 

different populations. The deletion of AMY2A and duplication (of both 

AMY2A and AMY2B) variants are common features in Europeans, while in 

Asians they are rare. In Africans the 2A2B duplication and independent 

AMY2A duplication are common. The segregation analysis led to the 

discovery of an independent allelic series of amylase copy number 

variants in sub-Saharan Africans. These rearrangements of pancreatic 

amylase genes have undergone homologous and non-homologous 

rearrangements to create new haplotypes. The fibre-FISH analysis 

(conducted at the Wellcome Trust Sanger institute) unveiled some 

structural complexity of these haplotypes difficult to observe using 

conventional methods. Although the result showed less extensive 

variations in the pancreatic amylase genes than for salivary amylase, the 

variations in the pancreatic amylase should nevertheless be taken into 

account when evaluating the significance of variation in the amylase gene 

cluster. 
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5 In-silico analysis of the Wellcome Trust Case Control 
Consortium (WTCCC) CNV data 

The Wellcome Trust Case Control Consortium (WTCCC) CNV data are 

array-CGH data from a genome-wide association study of CNVs in 16000 

cases of eight common diseases (breast cancer (BC), bipolar disorder 

(BD), coronary artery disease (CAD), Crohn’s disease (CD), hypertension 

(HT), rheumatoid arthritis (RA), type1 diabetes (T1D) and type diabetes 

(T2D)), and 3000 controls of two cohorts, the 1958 Birth Cohort (58BC) 

and UK blood service collection (UKBS) (The Wellcome Trust Case 

Control Consortium, 2010).These data were released to Professor John 

Armour under the terms of data release by the Wellcome Trust Case 

Control Consortium Data Access Committee. The dataset used in this 

study was from 21058 samples and seven measures were available for 

each sample; raw signal red intensity data, raw signal green intensity data, 

ratio of raw signal red and green, Quantile–normalised red (QNorm–red), 

Quantile–normalised green (QNorm–green), ratio of QNorm–red/QNorm–

green and Quantile–normalised ratio of red and green (QNorm–ratio). 

Based on our new appreciation of the structure of amylase CNVs we 

aimed to extract copy numbers from these array data for each of AMY1, 

AMY2A and AMY2B. The original dataset from the WTCCC study 

contained a total of 105,000 probes, of which 98 probes were extracted 

corresponding to amylase region (hg19 chr1:104304150- 104114335). 

Each of these AMY CNVs is targeted by a set of probes within a defined 

genomic interval (see Materials and Methods); we expect that copy 

number variation should be reflected in the ratio of intensity measurement 
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of each probe binding to the test and reference samples, which in turn 

provides the information about the relative amount of the DNA found in the 

test relative to the reference samples. The challenge is to combine the 

information across a set of probes within each CNV and minimise the 

intra-individual variations. This requires data pre-processing to obtain an 

appropriate score for each locus. In the WTCCC study, the authors 

indicated that there was no single approach to analyse the data that was 

applicable to all loci; each locus has its own peculiarity (The Wellcome 

Trust Case Control Consortium, 2010). We explored different 

combinations of quantile normalised ratios and raw ratios, and identified 

the ones that give the best copy number discrimination and reproducibility. 

Another challenge to account for at amylase CNVs is the cross-

hybridization between probes of different loci, especially AMY2A and 

AMY1 probes. The only region that can be used as a reporter of locus-

specific copy number at AMY2A is the upstream flanking and exons 1,2 

and 3, and this sequence has a strong similarity to the corresponding part 

of the AMY1 repeat unit. By contrast, for AMY2B this issue is less 

problematic since most probes in the AMY2B region do not have closely 

similar counterparts in the other loci. 

5.1 Probe variance scaling 

For a well-calibrated probe, higher variance between individuals may 

indicate that this probe is accurately measuring a real copy variable 

number region; however, increased measurement error could also cause 

higher variance. There is a set of over 1900 duplicate samples in the 
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WTCCC study, that could be used to down-weight those probes with high 

measurement noise (The Wellcome Trust Case Control Consortium, 

2010). The probe should give similar values across replicates of the same 

sample if indeed it measures the real copy number. To find a proper scale 

for each probe a procedure called probe variance scaling (PVS) has been 

followed taking the advantage of the duplicate samples, in which the 

probes were weighted inversely with their variance across paired 

replicates of the same samples (The Wellcome Trust Case Control 

Consortium, 2010). 

The PVS conducted in this study involved two steps. The first was to 

choose the high-quality probes from the duplicate samples by choosing 

those probes that have a correlation of at least 0.8 between the relevant 

duplicate samples. Secondly, for each locus, the probe intensity 

measurements from the duplicate pairs were used to estimate the 

variance for each probe, and then these values were used to calculate the 

weighted average of all probes for each sample as follows. For a given 

sample the intensity of each probe was divided by its relevant variance, 

then these values were added up and divided by the sum of the inverse 

variances of all the probes. This resulted in a PVS-weighted score for 

each of AMY2B, AMY2A and AMY1. 

5.2 AMY2B scores 

The AMY2B scores were extracted from ratio of QNorm–red/QNorm–

green, and they are the summary of 10 probes of CNVR266.13 (see 

Materials and Methods 2.3) from the WTCCC array-CGH data (The 
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Wellcome Trust Case Control Consortium, 2010). Prior to the data 

processing for AMY2B probe intensity, the output showed good 

discrimination of copy number classes at AMY2B locus. Simply by taking 

the mean of CNVR266.13 probes, the data showed two distinct copy 

number classes (Figure 5.1). The first class is likely to indicate individuals 

with two copies of AMY2B and the second class indicates individuals with 

three copies, as most individuals have 2 copies of AMY2B and in the case 

of AMY2A/2B duplication a heterozygous individual will carry 3 copies of 

AMY2B (see chapter 4). To improve the discrimination between these 

copy number classes the PVS procedure was applied using 690 pairs of 

duplicate samples (see 5.1). The result showed no noticeable 

improvement even after application of the PSV approach to probe 

intensities (Figure 5.2). To assign individuals to AMY2B copy number 

classes from the weighted average probe intensities, both classes in figure 

5.2 were separated and the mean value from each class was calculated 

and assigned to their relevant copy number, which are 2 and 3 copies 

respectively. Based on that a linear regression curve was derived between 

PVS-weighted average probe intensities and copy number. This 

calibration curve was used to scale and reposition AMY2B weighted score 

from 21058 samples to estimate copy numbers (Figure 5.3). 
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Figure 5.1 Histogram of uncorrected average intensities of 10 probes across 21058 

individuals at AMY2B locus. 
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Figure 5.2 Histogram of PSV-weighted average AMY2B scores from 21058 

samples after using the probe variance- scaling. 
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Figure 5.3 Copy number estimates of AMY2B in 21058 samples calibrated from 

PVS-weighted average AMY2B scores. 

5.3 AMY2A scores 

Ratio of QNorm–red/QNorm–green was used to extract the AMY2A 

scores, which were summarised from 6 probes (see Materials and 

Methods). The mean across uncorrected signal from all 6 probes was 

calculated in 21058 samples. Unlike the AMY2B scores the raw mean 

intensities of these probes do not show clearly the distinctive copy number 

classes at AMY2A locus (Figure 5.4). 
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Figure 5.4 Histogram of uncorrected average intensities of 6 probes across 21058 

individuals at AMY2A locus, using the ratio of QNormïred to QNorm- 

green signals. 

This means that the data need further processing using the PVS to clean 

the background noise from the probes and increase the discrimination 

between each copy number class. Therefore, the PVS approach was 

applied to the intensities across all the 6 probes, taking advantage of 570 

duplicate samples (see 5.2). The result showed a visible improvement 

over the raw mean; AMY2A CNVs now are visible and they are separated 

into three main copy number classes (Figure 5.5). 
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Figure 5.5 Histogram of AMY2A scores from 21058 samples after using probe 

variance- scaling. It shows the improvement of AMY2A scores to three 

main copy number classes after the application of PVS. 
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score) (Figure 5.7). By removing the cross-hybridization the result showed 

four consistent copy number classes, and the mean value for each class 

was calculated and used to draw the linear regression curve, assuming 

that the most frequent copy number is 2. The calibration curve was used 

to scale and reposition AMY2A corrected probe intensity from all the 

samples to estimate copy number estimates (data not shown) 

 

Figure 5.6 2D plot between the AMY1 raw scores and AMY2A PVS-weighted 

scores in 21058 samples shows the cross-hybridization caused by AMY1 

probes to AMY1 scores. 
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Figure 5.7 2D plot between AMY1 scores and PSV-weighted AMY2A scores in 

21058 samples after removing most of the cross-hybridization caused by 

AMY1 probes. 
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suggested cross-hybridization with some other adjacent probes to AMY1. 

To identify such cross-hybridization samples of one of the AMY1 clusters 

were extracted and probes across the region were examined for a 

correlation with AMY1 residuals (i.e., the differences from the mean value 

of the cluster). This resulted in identification of 7 probes outside AMY1 

CNV repeat region that affected AMY1 scores (data not shown). To 

maximise the discrimination between AMY1 clusters the PVS was applied 

on the AMY1 probes, using 996 duplicate samples (see 5.1). Then the 

cross-hybridization was corrected using the mean intensity of the 7 

adjacent to AMY1, and the corrected AMY1 scores were scaled and 

repositioned to copy number estimates (Figure 5.9). 
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Figure 5.8 Bivariate plot between AMY1 scores and AMY2A copy number estimate 

in 21058 samples. The horizontal spread of AMY1 clusters shows the cross-

hybridization caused some other adjacent probes to AMY1 probes. 
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Figure 5.9 Bivariate plot between AMY1 and AMY2A CN estimates in 21058 

samples after removing the cross-hybridization from 7 probes.  AMY1 

clusters look tighter and cleaner compared to the data before removing the 

cross-hybridization (see Figure 5.8 above). 
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5.5 Validation of the extracted AMY scores by direct typing of the 
1958BC samples 

To validate the extracted copy number scores of AMY1, AMY2A and 

AMY2B from the WTCCC array-CGH probe intensities, a total of 1448 

DNA samples from the 1958 Birth Cohort have been genotyped. These 

samples were also included in the WTCCC study (The Wellcome Trust 

Case Control Consortium, 2010). The direct genotyping was conducted 

using the developed PRT assays for measuring amylase CNVs, and the 

AMY1CPRT was used for measuring AMY1 CN (see chapter 3). The 

AMY2A:AMY2B ratio assay and the quantitative duplication junction assay 

were used to measure the CN estimate of AMY2A and AMY2B genes (see 

chapter 4). The experimental copy number estimate for each gene was 

then compared with their corresponding 1958 BC array-CGH scores. 

Given that the two measurements are completely independent, the extent 

of agreement between them will justify the array-CGH scores and give it 

more power. 

5.5.1 AMY1 CN validation 

 Out of 1448 samples directly typed by AMY1CPRT 1311 gave successful 

AMY1 copy number estimates. Comparing the experimental copy number 

estimate with array-CGH derived AMY1 CN scores showed a good 

correlation between the two scores (R2 = 0.872) (Figure 5.10). The data 

clustered around integers up to 7 copies. The vertical elongation of integer 

clusters suggests that the array-CGH scores have higher measurement 

variance compared to the PRT measurements, which look much tighter. 

Although most copy numbers appear well calibrated between the 
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measures, there is a tendency for array-CGH scores to overestimate the 

copy number for samples determined to have 2 copies of AMY1 by PRT. 

 

Figure 5.10 Concordance of array-CGH and PRT estimates of AMY1 CN. Results 

from 1311 AMY1C PRT -based AMY1 CN estimates are plotted against CN 

estimates derived from array-CGH (R2 = 0.8724). 
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measurements with a correlation coefficient R2 0.8731 (Figure 5.11). The 

R2 value for integer-rounded data is R2 0.9214. 

 

Figure 5.11 Bivariate plot between direct genotyped AMY2A CN estimates and 

extracted array-CGH AMY2A scores in 1302 samples (R2 0.8731). The data 

are clustered into three distinctive copy number classes corresponding 1, 2 

and 3 copies. 
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when compared with PRT-measured AMY2B CN (R2 0.844). Both CN 
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(Figure 5.12). The R2 value for integer-rounded data is R2 0.9047. 
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Figure 5.12 Measurements of AMY2B CN estimate in 1309 samples. AMY2B PRT 

-based CN estimates are plotted against AMY2B CN estimates derived from 

array-CGH (R2 = 0.8644). Since the outcome of a majority of the PRT 

measurements have a copy number of exactly 2, there are hundreds of data 

points stacked in the 2 copy cluster. 
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6 An Association study between cases and controls in the 

WTCCC data set 

Human amylase gene CNVs have been implicated in association studies 

with BMI and adaptation to dietary starch intake (Falchi et al., 2014, Perry 

et al., 2007). However, there have been arguments about such 

associations, including whether the association really exists, or about the 

accuracy of the genotyping methods and better understanding of the 

amylase region (Carpenter et al., 2015, Usher et al., 2015). 

As described in chapter 5 samples from the 1958 birth (58BC) cohort were 

directly genotyped using reliable and accurate amylase CNV 

measurement assays developed in this study; these data, in turn, 

validated copy number scores extracted from array-CGH probe intensity 

data. The aim was to use the extracted CNV scores to conduct case-

control studies to investigate the salivary and pancreatic amylase genes 

CNV in eight common diseases, and then assess the hypothesis of 

amylase CNV association with BMI. 

6.1 Association between pancreatic amylase gene CNVs and eight 

common human diseases 

The pancreatic AMY2B CN scores from eight disease cohorts (which were 

breast cancer (1832 samples), Crohn’s disease (1690 samples), bipolar 

disorder (1869), hypertension (1898), rheumatoid arthritis (1713), type 1 

diabetes (1905), type 2 diabetes (1885) and coronary artery disease 

(1855)) were used to conduct eight case-control association studies, 

comparing AMY2B copy number in each of these disease cohort samples 

with a control group of 2898 samples including two cohorts, the 1958 Birth 
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Cohort and UK blood service collection (UKBS). These CN scores were 

then rounded to the nearest integer values and grouped into three classes, 

with 2, 3, or 4 and more copies (see chapters 4 and 5). The statistical 

analyses addressed association using a series of chi-square tests of 

independence and Cochran-Armitage tests by drawing 2 by 3 contingency 

tables (Table 6.1). The critical p-value (0.05) was adjusted for multiple 

testing by Bonferroni correction (thus the modified equivalent p-value 

threshold is 0.0021). The results of chi-square tests showed no evidence 

of AMY2B CNV association with the diseases that have been tested 

except for coronary artery disease (CAD) (p-value 2.7×10-4). However, the 

Cochran-Armitage analysis results observed no significant associations 

(Table 6.1). In CAD cohort samples the pattern that we observed that 

leads to apparent significant chi-square test but not Cochran-Armitage test 

is that there is an excess of 4 or more copies but no excess of 3 copy 

samples (Table 6.2). It cannot be explained as an additive allelic effect; an 

additive allelic effect should be detected as progressive by Cochran-

Armitage test. Therefore, that gives us the suspicion that there is some 

problem with some of the data in CAD cohort. Furthermore, in the 

supplementary information of the WTCCC study, a set of samples in CAD 

cohort have been identified as outliers, which caused noticeable reduction 

in distinguishing CNV classes (The Wellcome Trust Case Control 

Consortium, 2010). 
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Table 6.1 Summary of case-control association studies between pancreatic 

AMY2B copy number estimates derived from array-CGH data and 8 

diseases. The analysis conducted using chi-square test of independence and 

Cochran-Armitage test comparing the AMY2B copy number in the 1958 

Birth Cohort (58BC) and UK blood service (UKBS)(control) with breast 

cancer (BC), Crohnôs disease (CD), bipolar disorder (BD), hypertension 

(HT), rheumatoid arthritis (RA), type 1 diabetes (T1D), type 2 diabetes 

(T2D) and coronary artery disease (CAD). P-values were adjusted for 

multiple testing using Bonferroni correction, and the modified p-value 

threshold is (0.0021). 

AMY2B 

CN 

Control Cases 

58BC&UKBS BC  CD BD HT RA T1D T2D CAD 

2 2522 1603 1488 1652 1660 1512 1668 1635 1620 

3 352 211 187 191 216 180 219 228 192 

4 and 
more 

24 18 15 26 22 21 18 22 43 

Total 2898 1832 1690 1869 1898 1713 1905 1885 1855 

p-value (Chi-square) 

  

0.70 0.54 0.02 0.39 0.11 0.73 0.50 2.7 
×10-4 

p-value (Cochran-Armitage) 

  

0.39 0.19 0.23 0.46 0.23 0.35 0.29 0.152 
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6.2 Chi-square test of independence 2 by 3 contingency table showing the 

observed and expected counts of AMY2B CN in a case-control association 

study. 58BC & UKBS=1958 Birth Cohort and UK blood service; CAD= 

coronary artery diseases; 2 copy samples; 3 copy samples; 4 or more copy 

samples. 

AMY2B CN 2 3 4 and more 

58BC & UKBS observed counts 2522 352 24 

expected counts 2525.5 331.7 40.9 

CAD observed counts 1620 192 43 

expected counts 1616.5 212.3 26.1 

 

The AMY2A scores from the same 8 case cohorts were used for case-

control studies. These scores were rounded to the nearest integer and 

grouped into three copy number classes; 0 and 1 copy (homozygous and 

heterozygous deletion), 2 copies and 3 copies and more (See chapters 4 

and 5). The association in each case was assessed using a chi-square 

test of independence and Cochran-Armitage test. After adjusting the 

critical p-value (0.05) for multiple comparisons by Bonferroni correction, as 

with AMY2B, the statistical analyses showed no significant effect of 

AMY2A copy number on any of the cases tested (Table 6.3). Although the 

p-value of chi-square test in CAD cohort is not significant after Bonferroni 

correction (p-value 0.0038), unpacking the AMY2A data showed the same 

pattern as in AMY2B (Table 6.4). There is an excess of expected counts in 

2 copy samples and less of 3 or more expected counts, and there is no 

additive allelic effect as the Cochran-Armitage test showed no significant 

association (p-value 0.02). 
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Table 6.3 Summary of case-control association studies between pancreatic 

AMY2A copy number estimates derived from array-CGH data and 8 

diseases. The analysis conducted using chi-square test of independence and 

Cochran-Armitage test comparing the AMY2A copy number in the 1958 

Birth Cohort (58BC) and UK blood service (UKBS)(control) with breast 

cancer (BC), Crohnôs disease (CD), bipolar disorder (BD), hypertension 

(HT), rheumatoid arthritis (RA), type 1 diabetes (T1D), type 2 diabetes 

(T2D) and coronary artery disease (CAD). P-values were adjusted for 

multiple testing using Bonferroni correction, and the modified p-value 

threshold is (0.0021). 

AMY2A 

CN 

Control cases 

58BC & 
UKBS 

BC  CD BD HT RA T1D T2D CAD 

0and1 425 254 273 275 313 265 264 311 276 

2 2099 1349 1200 1372 1351 1245 1399 1308 1277 

3 and more 374 229 217 222 234 203 242 266 302 

Total 2898 1832 1690 1869 1898 1713 1905 1885 1855 

p-value (Chi-square) 

  

0.65 0.39 0.57 0.22 0.49 0.70 0.07 0.0038 

p-value (Cochran-
Armitage) 

  

0.40 0.17 0.24 0.06 0.12 0.35 0.35 0.02 
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Table 6.4 Chi-square test of independence 2 by 3 contingency table showing the 

observed and expected counts of AMY2A copy number in a case-control 

association study. 58BC & UKBS=1958 Birth Cohort and UK blood 

service; CAD= coronary artery diseases; 0 and1 copy samples; 2 copy 

samples; 3 or more copy samples. 

AMY2A CN 0 and 1 2 3 and more 

58BC & UKBS observed counts 425 2099 374 

expected counts 427.4 2058.4 412.2 

CAD observed counts 276 1277 302 

expected counts 273.6 1317.6 263.8 

 

6.2 Association between salivary amylase gene CNVs and eight 

common human diseases 

Results of AMY1 CN estimates extracted from the array-CGH data of the 

eight diseases and the control cohorts were rounded to the nearest integer 

values. These integer copy number estimates were used to conduct case- 

control association studies, investigating the AMY1 CNV between each 

disease and the control group. Chi-square test of independence and 

Cochran-Armitage tests were used and the copy numbers were grouped 

into 4 and 3 groups for each of chi-square and Cochran-Armitage tests 

respectively (Table 6.5). The results obtained from the statistical analyses 

showed no significant differences between the cases and controls except 

for BD cohort (Table 6.5); the result of the chi-square test for 

independence showed a significant difference between the cases and the 

controls (p-value 1.95 x 10-5). Unpacking the contingency table the data 

showed BD samples had lower than expected counts in 8 copies and 
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more than expected counts in 7 copies and below (Table 6.6). This 

association does not seem biologically meaningful and it is clearly not an 

additive genetic effect because the Cochran-Armitage test is not 

significant (p- value 0.005, not significant after Bonferroni correction). 
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Table 6.5 Summary of case-control association studies between salivary AMY1 

copy number estimates derived from array-CGH data and 8 diseases. The 

analysis conducted using chi-square test of independence and Cochran-

Armitage tests comparing the AMY1 copy number in the 1958 Birth 

Cohort(58BC) and UK blood service (UKBS)(control) with breast cancer 

(BC), Crohnôs disease (CD), bipolar disorder (BD), hypertension (HT), 

rheumatoid (RA), type 1 diabetes (T1D), type 2 diabetes (T2D) and 

coronary artery disease(CAD). P-values were adjusted for multiple testing 

using Bonferroni correction, thus the modified p-value is (0.0021). 

AMY1 CN Control Cases 

58BC & 
UKBS 

BC  CD BD HT RA T1D T2D CAD 

2,3,4 499 305 260 350 361 308 339 343 276 

5,6,7 1421 921 912 999 913 880 954 874 988 

8,9,10 740 471 395 423 442 417 436 488 444 

11,12 and 
more 

238 135 123 97 182 108 175 180 146 

Total 2898 1832 1690 1869 1898 1713 1904 1885 1854 

p-value (Chi-square) 

  

0.662 0.015 1.95E-
05 

0.068 0.06 0.17 0.19 0.028 

2,3,4,5 927 537 544 673 640 576 643 594 628 

6,7,8,9 1559 1055 936 1006 950 927 980 984 962 

10 and more 412 240 210 190 308 210 281 307 264 

Total 2898 1832 1690 1869 1898 1713 1904 1885 1854 

p-value(Cochran-
Armitage) 

  

0.055 0.479 0.005 0.157 0.266 0.355 0.024 0.457 
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Table 6.6 Chi-square test of independence 2 by 4 contingency table showing the 

observed and expected counts of AMY1 CN in a case-control association 

study. 58BC & UKBS=1958 Birth Cohort and UK blood service; BD= 

bipolar disorder; 2,3 and4 copy samples; 5,6 and7 copy samples; 8,9 and 

10 or more copy samples; 11 and more copy samples. 

AMY1 CN 2,3 and4 5,6 and 7 8,9 and 10 11 and 
more 

58BC & 
UKBS 

observed counts 499 1421 740 238 

expected counts 516.1 1471.2 707.0 203.7 

BD observed counts 350 999 423 97 

expected counts 332.9 948.8 456.0 131.3 

 

6.3 Amylase genes CNVs and body mass index (BMI) 

To assess the hypothesis of the physiological relevance of AMY1, AMY2A 

and AMY2B CNVs multiple association tests were conducted in three 

different WTCCC cohorts for which BMI, age and sex data were available, 

T2D, CAD and the 1958BC birth cohort from the WTCCC study (The 

Wellcome Trust Case Control Consortium, 2007, The Wellcome Trust 

Case Control Consortium, 2010, Power and Elliott, 2006). All the 

association studies addressed the null hypothesis (of no association) by 

linear regression models using the PLINK toolset for genome-wide 

association studies (Purcell et al., 2007). 

6.3.1 Association between AMY genes copy number and BMI in T2D and CAD 

cohorts 

The first assessment of AMY gene CN association with BMI was 

conducted on WTCCC T2D and CAD cohorts. T2D included 1027 samples 
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(602 males, 428 females) and CAD included 1808 samples (1442 males 

and 366 females) (Table 6.7). 

Table 6.7 Summary information of type 2 diabetes (T2D) and coronary artery 

disease (CAD) cohorts included in the association study between amylase 

genes CNVs and BMI. 

Cohort Total Male Female Median age in year 

 (1st-3rd quartile) 

Median BMI in kg/m2 

 (1st-3rd quartile) 

T2D 1027 602 428 59 (52-65) 31.6 (27.8-35.8) 

CAD 1808 1442 366 61 (54-66) 27.1 (24.9-29.8) 

 

For both cohorts, the extracted copy number estimates from the array-

CGH probe intensities each of AMY2B, AMY2A and AMY1 were used in 

the association analyses (see chapter 5). To obtain integer CN values the 

data were rounded to the nearest integer. In either cohort, the CNV of 

each gene was tested for association with BMI using linear regression 

models. Age and sex were included as multiple covariates. In the T2D 

cohort no significant association was observed between BMI and copy 

number of AMY2B (p-value=0.72), AMY2A (p-value= 0.98) and AMY1 (p-

value=0.95) (Table 6.8). However, there was a significant negative 

correlation of BMI with higher ages (p-value= 1.736×10-27; Beta= -0.1992) 

and significant gender differences were observed between males and 

females with BMI, in which females had higher BMI than males in this 

cohort (p-value= 3.716×10-14; Beta= 2.787). 

No significant association was found between any amylase genes and 

BMI adjusted for age and sex in the CAD cohort (p-value=0.44 for AMY2B; 
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p-value=0.98 for AMY2A and p-value=0.95 for AMY1) (Table 6.8). The 

results showed significant negative association between BMI and age (p-

value= 1.354×10-10, regression coefficient (Beta) = -0.07847). However, 

the analysis failed to show association between BMI and sex in this 

cohort, possibly because of imbalance in the sample size between males 

(1442 samples) and females (366 samples) causing lack of power in that 

analysis (Table 6.7). 

Table 6.8 Association between array-CGH extracted copy number estimates of 

AMY2B or AMY2A or AMY1 and BMI in type 2 diabetes (T2D) and 

coronary artery disease (CAD) cohorts. The analysis conducted using 

linear regression models. Sex and age used as covariates. P-values and the 

regression coefficient (Beta) are shown. 

cohort samples trait AMY2B AMY2A AMY1 

Beta p-value Beta p-value Beta p-value 

T2D 1027 BMI -0.16 0.72 -0.16 0.72 -0.06 0.44 

CAD 1808 BMI -0.15 0.44 -0.003 0.98 -0.003 0.95 

 

We repeated the assessment of AMY1 copy number association with BMI 

in both cohorts. This time, instead of using AMY1 CN rounded to the 

nearest integer the scores were rounded conditionally on AMY2A CN. As 

described in chapter 3 when the pancreatic AMY2A gene copy number is 

odd so is AMY1, and when the AMY2A is even so is AMY1 (Section 

3.4.3). Based on that rule the AMY1 scores were rounded to the nearest 

odd copy number integer when AMY2A was odd and to the nearest even 

copy number integer if AMY2A was even. The association analysis was 



103 
 

conducted using linear regression models with age and sex as covariates. 

Yet again, AMY1 CN number did not show any evidence of association 

with BMI in any cohorts (p-value= 0.56 for T2D; p-value=0.84 for CAD). 

6.3.2 Association between AMY genes copy number and BMI in the 1958 Birth 

Cohort 

The 1958BC differs from T2D and CAD cohorts by having longitudinal 

series of BMI measurements. It has eight times more observations than 

T2D and CAD cohorts, spanning from age 7 to 50 years (Table 6.9). This 

allows us to test for amylase CNV association with BMI throughout life. In 

addition to the copy number estimates extracted from array-CGH probe 

intensities, the 1958BC cohort samples were directly genotyped using 

high-resolution PRT methods (see chapter 5). The association studies 

were conducted on both copy number scores separately. First, we 

assessed the association between BMI in each age group and AMY2B, 

AMY2A and AMY1 copy number (rounded to the nearest integer) derived 

from the array-CGH data. The analysis addressed association using linear 

regression models and sex was included as a covariate. For each age 

group, the results showed no significant effect of any amylase gene on 

BMI (Table 6.10). However, from age 16 to 50 year, the results showed a 

significant association between BMI and sex (Table 6.9). In the age group 

16, the BMI in females is significantly higher than males (p-value= 1.7×10-

4, Beta= 0.645), while from age 23 to 50 BMI is significantly higher in 

males (Table 6.9). 

The same assessment was replicated using direct measurements of 

AMY2B, AMY2A and AMY1 copy numbers (rounded to the nearest 
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integer). No significant associations were found between BMI and amylase 

genes in all age groups (Table 6.11). 

We applied the odd/even rule on the AMY1 array-CGH scores and each 

AMY1 CN was rounded to the nearest odd integer value when AMY2A CN 

was odd or to the nearest even integer value if AMY2A was even (see 

6.3.1 and 3.4.3). Having these conditionally rounded AMY1 CN, the 

association test between BMI and AMY1 was replicated using linear 

regression models with sex added as a covariate. AMY1 CN did not show 

evidence of association with BMI in any age group (Table 6.12). 

Table 6.9 Summary information of the 1958 Birth Cohort samples used in the 

association study between amylase genes CNVs and BMI. The number of 

male and female samples are shown in each age group. The association 

between BMI and sex addressed using linear regression models. The 

regression coefficient (Beta) and p- values are shown. 

Age group 
in year 

Male Female Total Median BMI in 
kg/m2(1st-3rd 
quartile 

Covariate 

Beta p-value 

7 641 578 1219 14.9 (15.7-16.7) -0.108 0.26 

11 630 583 1213 15.8 (16.9-18.4) 0.336 0.02 

16 575 532 1107 18.7 (20.1-22.0) 0.645 1.7×10-4 

23 634 616 1250 20.6 (22.1-24.1) -0.973 2.2×10-8  

33 657 641 1298 22.1 (24.3-26.8) -1.068 2.8×10-6 

42 724 663 1387 22.8 (25.2-28.1) -0.019 0.98 

44 720 682 1402 24.0 (26.7-29.9) -0.942 0.00024 

50 644 606 1250 24.0 (26.6-30.1) -1.547 9.4×10-8 
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Table 6.10 Association study between array-CGH extracted copy number 

estimates of AMY2B or AMY2A or AMY1 (rounded to the nearest integer 

value) and BMI in the 1958 Birth Cohort samples. The analysis conducted 

in each age group using linear regression models. Sex was used as a 

covariate. P-values and the regression coefficient (Beta) are shown. 

Age group 
in year 

AMY2B AMY2A AMY1 

Beta p-value Beta p-value Beta p-value 

7 0.037 0.78 -0.007 0.94 -0.011 0.63 

11 -0.125 0.51 -0.191 0.13 0.016 0.62 

16 -0.122 0.61 0.013 0.93 -0.004 0.91 

23 -0.208 0.38 -0.154 0.33 -0.023 0.57 

33 -0.504 0.11 -0.087 0.68 0.023 0.67 

42 1.461 0.21 1.272 0.10 0.135 0.49 

44 0.170 0.64 0.358 0.14 0.008 0.89 

50 0.406 0.31 0.374 0.15 0.028 0.69 
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 Table 6.11 Association study between copy number estimates of AMY2B or 

AMY2A or AMY1 directly measured by PRT method, and BMI in the 1958 

Birth Cohort samples. The analysis conducted in each age group using 

linear regression models, with sex used as a covariate. P-values and the 

regression coefficient (Beta) are shown. Because we had different numbers 

of results for the directly typed samples in each age group, for each gene 

the table is shown in a different format than table 6.10. 

Age group 
In year 
  

AMY2B 

Male Female Total Median BMI in 
kg/m2 
 (1st-3rd quartile) 

Beta p-value 

7 580 523 1103 14.9(15.7-16.7) 0.037 0.78 

11 582 538 1120 15.8(16.9-18.4) -0.125 0.51 

16 534 498 1032 18.6(20.1-21.9) -0.122 0.61 

23 580 562 1142 20.6(22.2-24.1) -0.208 0.38 

33 602 599 1201 22.1(24.3-26.8) -0.504 0.11 

42 657 601 1258 22.8(25.3-28.1) 1.461 0.21 

44 649 619 1268 24.1(26.7-30) 0.170 0.64 

50 582 549 1131 24.1(26.6-30.1) 0.406 0.31 

Age group 
In year 
  

AMY2A 

Male Female Total Median BMI in 
kg/m2 
 (1st -3rd quartile) 

Beta p-value 

7 574 522 1096 14.9(15.7-16.7) -0.007 0.94 

11 577 537 1114 15.8(16.9-18.4) -0.191 0.13 

16 531 497 1028 18.6(20.1-21.9) 0.013 0.93 

23 575 562 1137 20.6(22.2-24.1) -0.154 0.33 

33 596 598 1194 22.1(24.3-26.8) -0.087 0.68 

42 651 600 1251 22.9(25.3-28.1) 1.272 0.10 

44 643 618 1261 24.1(26.7-30) 0.358 0.14 

50 577 548 1125 24.1(26.6-30.2) 0.374 0.15 

 Age group 
In year 
 

AMY1 

Male Female Total Median BMI in 
kg/m2 
 (1st -3rd quartile) 

Beta p-value 

7 569 533 1102 14.9(15.7-16.7) -0.011 0.63 

11 573 546 1119 15.8(16.9-18.4) 0.016 0.62 

16 530 505 1035 18.7(20.1-21.9) -0.004 0.91 

23 573 571 1144 20.6(22.2-24.1) -0.023 0.57 

33 593 610 1203 22.1(24.3-26.8) 0.023 0.67 

42 646 611 1257 22.8(25.3-28.1) 0.135 0.49 

44 637 629 1266 24.1(26.7-30) 0.008 0.89 

50 571 560 1131 24.1(26.6-30.1) 0.028 0.69 
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Table 6.12 Association study between array-CGH extracted copy number 

estimates of AMY1 (conditionally rounded to the nearest odd or even 

integer value) and BMI in the 1958 Birth Cohort samples. The analysis 

conducted in each age group using linear regression models. Sex was used 

as a covariate. P-values and the regression coefficient (Beta) are shown for 

each age group. 

Age group 
In year 
 

Male Female Total Median BMI in kg/m2 
 (1st-3rd quartile) 

AMY1 

Beta p-value 

7 641 578 1219 14.9 (15.7-16.7) -0.013 0.50 

11 630 583 1213 15.8 (16.9-18.4) -0.004 0.89 

16 575 532 1107 18.7 (20.1-22.0) -0.003 0.93 

23 634 616 1250 20.6 (22.1-24.1) -0.012 0.71 

33 657 641 1298 22.1 (24.3-26.8) -0.025 0.57 

42 724 663 1387 22.8 (25.2-28.1) 0.018 0.90 

44 720 682 1402 24.0 (26.7-29.9) -0.013 0.80 

50 644 606 1250 24.0 (26.6-30.1) 0.007 0.90 

 

6.3.3 Test for BMI association in three combined cohorts 

After assessing the hypothesis of BMI association with amylase CNVs 

using three different cohorts, the association was assessed for the last 

time. The array-CGH copy number scores each of AMY2B, AMY2A and 

AMY1 from T2D, CAD and the 1958BC (age 44 years) were combined into 

one single group making a total of 4237 samples (Table 6.13). BMI 

association analysis was conducted on each gene separately using linear 

regression models. Sex and age were added as multiple covariates. The 

result confirmed the lack of evidence for association between AMY CNVs 

and BMI (p-value= 0.7 for AMY2B; p-value= 0.42 for AMY2A; p-value= 

0.76 for AMY1) (Table 6.13).
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Table 6.13 Association study between array-CGH extracted copy number estimates of AMY2B or AMY2A or AMY1 (rounded to the nearest 

integer value) and BMI in samples from the type 2 diabetes (T2D) cohort, coronary artery disease (CAD) cohort and the 1958 Birth 

Cohort (using BMI at age 44), combined into a single group. The association analysis was conducted using linear regression models, 

with sex and age used as covariates. P-values and the regression coefficient (Beta) are shown. 

Cohort Total Male Female AMY1 AMY2A AMY2B 

Beta p-value Beta p-value Beta p-value 

T2D 1027 602 428             

CAD 1808 1442 366 

Age44 1402 720 682 

Total no. 4237 2764 1476 -0.01 0.76 -0.104 0.42 -0.067 0.71 
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7 Discussion 

One of the biggest challenges in studying multi-allelic CNV regions is the 

technical difficulties caused by sequence similarity and multiple copies. 

The amylase gene family is no exception from that challenge as there is a 

high similarity between AMY1, AMY2A, and AMY2B sequences and the 

existence of high numbers of copies, especially for AMY1. Over the past 

decade, studies focused on amylase CNV have employed different 

measurement methods and tried to understand the variation in this gene 

family. Some of these approaches faced serious criticism for being less 

accurate in measuring amylase CNVs and any further analyses based on 

such inaccurate methods will not be well-powered and may lead to false 

conclusions. If a measurement method is inaccurate in identifying correct 

individual copy number but is well calibrated, still this might limit its power, 

essentially by randomizing genotypes and it could lead to a false negative 

association outcome. On the other hand, if a precise method is 

miscalibrated in a way that leads to a differential bias between cases and 

controls can result in a false-positive association outcome. It has been 

suggested that measurement methods for multi-allelic CNV regions are 

sensitive to such bias (Carpenter et al., 2011, Cantsilieris and White, 

2013). While most of the focus was on AMY1 CNVs less attention was 

given to the variation in the pancreatic amylase genes AMY2A and 

AMY2B. The PRT methods developed in this study covered the full scope 

of structural variation at this CNV region. In terms of data accuracy, 

clustering of unrounded copy number estimates around integers is a good 
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indication of CNV measurement accuracy (Carpenter et al., 2011). The 

results of the initial use of AMY1C PRT on the HapMap and ECCACs 

samples has shown compact copy number estimates of AMY1 clustered 

around integer values (See section 3.4). Discrete clustering patterns were 

not shown in the previous studies on AMY1 copy number employing 

different methods especially qPCR; instead, the data was in the form of a 

continuous distribution with an extensive overlap between copy number 

integer classes (Falchi et al., 2014, Perry et al., 2007). In contrast, more 

recent studies using droplet digital PCR showed discrete clustering of 

AMY1 copy number around integer values and predominant even diploid 

AMY1 copy number which was not observed by qPCR (Yong et al., 2016, 

Usher et al., 2015). The power of AMY1C PRT comes from having the 

paralogous reference locus within the CNV region rather than away from 

it. Using a distant (unlinked) reference target might lead to unequal PCR 

amplification efficiency between the test and reference loci due to the 

differences in the melting temperatures of DNA templates. The 

consistency of AMY1 copy number estimates with the previously 

developed PRT and read depth analysis of the 1000 Genomes Project 

data corroborated the accuracy of AMY1C PRT (Carpenter et al., 2015). In 

fact, the data showed an improvement on the previous methods used to 

measure AMY1 copy number. Measurement error in multi-allelic CNVs 

greatly influences disease association studies. This was clearly evident in 

two studies using the approach (qPCR) in exploring beta-defensin CNV 

association with Crohn’s disease. In one study Crohn’s disease was 

associated with low copy number of beta-defensins, while in the second 



111 
 

study Crohn’s disease was associated with high beta-defensin copy 

number (Fellermann et al., 2006, Bentley  et al., 2010). On the contrary, 

well-powered studies using more accurate methods found no evidence of 

significant association between beta-defensin CNV and Crohn’s disease 

(Aldhous et al., 2010, The Wellcome Trust Case Control Consortium, 

2010). Results of genotyping the Finnish Biobank and the 1958 Birth 

Cohort with AMY1CPRT showed consistent AMY1 copy number estimates 

and confirmed the reliability of this assay in large-scale studies. 

Characterisation of the pancreatic AMY2 CNV is important to understand 

the full scope of amylase gene copy number variations. The developed 

assays in this study robustly identified the variations in the pancreatic 

AMY2A and AMY2B genes. In addition to the AMY2A deletion, AMY2A 

duplication, and the combined 2A/2B duplication haplotype previously 

characterised (Carpenter et al., 2015, Usher et al., 2015), the higher-order 

duplications of AMY2A/2B in African population provided further insight 

into the extent of the pancreatic amylase gene variation. These 

expansions have taken the AMY2B/2A /AMY1 duplication unit as a starting 

point to create new allelic series represented by triplication, 

quadruplication, and quintuplication haplotypes. These allelic series could 

be generated by unequal exchanges between similar sequences in the 

duplication repeat unit. The overall variation in this locus has indicated that 

AMY2 genes have undergone homologous and non- homologous 

recombination to generate the diversity in this locus. It has been 

suggested that the amylase cluster is a region of late DNA replication 

(Usher et al., 2015), that would make this region unstable and foreseen to 
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be predisposed to many independent rearrangements. Given that the ratio 

measurement methods and segregation analysis only provide information 

on the haplotype content, without a complete allele sequences, it is difficult 

to exclude further possible additional complexity in this region. However, 

the fibre-FISH approach characterised the physical structure of these 

allelic series and illustrated some events difficult to identify without it, such 

as the spatial organisation of the repeat unit (AMY2B-AMY2A-AMY1), the 

partial truncation of a copy of AMY1 gene in family 72, and the inverted 

structure of (AMY2A/AMY1) in the first telomeric repeat unit that 

accompanied the recurrent expansions of AMY2A/2B. With regard to the 

inversion, there are two possible sequences of events that created the 

higher-order alleles. One possible interpretation is there was a subset of 

duplication haplotypes that underwent the inversion and then generated 

the expansion from that point. In this case, it may be possible to find 

examples in African populations having duplication with the inverted 

(AMY2A/AMY1) structure. On the other hand, if the inversion post-dated 

the higher-order expansion of AMY2B-AMY2A-AMY1 repeat unit, there 

might be examples of triplication, quadruplication and quintuplication 

without the inversion. Sequencing results showed that there was no new 

short-range junction unique to the inverted structure, but a long product of 

9.8kb could be amplified only when the inversion is present. Further 

characterisation of this phenomenon requires investigating more examples 

of duplication and the higher-order alleles. The extent of variations in the 

pancreatic AMY2 genes especially the allelic series in African populations 
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suggests that association studies on the potential influence of AMY1 CNV 

on obesity should consider the variation of AMY2 genes as well. 

Initially, Falchi et al. (2014) reported a significant association between 

AMY1 and BMI. With the better understanding of amylase region variation 

and the high-resolution measurement methods developed in this study, 

the previously reported significant association between AMY1 CN and BMI 

has been reassessed in three different cohorts. However, the data showed 

complete failure to find any association with BMI. Follow up studies have 

been reported to show a protective effect of high AMY1 copy number on 

obesity in a cohort of 597 Mexican children using digital PCR; low copies 

of AMY1 were correlated with early onset obesity in females using dd-PCR 

in a small cohort of 132 samples; low copy number of AMY1 was 

associated with obesity in boys using qPCR method in 744 Italian school 

children (Mejia-Benitez et al., 2015, Viljakainen et al., 2015, Marcovecchio 

et al., 2016). It was argued that specifically the study by Mejia-Benitez 

addressed a different association finding rather than replicating what 

Falchi had reported, as the association in Mejia-Benitez was driven by a 

small number of samples among the controls with extremely high AMY1 

CN, whereas the association reported by Falchi involved a shift of the 

entire copy number distribution (Yong et al., 2016, Usher and McCarroll, 

2015). Moreover, these follow up studies were conducted on relatively 

small size cohorts, and their data failed to demonstrate the predominance 

of even-numbered diploid AMY1 integer values which was observed by 

three different independent studies (Usher et al., 2015, Carpenter et al., 

2015, Yong et al., 2016). Nevertheless, in the 1958 Birth Cohort samples, 
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the BMI association was assessed from age 7 to 50 years with 8 

longitudinal BMI measurements and sex used as a covariate (Table 6.9), 

yet no significant associations were found in any of these age groups. This 

contrasts with the results from the previous observations. The difference 

could be attributed to the high-resolution measurement methods used in 

this study as our data showed discrete clusters around copy number 

integers, while previous studies used qPCR measurement methods(Falchi 

et al., 2014, Marcovecchio et al., 2016), which has lower resolution and 

poor data clustering around integer values (Carpenter et al., 2015). 

Furthermore, Falchi et al. 2014 used the reference sample NA18972 as a 

calibrator and had been assigned as 14 copies, whereas this sample has 

been shown to have 18 or 16 copies (Carpenter et al., 2015, Yong et al., 

2016). This miscalibration might explain why Falchi et al. (2014) failed to 

show the predominance of even number diploid AMY1 copy number. The 

poor clustering and extensive overlap between copy number integer 

classes suggest that the qPCR methods in Falchi et al. (2014) have failed 

to discriminate single repeat unit differences, and any association studies 

based on such method might lead to false conclusions. The complete lack 

of BMI association with amylase CNV in our data is in line with 

observations by two different well- powered studies on different cohorts, 

which used high-resolution measurement methods and found no evidence 

of association(Usher et al., 2015, Yong et al., 2016). More recently, two 

studies addressed AMY1 CNV association with BMI using ddPCR method. 

One was conducted on a total of 5000 samples in two case-control studies 

(Bonnefond et al., 2017), and the second was conducted on 4800 samples 
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(Rukh et al., 2017). Again, both studies failed to replicate AMY1 CNV 

association with BMI; however, Rukh et al. 2017 observed an interaction 

effect between starch intake an AMY1 CN on BMI. In the low starch intake 

group, BMI decreased with increasing AMY1 CN (p-value = 0.07) while 

BMI tended to increase with increasing AMY1 CN in high starch intake 

group (p-value = 0.08). Finally, the lack of evidence of significant 

associations in our data in spite of using accurate and reliable CN 

measurement methods in three different cohorts suggest that amylase 

CNVs does not influence BMI or obesity. 
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