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Reliable detection of low-level mutations in HIV-1 provirus is still a challenge. Current methods 

regularly used in laboratories, Surveyor assay and bulk sequencing, only have a limit of detection 

about 10 ~ 20%. In the Jerome lab, a potential cure for HIV, megaTALs, is under development 

and a method to evaluate its outcome is in need. In this thesis, a droplet digital PCR assay that 

can detect low-level target mutations in HIV provirus induced by megaTALs was developed. 

This assay was validated with both plasmid and cell line samples. This assay had demonstrated 

high analytical linearity (r2 > 0.99) and repeatability (CVs < 7%). The Limit of Blank of this 

assay is 0.56%. The Limit of Detection of this assay is 1.06%. The Limit of Quantitation of this 

assay is 2.19%. This assay showed higher accuracy than Surveyor assay. The results of the same 

sample generated by this assay were comparable to those of clonal sequencing and Illumina 

sequencing. This assay has approved that ddPCR can be use as a reliable mutation detection 

method in HIV with high precision and accuracy.  
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Chapter 1: Introduction to Human Immunodeficiency Virus 

HIV/AIDS Basics  

The human immunodeficiency virus (HIV-1) is a lentivirus, a class of retrovirus that delivers 

viral RNA into the host’s cells causing chronic illness as a consequence. The disease caused by 

HIV-1 is acquired immunodeficiency syndrome (AIDS), a progressive immune system failure 

that makes infected individuals susceptible to lethal infections and cancer.1 About 95% HIV 

patients live in developing countries, where poverty, social inequalities and poor health care 

systems are common and facilitate the spread of HIV. HIV/AIDS disrupts community life, 

interrupts civil order and corrupts economic growth. This epidemic has left millions of orphans, 

who are in need of basic care and social support. Some of them suffer from HIV infection 

themselves.2  

HIV Life Cycle 

The major target for HIV is activated CD4 T Lymphocytes. Other cells, like resting CD4 T cells, 

monocytes and macrophages, and dendritic cells, which also display CD4 plus CCR5 or CXCR4 

on the cell surface, can be targeted as well. After interacting with these cell receptors, HIV 

injects its RNA into the cell, along with several enzymes, including reverse transcriptase, 

integrase, ribonuclease and protease. 3 

Shortly after HIV entering the target cell, the virus reverse transcriptase uses the HIV genomic 

RNA creates a “pre-integration” complex in the nucleocapsid, which later travels into the 

nucleus and integrates into the host genome. This reverse transcription step is highly error prone, 

which leads to a very high mutation rate in the HIV genome. DNA polymerase then completes 

the double strand DNA (dsDNA), and then another viral enzyme, integrase, integrates the 
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dsDNA into the host cell genome, creating the provirus, which is the template for transcription. 4 

HIV replicates by releasing full length mRNA comprising the HIV into cytoplasm, where it 

complexes to structural proteins (Gag, Gag-Pol etc.) and gets packaged into new circular virus 

particles. After budding from the host cell, proteolytic cleavage of the protein components takes 

place, and a mature, bullet-shaped capsid HIV is produced. Only mature HIV has the ability to 

infect other cells.5 

Pathogenic Dynamics 

The progressive depletion of CD4 T cells is the major consequence of HIV infection, which 

leads to lethal immune dysfunction. This immune system depletion is due to both the death of 

CD4 T cells and the decrease in CD4 T cell production. Both cell death from HIV infection and 

bystander effects of syncytia formation, immune activation, proliferation and senescence cause 

the decrease of CD4 T cells. 6 Moreover, during HIV infection, other cells that facilitate the 

function of T cells undergo major changes: for instance, there is a profound loss of T-helper-17 

(Th17) cells7 and mucosal-associated invariant T cells, both of which are crucial for defeating 

bacteria.8 The immune dysfunction caused by HIV makes patients vulnerable to infections and 

cancers. 

An increase in immune activation is another characteristic of HIV infection. For instance, as a 

ligand, HIV can trigger the Toll-like receptor 7, leading to the production of interferon (IFN-α).9, 

10 

Treatments 

Typically, antiretroviral therapies (ARTs) are used in treating patients with HIV. There are five 

classes of antiretroviral therapies, targeting different stage of HIV life cycle, that are frequently 
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used: entry/fusion inhibitors, nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs), non-

nucleoside reverse transcriptase inhibitors (NNRTIs), integrase inhibitors and protease inhibitors 

(PIs). The short-term outcomes of such therapies are usually good. However, patients have to 

permanently stay on therapy, and there is a possibility of drug resistance due to the high mutation 

rate of HIV, which can lead to a failure of treatment. Cocktail therapy, a mixture of multiple 

antiretroviral treatments, is frequently applied to prevent potential drug resistance. Recently, 

tremendous effort has been put into the discovery of a cure for HIV-- either a functional cure 

(long-term control without using antiretroviral therapy) or a sterilizing cure (complete 

elimination of HIV from the patient). 

Studies show that early initiation of antiretroviral therapy might preserve immune function and 

slow establishment of the reservoir.11,12,13 One approach to HIV cure under study is elimination 

of latently infected T cells which are present during highly active antiretroviral therapy 

(HAART).14 Studies show that the mean half life of the latent reservoir is very long,15 which is a 

challenge to achieving a long term cure. Most efforts to eliminate latently HIV infected cells 

involve deliberately reactivating latent HIV, such that the reactivated cells can become targets 

for elimination. 16 Another study shows that stimulation of HIV-1-specific cytolytic T cell 

responses prior to virus reactivation may be essential for successful eradication efforts.17 

Gene therapy is another avenue towards potential HIV cure. Two possible approaches that have 

been most widely studied are interrupting the HIV genome or inhibiting HIV replication through 

host receptor gene disruption.18 To interrupt the HIV genome, a double strand break (DSB) is 

created within a desired HIV gene, using any of several classes of highly specific rare-cutting 

endonucleases. After the DSB is achieved, imprecise repair may introduce a deletion or insertion 

mutation at the break site. 19,20 Such approach has been applied on herpes simplex virus 
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(HSV) latent cells in the Jerome lab.21 A engineered homing endonuclease (HE), which 

recognizes a sequence in the HSV-1 gene UL19, has showed that HSV production by treated 

latently infected cells after reactivation was decreased.21 

Host genes are also popular targets when it comes to HIV gene therapy. For instance, by 

interrupting HIV receptors such as CCR5 and CXCR4, the entry of HIV can be inhibited, 

therefore interrupting HIV replication.22,23There is a long list of gene-targeting techniques that 

are feasible for this purpose. Zinc finger nucleases (ZNFs), for example, have been used to target 

the HIV co-receptor CCR5. After the zinc finger DNA-binding domain has bound to the targeted 

site, the nucleases generates a DSB in the CCR5 coding region.24 Transcription activator-like 

effector nucleases (TALENs), where the TAL effector acts as sequence-specific domain, can be 

applied in HIV therapy in a similar manner.25 Large numbers of studies have been done in this 

field, and gene therapies have already made their way to clinical trails.
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Chapter 2: Introduction to droplet digital Polymerase Chain 

Reaction (ddPCR) 

Basic Concepts in Digital PCR 

The concept of digital PCR was first described in the early 1990’s. 26,26 Similar to traditional 

quantitative PCR (qPCR), digital PCR requires primers and probes to detect target sequences. 

However, digital PCR (dPCR) has the potential for increased sensitivity and precision over 

qPCR, yielding superior results. The major difference is that before PCR cycling to endpoint, 

samples are randomly distributed into small partitions (nanoliter-size droplets). After endpoint 

PCR, the presence or absence of template DNA in each partition is determined individually. 

Since the partitioning is random the number of molecules in each partition follows a Poisson 

distribution so that positive/negative results can be translated into absolute quantification of 

template molecules using Poisson statistics. 27  

Digital PCR Platforms 

The major differences in all dPCR platforms lie in how the partitions are formed. The 

partitioning of nucleic acid molecules can be achieved in micro wells, capillaries, the dispersed 

phase of an emulsion, arrays of miniaturized chambers, or nucleic acid binding surfaces.  

There are four different commercially available dPCR platforms. Fluidigm	
  Corporation	
  (San	
  

Francisco,	
  CA)	
  and	
  Life	
  Technologies	
  (Carlsbad,	
  CA)	
  have	
  each	
  developed	
  a	
  microfluidics-

based system that deliver nanoliters of sample into individual reaction wells on sophisticated 

chips. However, there are a limited number of partitions the sample can be digitized into. 28 Bio-

Rad Laboratories (Hercules, CA) and RainDance (Lexington, MA) have developed systems that 
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partition samples using water-in-oil emulsion droplets (droplet digital PCR, ddPCR). 29, 30 In 

general, droplet digital PCR platforms allow higher number of partitions at a relatively lower 

cost, compared to micro-well based platforms28, making them a better choice for this study.  

Advantages and Disadvantages of ddPCR 

Compared to real-time qPCR, dPCR in general provides a simplified way to achieve absolute 

quantification. Unlike qPCR, dPCR quantifies template DNA molecules without the need for a 

standard curve, and the digitization steps enables quantitation of nucleic acids in a sample with 

higher precision and a potentially lower limit of detection.27
	
  For the same reason, dPCR offers 

sensitive linear response to the small changes in number of copies, which allows more sensitive 

and accurate detection of copy number variance than qPCR. dPCR increases signal-to-noise ratio 

in individual partitions, enabling the detection of rare targets. Also, dPCR shows higher tolerance 

to PCR inhibitory substances, so certain samples that are challenging for qPCR to analyze can be 

tested by dPCR.31  

Compared to other dPCR platforms, ddPCR has its own advantages. The dPCR platforms based 

on micro-well chips have a relatively small number of partitions so the numbers of molecules 

that can be quantitated in one reaction is limited. To scale up, multiple consumable chips must be 

used for one sample, which can be expensive. For ddPCR, the cost to scale up for one sample is 

significantly lower. Therefore, even though the input of molecules in one reaction is still limited, 

the total input for one sample can be scaled up easily.  

Ideally, commercial TaqMan assays should yield reliable results with dPCR platforms too. 

However, optimization steps may be required when a qPCR assay is transferred to dPCR 

platforms, since compatibility of a dPCR master mix with primers and probes must be 

determined empirically. Also, dPCR platforms add some complexity to performing the assay 
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compared to qPCR. Longer hands-on time is required for dPCR, which may slow down the 

workflow of a busy lab. More steps of dilution, pipetting and transferring also introduces 

increased potential for error and contamination.32 

Applications of ddPCR 

The high precision offered by ddPCR enables a long list of applications. One can directly utilize 

the absolute quantification to detect target DNA, such as viral load analysis and microbial 

quantification.33 ddPCR can detect viral sequences with higher precision than qPCR.34–36 In a 

Human cytomegalovirus (CMV) study, ddPCR offered increased precision over qPCR when 

viral load was higher then 4 log10, with similar sensitivity.33 Rare mutation detection is more 

likely achieved by ddPCR. Many studies have shown that ddPCR has great utility in detecting 

oncogene mutations.37,38 In a non-small cell lung cancer study, ddPCR was able to detect EGFR 

mutations from plasma samples with a threshold of 1 copy/ml.37 ddPCR can also detect abnormal 

fetal genomes from maternal plasma, which enables non-invasive prenatal diagnosis.39,40 ddPCR 

has higher sensitivity when detecting copy number variance. Measurement of a 1.2 fold 

difference in gene copy number can be achieved by ddPCR, the limit of detection of which is 

significantly lower than other methods.41 In viral diagnostics, this advantage can be applied to 

identify chromosomally integrated human herpesvirus 6 (ciHHV6) from active infections to 

avoid unnecessary treatment.42 Other applications include quantification of next-generation 

sequencing (NGS) libraries, gene expression studies, microRNA analysis and single cell 

analysis.  
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Chapter 3: Study Rationale, Significance & Approach 

In this study, I evaluated the analytical capability of ddPCR for detecting mutations in HIV 

provirus. The targeted mutations in this study were those introduced by HIV-targeting 

megaTALs, one gene therapy method under study in our laboratory for curing HIV. The use of 

ddPCR may also lead to assays useful for detecting drug resistance mutations in the HIV 

provirus that are important for selecting the appropriate conventional antiviral treatment. 	
  

Target mutations engineered using megaTALs 

MegaTALs are a class of newly developed enzymes, first described in 2013.43 They are a 

combination of two distinct classes of DNA targeting enzymes, meganucleases and transcription 

activator-like (TAL) proteins. Meganucleases are a family of naturally occurring rare-cutting 

endonucleases, characterized by large recognition sites and high cleavage efficiency. The 

challenge in using meganucleases as a gene therapy is that they are difficult to engineer with 

high DNA binding efficiency. Therefore, the addition of TAL DNA-binding domains is helpful 

to increase overall binding affinity.40,44 TAL effectors are DNA recognizing proteins in which 

the TAL DNA-binding domains are fused to separate non-specific FokI DNA endonuclease 

domains in order to achieve a targeted DNA double strand break. The binding domain of TAL 

effectors can be easily modified to target specific sequences. However, as a gene therapy, TAL 

effectors require the delivery of two separate proteins into the same cell.45 Also, strong off-target 

activities can be observed with TAL effectors. 40 As a fusion of highly-specific meganucleases 

and the binding domain of TAL effectors, megaTAL allows extremely active and highly specific 

double strand activity that is applicable to all current viral and non-viral cell delivery methods.40 
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After megaTAL achieves a double strand break, insertions or deletions (indels) at the site of a 

DNA break are introduced because of mutagenic non-homologous end joining (NHEJ), a 

pathway that repairs double-strand breaks in DNA.	
  The indels introduced by NHEJ can lead to 

nonsense and missense mutations in genes to introduce targeted gene disruption.44,46 A figure 

describing NHEJ from Schiffer JT is shown below.46 

In the Jerome lab, the megaTAL under development targets a region in the HIV pol gene, which 

we have designated HIV-S20. S20 is part of the gene that transcribes HIV integrase. By 

disrupting the formation and function of integrase, the life cycle of HIV is interrupted, leading to 

a potential cure of HIV infection.  

 

 

Schiffer JT et. al.,Targeted DNA mutagenesis for the cure of chronic viral infections. 2012 
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Importance Of A High Precision Diagnostic Method In Patient 

Management - Drug Resistance 

An assay that is able to detect mutations in HIV provirus with high precision can be beneficial in 

terms of HIV infected patient management. HIV reverse transcriptase has an average error rate 

per detectable nucleotide of around 1/1700, which is the highest error rate ever described.47 With 

such a high mutation rate, HIV is able to escape therapies by developing drug resistance 

mutations. When using a single time point analysis, a national study in the UK showed that 

among HIV viremic patients the proportion of results with any type of drug resistance was about 

80%48. A study conducted in 2004 estimated that the percentage of American HIV positive 

patient that has any kind of drug resistance related mutation to be 76.3%.49 Another study 

showed 56.7% of viremic patients had at least one drug resistance mutation and 37.6% had dual 

class resistance to nucleoside reverse transcriptase inhibitors (NRTIs) and non-nucleoside 

reverse transcriptase inhibitors (NNRTI).50 The possibility of developing drug resistance is 

significantly higher in patients with previous antiretroviral drug use, advanced HIV diseases, 

high plasma viral load and low T cell count.49 Resistance of a therapy can lead to failure of the 

treatment and progression of AIDS.  

When detecting drug resistance related mutations, current Sanger sequencing-based methods 

have a mutation limit of detection around 20%, meaning only mutations present in 20% or higher 

of the viruses comprising the total viral load can be detected. Since drug resistance related 

mutations are accumulating over time, an assay with lower limit of detection allows diagnoses 

for such mutations sooner, which will benefit patients management significantly. Many studies 

on drug resistance mutations are underway, and a list of HIV drug resistance mutations is being 

formed, which is available from an HIV drug resistance database. With such assay, we can 
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utilize this knowledge better, making meaningful clinical decisions earlier to avoid the use of 

drug resistance inducing therapies. 
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Chapter 4 Methods  

The assay development was composed with four major steps: assay design, protocol 

establishment, plasmid sample validation and cellular sample validation. Plasmids and control 

cell lines with mutations were engineered for assay validation. Assays that passed two validation 

steps were used to analyzed research samples, the results from which were compared with results 

from three other mutation detection methods: Surveyor assay, clonal sequencing and Illumina 

sequencing. 

Assay Development using Mutant Plasmid Samples 

Mutations Introduced into HIV Sequence 

The MegaTAL our laboratory developed with collaborators targets the HIV pol gene; the 

MegaTAL cleavage site was centered on four nucleotides (the central four) around which 

mutations were introduced. The targeted site sequence is showed in Figure 1. Multiple types of 

insertion and deletion mutations (indels) induced by the MegaTAL were previously detected by 

clonal sequencing of MegaTAL-treated integrated HIV genomes (data from Harshana S De Silva 

Feelixge). Three of these deletion mutations (1bp, 3bp and 7bp deletions) were chosen for further 

study in this project. Plasmids containing these three deletion mutations as well as a 2bp deletion 

and a 4bp deletion within the central four were designed to represent likely potential deletion 

mutations (Fig. 1A).  

ddPCR Assay Development: Primers and Probes Design 

Three primer and TaqMan MGB probe sets were designed using Primer Express 3.0 (Life 

Technologies Inc.). In all three designs, a target probe and a reference (REF) probe were 
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designed to detect mutations. In each design, the Target probe is complementary to the region 

containing the megaTAL site; when a deletion or missense mutation occurs the target probe 

cannot bind the mutant sequence, therefore no signal would be observed. A REF probe that is 

specific to an HIV genomic region that is not likely to be affected by megaTAL was also 

included in all three designs, so every HIV sequence should give out REF signal.  

Single-Amplicon Assay A Sequence 

Fwd Primer CAATCCCCAAAGTCAAGGAGTAA 
Rev Primer CCAATCCCCCCTTTTCTTTTA 

REF Probe VIC-AATCTATGAATAAAGAATTAAAG-MGBNFQ 
WT Probe  6FAM-TTGTGGATGAATACTGC-MGBNFQ 
 
Double-Amplicon Assay Sequence 
HIV_Ref_F GTACATACAGACAATGGCAGCAATT 

HIV_Ref_R CCCCGCCCACCAACA 
HIV_Ref_VIC VIC-CCAGTACTACAGTTAAGGC-MGBNFQ 

HIV_WT_F GAGATCAGGCTGAACATCTTAAGACA 
HIV_WT_R CAATCCCCCCTTTTCTTTTAAAA 

HIV_WT_FAM 6FAM-TGGCAGTATTCATCCACA-MGBNFQ 
 
Single-Amplicon Assay B Sequence 

Fwd Primer GGACAGGTAAGAGATCAGGCTGA 

Rev Primer CCAATCCCCCCTTTTCTTTTA 

REF Probe VIC-CATCTTAAGACAGCAGTACAA-MGBNFQ 

WT Probe  6FAM-TTGTGGATGAATACTGC-MGBNFQ 
 

Table 1| Primers and probes sequences for 3 ddPCR assay designs.  

Two approaches were initially taken, differing in primer design. For Single-Amplicon Assay A 

and Single-Amplicon Assay B (Ruth H Sedlak), two primers were designed in the same 

amplicon, using both DNA strands as templates. The difference between these two designs lies in 
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the distance of the primers and probes. However, in Double-Amplicon Assay the two probes 

bind to two amplicons separately. The relative positioning of the primers and probes is shown in 

Figure.2. The primers and probes are listed in Table 1. 

All primers were resuspended with 10mM Tris pH 8 into 332 uM primer stocks. 
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Figure 1 | Plasmid design (A) The mutations that are introduced in HIV pol by megaTAL 

treatment. The position of the central four is in red. (B) Design of primers to amplify fragments 

for Gibson Assembly from wild type HIV sequence template. This figure shows the specific 

design for assembly of wild type plasmid (Plasmid_WT). There are two universal primers 

(Primer A and Primer B) that each have a complimentary part for the template (shown in green) 

that function as primers in PCR and a complementary part for pGEM-7ZF (shown in blue) that 

allow assembly of the fragments and vector. Primer WT and Primer WT’ have an overlap where 

the central four (shown in red) were centered. This overlap allows introduction of mutations and 

the assembly of these two fragments. The lengths of the two fragments are 339bp and 335bp. 

The total insertion has a length of 646bp. (C) Plasmid map of Plasmid_WT. Sites of restrict 

enzymes that were used in this project are shown in the map.  



	
   22	
  

A. 

 

B. 

 

C. 

 

Figure 2 | Positioning of primers and probes. Primers are shown as arrows, Target probes are 

marked as “Target” and REF probes are marked as “REF”. For Single-Amplicon Assay A, there 

is a 147bp amplicon and the two probes are 57bp apart. In Double-Amplicon Assay design, the 

amplicon that REF probe will bind to is 66bp long, while the amplicon that contains the WT 

probe binding site is 78bp long. The two regions are 120bp apart. Single Amplicon Design B is 

very similar to the other single amplicon assay, just with a shorter amplicon length. With all 

three designs, wild type HIV sequences will present double positive signals, while mutant 

sequences will only present REF positive signal. With such assay design all REF single positive 

droplets are identified containing mutant sequences. 



	
   23	
  

Gibson Assembly 

Mutant plasmid samples were used in the early phase of assay development. These plasmids 

were obtained via Gibson assembly, a technique that allows for assembly of multiple DNA 

fragments, as shown in Figure 3.51 

 

Figure 3 | Major steps of Gibson assembly cloning. Multiple DNA fragments with overlapping 

ends, one of which can be a linearized vector, can be linked in one reaction. There are three 

enzymes acting together in Gibson assembly: 5’ exonuclease, DNA polymerase and DNA ligase. 

The 5’ exonuclease chews back the 5’ end and exposes the complementary sequence in the 

overlapping ends for annealing. The polymerase activity fills the gaps after annealing and DNA 
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ligase seals the nick and links the fragments together. After cloning steps, plasmid containing the 

fragments sequences is obtained. 

Image from: http://www.neb.uk.com/Product_Overview/Gibson_Assembly.asp 

 

Fragments from PCR 

The fragments to be inserted into the vector are PCR products from a wild type HIV sequence 

template with primers (Table 2) into which we have introduced specific designed mutations (Fig. 

3B). A high-fidelity DNA polymerase (Phusion, Thermo Fisher Scientific.Inc.) was used to 

minimize the chance of introducing random mutations during PCR. PCR set-up and program are 

shown in Table 3. All products were confirmed by 2.5% agarose gel electrophoresis at 120V. Gel 

extraction was performed with Qiaquick Gel Extraction Kit (QIAGEN) to a final volume of 50ul. 

The concentration of DNA was measured with a NanoDrop 2000 (Thermo Fisher Scientific 

Inc.). The concentration of all fragments was in 4-8 ng/ul range. 

Vector preparation 

pGEM-7ZF (2997bp) was used as the vector. 5ug pGEM-7ZF was digested by KpnI overnight in 

a volume of 50ul. Afterwards the linearized vector was purified by 1% agarose gel 

electrophoresis at 120V and gel extraction was performed with QIAquick Gel Extraction Kit 

(QIAGEN) to a final volume of 60ul. The concentration of DNA was determined with a 

NanoDrop 2000 (Thermo Fisher Scientific Inc.). The concentration of the vector was around 

47.3 ng/ul 
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Primer Name Sequence 

Primer WT AATGGCAGTATTCATCCACAATTTTAAAAGAAAAGGGGGGATTGGG 

Primer WT’ TAAAATTGTGGATGAATACTGCCATTTGTACTGCTGTCTTAAGATG 

Primer 1 AATGGCAGTAT-CATCCACAATTTTAAAAGAAAAGGGGGGATTGGG 

Primer 1’ TAAAATTGTGGATG-ATACTGCCATTTGTACTGCTGTCTTAAGATG 

Primer 2 AATGGCAGT--TCATCCACAATTTTAAAAGAAAAGGGGGGATTGGG 

Primer 2’ TAAAATTGTGGATGA--ACTGCCATTTGTACTGCTGTCTTAAGATG 

Primer 3 AATGGCAG---TCATCCACAATTTTAAAAGAAAAGGGGGGATTGGG 

Primer 3’ TAAAATTGTGGATGA---CTGCCATTTGTACTGCTGTCTTAAGATG 

Primer 4 AATGGCAGT----ATCCACAATTTTAAAAGAAAAGGGGGGATTGGG 

Primer 4’ TAAAATTGTGGAT----ACTGCCATTTGTACTGCTGTCTTAAGATG 

Primer 7 AATGGCAGT-------CACAATTTTAAAAGAAAAGGGGGGATTGGG 

Primer 7’ TAAAATTGTG-------ACTGCCATTTGTACTGCTGTCTTAAGATG 

Primer A CTCTAGACTCGAGGAATTCGCTTGGTAGCAGTTCATGTAG 

Primer B TTATCGATTTCGAACCCGGGAATCCTCATCCTGTCTACTT 

 

 

Table 2 | Primers for Gibson assembly fragment preparation. The central four and mutations are 

highlighted in red. The sequences underlined are the overlapping part of the two fragments. The 

sequences in blue are the complementary sequences for pGEM-7ZF
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Assembly and Cloning 

Gibson Assembly Cloning Kit (NEB) was used. Gibson Assembly Protocol (E5510) and Gibson 

Assembly Transformation Protocol (E5510) were followed. 50ng (1.05ul) pGEM-7ZF was used 

for each assembly reaction. About three fold more insertion fragment molecules were added into 

the reaction. Total reaction volume was 20ul. Volume of insertion fragments was calculated 

accordingly. 

Screening and Sequencing 

Four colonies were selected from each Ampicillin plate and incubated in 2ml Luria Broth (LB) 

Amp overnight. Plasmids were extracted with PureLink Quick Plasmid Miniprep Kit (Life 

Technologies). The manufacturer recommended protocol was followed except plasmids were 

eluted into a final volume of 50ul with TE buffer. 

All plasmid samples were screened by restriction enzyme digestion with AatII and BamHI (Fig. 

3C), and agarose gel electrophoresis was performed to insure two fragments with length around 

2939 bp and 701bp are visible. 

After screening, all samples were sequenced using Sanger sequencing. For each mutant plasmid, 

there was at least one colony containing the intended sequence. 

Plasmid Samples Purification 

Clones containing the correct sequence were incubated on a larger scale (50ml LB Amp) 

overnight. Plasmids were extracted with PureLink Quick Plasmid Midiprep Kit (Life 

Technologies). Manufacturer recommended protocol was followed except the two centrifuge 

steps were changed into 30min at 4000rpm and 45min at 4000rpm.  
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PCR reaction set up 

10uM Primer* 2.5ul 

10uM Primer A or Primer B 2.5ul 

5X Buffer 10ul 

10Mm dNTPs 1ul 

Enzyme, Phusion 0.5ul 

Template 1ul (10ng) 

Water 32.5ul 

Total 50ul 

 

Table 3 | PCR program and reaction set up for Gibson assembly fragment preparation. “Primer*” 

stands for the primer used with Primer A or Primer B to amplify a particular fragments. For 

example, to get the two fragments used in Gibson assembly to form Plasmid_WT, two PCRs 

were set up.  Primer WT’ and Primer A was used to amplify one fragment, and Primer WT and 

Primer B were used to amplify the other fragment.

Thermocycling conditions 

98°C 30 sec 
 

98°C 10 sec 
 

60°C 15 sec 30 cycles 

72°C 15 sec 
 

72°C 5min 
 

4°C Hold 
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Plasmid Sample Pre-analysis Preparation 

Plasmid samples were linearized with a single cutter, HindIII (New England Biolabs) (shown in 

Fig 3.C), before analysis by ddPCR, according to manufacturer’s recommendations for plasmid 

analysis. They were digested for 2 hours at 36°C. A 20ul reaction contained 17.5 ul DNA, 0.5 ul 

HindIII and 2ul 10X Cutsmart buffer. 

PCR Condition Optimization 

Plasmid_WT was used in all experiments to optimize the PCR conditions for the TaqMan 

assays. All experiments were performed on QX100 Droplet Digital PCR System (Bio-Rad. 

Inc.). All accessories, reagents and consumable were from Bio-Rad also.  

Reactions with Single-Amplicon Assay A and Double-Amplicon Assay were set up using the 

Bio-Rad ddPCR Supermix. A gradient PCR was performed with each assay using 5ul of 

0.000001ng/ul Plasmid_WT to optimize PCR cycling conditions.  

For Single-Amplicon Assay A, a range of 57°C to 63°C for annealing temperature was applied 

but the reaction efficiency of the REF probe was insufficient under all conditions tested.  

For Double-Amplicon Assay, a range of 51°C to 63°C for annealing temperature were applied. 

Both WT probe and REF probe showed optimal efficiency at 52°C, so primers and probes from 

design B were selected as the report system for this assay. The finalized PCR program is shown 

in Table 4 and Table 5. The same themocycling conditions and reaction set-up was used 

throughout further experiments for Double Amplicon Assay. 

For Single-Amplicon Assay B, reactions were set up using the Bio-Rad ddPCR Supermix (no 

dUTP). A gradient PCR was performed using 5ul of 0.000001ng/ul Plasmid_WT to optimize 

PCR cycling conditions. A range of 48°C to 56°C for annealing temperature was applied. Later, 
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another gradient PCR covering a range of 53°C to 58°C was performed, with 5ul of a mixture of 

Plasmid_WT and Plasmid_Mut1 as template, which had a concentration around 0.000001ng/ul. 

 

 

20X primer-probe mix 

HIV_Ref_F (332uM) 10.84 ul 

HIV_Ref_R (332uM) 10.84 ul 

HIV_WT_F (332uM) 10.84 ul 

HIV_WT_R (332uM) 10.84 ul 

HIV_WT_FAM (100uM) 10 ul 

HIV_Ref_VIC (100uM) 10 ul 

Tris 10mM 136.64 ul 

Total 200 ul 

 

Table 4 | Prime-probe mix preparation and reaction set up for Double-Amplicon Assay and 

Single-Amplicon Assay B. 

  

PCR reaction set up 

20X primer-probe mix 1.25ul 

2X ddPCR master mix 12.5ul 

DNA x ul 

Water (11.25 – x) ul 

Total 25ul 
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Thermocycling condition for Double-Amplicon Assay 

95°C 10 min  

94°C 30 sec 
40 cycles 

52°C 1 min 

98°C 10 min  

4°C hold  

 

Thermocycling condition for Single-Amplicon Assay B 

95°C 10 min  

94°C 30 sec 
40 cycles 

57°C 1 min 

98°C 10 min  

4°C hold  

 

Table 5 | Thermocycling conditions for all ddPCR experiments in this project. 

Detecting Low Level Mutants from A WT Background (Linearity and 

Repeatability) 

To validate the ability of detecting low-level mutant sequences from a massive wild type 

background for the ddPCR assays, 2-fold low-level dilution series of mutant plasmid samples 

(Plasmid_Mut2 or Plasmid_Mut7) were mixed with a constant Plasmid_WT sample. For Single-
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Amplicon Assay A and Double-Amplicon Assay, the Plasmid_WT background level was 

around 0.00001ng/ul, (about 200-270 copy/ul in reaction). For Single-Amplicon Assay B, the 

Plasmid_WT level was around 490 copy/ul in reaction. Samples were diluted with 10mM Tris 

pH8.0. On the same ddPCR plate, the dilution series of mutant plasmids alone was analyzed. By 

comparing the result from Plasmid_WT and Plasmid_Mut Mixture with the result from 

Plasmid_Mut only wells, linearity analysis was performed. Plasmid_WT samples were analyzed 

on the same plate as negative controls. All samples were run in triplicate.  

Finally, all data from Plasmid_WT only reactions were collected to roughly estimate the level of 

false mutation rate from known wild type sequences.  

Analyzing MegaTAL treated HIV cell line samples by ddPCR 

Control Cell Lines Preperation 

Three control cell lines with HIV pol gene megaTal recognition site were made to validate the 

assays, HIV megaTAL site WT/Mut1/Mut7. The fragments of interest were inserted into a 

lentivirus backbone vector, pRRL-MND-GFP, using Gibson Cloning , which later was used to 

construct lentiviruses. Later, the lentiviruses were used to infect SupT1 cells to make HIV-

megaTAL site integrated cell lines. 

Lentivirus Backbone Vector Made with Gibson Cloning 

The same Gibson Cloning protocol was followed when making lentivirus backbone vectors 

containing the fragments of interests.  

The fragments to be inserted into the lentivirus vector were amplified from the plasmid samples 

obtained previously, Plasmid_WT, Plasmid_Mut1 and Plasmid Mut7. The primers used are 
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listed in Table 6. The fragments amplified are the same HIV fragments that were used to 

construct plasmid samples.  

5ug pRRL-MND-GFP was linearized by BstxI overnight in a volume of 50ul. Same purifying 

steps were performed as previously described. The ddPCR target sequence was inserted between 

the HIV cPPT sequence and the MND promoter driving expression of GFP. 

Primer Name Sequence 

Lenti-­‐polF GCTTGATATCGAATTCCCACCTTGGTAGCAGTTCATGTAG 

Lenti-­‐polR CTCTGTTCCTACGCGTCCAAAATCCTCATCCTGTCTACTT 

 

Table 6 | | Primers for Gibson assembly fragment preparation. The sequences in blue are the 

complementary sequences for pRRL-MND-GFP. 

Mutant Control Cell Lines 

SupT1 cells (ATCC# CRL-1942) were grown in RPMI 1640 (Invitrogen) supplemented with 

10% FBS. 293T (ATCC# CRL-3216) cells were grown in DMEM (Invitrogen) supplemented 

with 10% FBS. 

To generate a VSV-G pseudotyped stock of each lentiviral vector, a 10cm dish containing 

HEK293T cells at 70% confluence was transfected with a total of 10mg of lentivirus vector 

plasmid and the packaging plasmids psPAX2 and pMD2G. At 72 hours post transfection, cell 

supernatants were collected and stored at -80oC. Control SupT1 cells with integrated copies of 

wild type or mutant ddPCR target sites were then generated by transduction with each lentivirus 

vector. To ensure that the provirus copy number remained below 1 copy/cell, lentivirus 

transduction levels of less than 30% were chosen.52 SupT1 cells were infected with equalized 
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GFP expressing units of each vector, expanded for five days, then sorted for GFP positive cells 

before genomic DNA extraction using the Qiaqen DNeasy blood and tissue DNA kit. Genomic 

DNA was extracted from bulk infections so that ddPCR would be performed on control samples 

with a polyclonal integration site profile.  

Cell line preparation was performed by other lab member (Harshana S. De Silva Feeilxge). 

Research Samples 

MegaTALs with either 6.5 or 7.5 repeat variable diresidue (RVD) repeats, were used to treat 

cell lines containing either integrated HIV or transfected with HIV plasmid sequence in previous 

experiments performed by other lab members (Harshana S. De Silva Feeilxge and Nixon 

Niyonzima). Two of the samples were also treated with Trex2, a three prime repair exonuclease 

2, which increases the likelihood of target mutagenesis. (See in Table 7) 

gDNA Sample Pre-analysis Preparation 

Digestion is recommended by the manufacturer to reduce viscosity of gDNA samples, so 

packaging of DNA into droplets is improved. HindIII was used to digest some gDNA samples 

that will be analyzed with both single-amplicon assays. The digestion takes 4 to 6 hours at 36°C. 

The digestion reactions were set-up in either 20ul or 50ul volume with 10X Cutsmart buffer 

(New England Biolabs). 

In the double-amplicon assay, to unlink the two amplicons, a restriction enzyme, BsmI (New 

England Biolabs), was used to digest samples before analysis. The BsmI cuts a site in between 

the two regions that will be amplified, but does not interfere with the sequences within the 

amplicons. The restriction site for BsmI in Plasmid_WT is shown in Fig 1.C. The new assay 

design is shown in Figure 4. Samples were digested by BsmI for 4 hours at 65°C.  
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Digestion Comparison 

To confirm that BsmI unlinks the two regions, the sequence between HIV_Ref_F and 

HIV_WT_R was amplified by these two primers. The thermocycling condition with Phusion 

was described previously. The PCR product was separated into three tubes and digested with 

water, HindIII or BsmI for 1 hour. Undigested PCR product, HindIII digested PCR product and 

BsmI digested PCR product were applied to electrophoresis on the same 1% gel. The gel image 

was captured afterwards. 

 

Figure 4 | Final Double-Amplicon assay design. DNA is digested by BsmI before analysis. Two 

regions are randomized separately into droplets and amplified. 

Analysis of Nonspecific Amplification 

HindIII digested SupT1 was used as negative control to eliminate the possibility that the assay 

amplifies nonspecific human genome sequences. 1ul SupT1 (34 ng/ul) was applied in each 

reaction to confirm no nonspecific amplification was observed. Samples were analyzed in 

triplicates. 

Experiments Concerning Formation of Single Positive Droplets 

To determine if non-specific amplifications in human genome were the reason of formation of 

single positive droplets, gDNA from SupT1 cell line was analyzed by Double-Amplicon Assay. 
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To eliminate the possibility of inhibition from gDNA background to WT and REF probes, a 

mixture of a two-fold dilution series of HindIII digested Plasmid_WT and a 1ul of HindIII 

digested SupT1 (34 ng/ul) background and the same Plasmid_WT dilution series were analyzed 

on the same plate, and the results were compared to determine inhibition for either 

primer/probe. Samples were analyzed in triplicate.  
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Cell Line Samples Description 

SupT1-MegaTAL site WT gDNA from a SupT1 cell line that contains a HIV sequence 
fragment with wild type megaTAL site 

SupT1-MegaTAL site Mut1 gDNA from a SupT1 cell line that contains a HIV sequence 
fragment with megaTAL site that has 1bp deletion 

SupT1-MegaTAL site Mut7 gDNA from a SupT1 cell line that contains a HIV sequence 
fragment with megaTAL site that has 7bp deletion 

 

Control Sample Description 

SupT1 gDNA from wild type SupT1 cell line 

SupT1-DHIV3 gDNA from wild type HIV integrated cell line 

293T + DHIV3 Plasmid DNA that contains HIV sequences transfected into 
293T cells 

 

MegaTal Treated Sample Description 

SupT1-DHIV3 + 6.5 gDNA from HIV integrated SupT1 cells that are treated with 6.5 

pDHIV3 + 6.5 Plasmid DNA that contains HIV sequences transfected into 
293T cells and treated with megaTAL 6.5 

pDHIV3 + 6.5 + Trex2 Plasmid DNA that contains HIV sequences transfected into 
293T cells and treated with megaTAL 6.5 and Trex2 

pDHIV3 + 7.5 Plasmid DNA that contains HIV sequences transfected into 
293T cells and treated with megaTAL 7.5 

pDHIV3 + 7.5 + Trex2 Plasmid DNA that contains HIV sequences transfected into 
293T cells and treated with megaTAL 7.5 and Trex2 

 

Table 7 | Plasmid and cell lines cellular samples used in assay validation and analyzed with 

ddPCR assays 
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Limit of Blank (LoB) Estimation 

LoB was estimated with 60 measurements under the guidelines of established protocol (E-17, 

NCCLS). 

Double-Amplicon Assay 

SupT1-DHIV3 was diluted into a six level dilution series that covers the range of 1.6 – 9.6 

ng/ul. The dilution factors and correspondent concentration is shown in Table 8. Samples were 

diluted with 10mM Tris pH8. 10 ul of diluted SupT1-DHIV3 was applied in each reaction. Five 

identical samples of each dilution level were analyzed on the same plate to address aliquoting 

variability. Another five identical samples of each dilution level were analyzed separately to 

address between-run variability. 

Dilution Factor 0.1667 0.3333 0.5 0.6667 0.8333 1 

Concentration 1.6 ng/ul 3.2 ng/ul 4.8ng/ul 6.2 ng/ul 7.8 ng/ul 9.6 ng/ul 

 

Table 8 | Dilution series of SupT1-DHIV3 used to establish LoB 

Single-Amplicon Assay B 

SupT1-MegaTAL site WT was diluted into a 5 level dilution series that covers the range of 3.36 

– 16.8 ng/ul. The dilution factors and correspondent concentration is shown in Table 9. Samples 

were diluted with 10mM Tris pH8. 10 ul of diluted SupT1-MegaTAL site WT was applied in 

each reaction. 4 repeats of each dilution level were analyzed on the same plate to address 

aliquoting variability.  
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Three plates with same experiment setup were analyzed separately to address between-run 

variability. 

Dilution Factor 1 0.8 0.6 0.4 0.2 

Concentration 16.8ng/ul 13.44ng/ul   10.08ng/ul 6.72ng/ul 3.36ng/ul 

 

Table 9 | Dilution series of SupT1-MegaTAL Site WT used to establish Limit of Blank. 

Limit of Detection (LoD) Estimation For Single-Amplicon Assay B 

To establish LoD, SupT1-MegaTAL site Mut1 and SupT1-MegaTAL site Mut7 were mixed 

with SupT1-MegaTAL site WT to get 6 mixtures with different levels of mutation rate, so the 

range of mutation rate evaluated covers the LoB to five times of LoB. 6 repeats of each mixture 

were analyzed on one plate. Two identical plates were analyzed on different days. Samples were 

diluted with 10mM Tris pH 8. 

Limit of Quantitation (LoQ) Estimation For Single-Amplicon Assay B 

The same experiment set up as LoD was performed to collect more data for LoQ estimation.  

Mutation Detection in MegaTAL treated Samples 

Before analysis, samples were digested by BsmI for Double-Amplicon assay and by HindIII for 

Single-Amplicon assay B. The digestion products were quantified by a NanoDrop 2000 

(Thermo) then diluted with 10mM Tris pH 8. After dilution, the predicted output of REF probe 

for each sample would fall in the range of 100 copy/ul to 400 copy/ul. The dilution chart is 

shown in Table 10. 10 ul of diluted samples were added in each reaction. All samples were 



	
  
	
  

39	
  

analyzed in triplicates by the method established. See Table 4 for reaction set-up and 

thermocycling conditions. The analysis was repeated twice, so for each sample, nine 

measurements were taken. 

 

Sample Name Original Concentration (ng/ul) Dilution Factor 

SupT1-DHIV3 110.9 0.05 

293T + pDHIV3 141.6 0.00025 

SupT1-DHIV3 + 6.5 107.5 0.05 

pDHIV3 + 6.5 78.2 0.0002 

pDHIV3 + 6.5 + Trex2 90.2 0.0004 

pDHIV3 + 7.5 84.0 0.00015 

pDHIV3 + 7.5 + Trex2 75.4 0.00025 

   

Table 10 | Dilution chart for control and research samples. 

Method Comparison With Surveyor Assay, Clonal sequencing and 

Illumina Sequencing 

Surveyor Assay 

PCR amplicons spanning the HIV-pol megaTAL target site were generated using Phusion 

polymerase (New England Biolabs), and primers HIVintF (TAGCAGGAAGATGGCCAGTA) 

and HIVintR  (TCCTGTATGCAGACCCCAAT). PCR products were column purified before 

200-400ng of DNA was heteroduplexed by heating to 98oC for ten minutes and then slowly 

cooling to room temperature before placing on ice. Digestions were performed in a volume of 
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15 15µl with 5U of Surveyor enzyme at 37oC for 30 minutes before cleavage was analyzed on a 

2% agarose gel. Quantification of cleavage was performed using ImageJ software as previously 

described.53 Collaborating members of the Jerome lab (Nixon Niyonzima and Harshana S De 

Silva Feelixge) performed this analysis. 

Clonal Sequencing 

Clonal amplicon sequencing was performed on DNA extracted from treated cells as previously 

described.21,53 ZFN target sites were amplified using Phusion polymerase (New England 

Biolabs), and primers HIVintF (TAGCAGGAAGATGGCCAGTA) and HIVintR  

(TCCTGTATGCAGACCCCAAT). PCR products were sub-cloned using the Zero Blunt TOPO 

PCR cloning kit (Invitrogen). TOPO-cloned PCR products were transformed into One Shot 

Top10 Escherichia coli (Invitrogen) for clonal analysis and individual colonies were picked for 

plasmid purification from which the clonal ZFN target sites were sequenced using T7 or SP6 

sequencing primers. Members of the Jerome lab (Nixon Niyonzima, Harshana S De Silva 

Feelixge) performed this analysis. 

Illumina Sequencing 

For library preparation for research samples, a pair of amplicon primers with adapter sequences 

of 16S ribosomal RNA gene (16S rRNA) was designed (see Table 11). The HIV sequence that 

was amplified was 327bp. The amplicon primers were tested on SupT1-DHIV. Kappa HiFi 

polymerase was used to reduce PCR errors. To optimize the PCR reaction, gradient PCR was 

performed with an annealing temperature range of 60°C to 75°C. An annealing temperature of 

61°C showed the best efficiency. The final program and reaction setup is shown in Table 12. 

SupT1 control sample and all MegaTAL treated samples were amplified with this PCR 
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condition. NGS library preparation and Illumina sequencing were performed by Roger 

Bumgarner’s laboratory. The sequencing was performed with the Illumina MiSeq system 

according to the manufacturer’s recommended protocol. 

For data analysis, DNA sequences were pre-processed using the Geneious software package 

version R6.18 (www.geneious.com). Paired reads were trimmed to eliminate poor quality 

sequences at the 3’ and 5’ ends, and reads shorter than 200 bp in length or with quality scores 

below 30 were removed. Trimmed and filtered reads were mapped to the DHIV reference 

sequence and the alignment was exported for variant analysis performed with the Rsamtools, 

ShortRead and Biostrings packages in R/Bioconductor (3-5). Aligned reads were scanned for 

insertions, deletions and SNPs, focusing in particular on regions identified as the endonuclease 

target region (17 bp), forward and reverse primer binding regions (23 bp and 21 bp respectively) 

and reference region (21 bp). Quality scores of insertions and SNPs were also recorded to 

identify poor quality calls, and the percentages of reads containing mutations of each type and in 

each region were counted. 

 

Primer  Sequence 

Illseq_Fwd 
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACAGTTAAGGC

CGCCTGTTG 

Illseq_Rev 
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGGATCTCTGC

TGTCCCTGT 

Table 11 | Amplicon primers for Illumina sequencing library preparation. The adapter sequences 

are underlined. 
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PCR reaction set up 

10uM Illseq_Fwd 1.5ul 

10uM Illseq_Rev 1.5ul 

5X KAPA HiFi Buffer 5ul 

10Mm dNTPs 1ul 

KAPA HiFi 0.5ul 

Template 1ul (10ng) 

Water 14.5ul 

Total 25ul 

 

 

 

 

 

 

 

 

 

 

Table 12 | Reaction set-up and thermocycling conditions for the first step PCR amplification for 

library preparation. 

Thermocycling condition 

95°C 3 min 
 

98°C 20 sec 
 

61°C 15 sec 30 cycles 

72°C 30 sec 
 

72°C 1 min 
 

4°C Hold 
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Chapter 5 Results 

Two ddPCR assays were developed to detect megaTAL-induced mutations from the HIV pol 

gene. Validation with plasmid and cell lines was performed using both assays. Research samples 

were analyzed by Double-Amplicon Assay and Single-Amplicon Assay B, the results of which 

were later compared with results from other methods (Surveyor assay, clonal sequencing and 

Illumina sequencing). 

Plasmids with wild type or the desired mutant HIV sequence integrated were obtained via 

Gibson cloning and were used to validate ddPCR assays. 

Single-Amplicon Assay A 

In Single-Amplicon Assay A, the wild-type (WT) probe showed excellent efficiency when the 

annealing temperature was 58.3°C, while the reference (REF) probe showed no amplification. 

(Fig 5) After a few failed attempts of optimizing reaction conditions, further effort on 

developing Single-Amplicon Assay A was determined pointless. 
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Figure 5 | Gradient PCR results from Single-Amplicon Assay A in 1-D amplitude plot. In Single 

Amplicon Assay A, REF probe showed no efficiency with any annealing temperature tested. 

Double-Amplicon Assay 

A double-amplicon assay was developed and validated with both plasmid and cellular samples. 

Limit of Blank for this assay was estimated. 

Assay Development on Mutant Plasmid Samples 

Two primer and TaqMan MGB probe sets were designed and tested with the wild-type plasmid 

(Plasmid-WT). The gradient ddPCR results for both designs are shown in Fig6.  

 

Figure 6 | Gradient PCR results from Double-Amplicon Assay in 1-D amplitude plot. Both 

Target and REF probe showed the best efficiency and clearest separation between positive and 

negative droplets with an annealing temperature of 51.9°C. 

 

Double-Amplicon Assay showed optimal efficiency for both the WT and REF probes at 51.9°C. 

Non-specific amplification was not observed. Therefore, this design proceeded to subsequent 

validation steps. Different mutant plasmids were observed as different droplet groups, as shown 
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in Figure 7. With this assay design, all REF single positive droplets were identified as 

containing mutant sequences (green and orange droplets in Figure 7).  

 

Figure 7 | Different droplet groups observed with plasmid samples in Double-Amplicon Assay. 

WT: droplet group observed from Plasmid_WT (blue). Mut1: droplet group (orange) observed 

from Plasmid_Mut1 (with 1bp deletion) presents medium amplitude due to less-efficient 

binding of the probe to the 1bp deletion sequence. Larger deletions (Mut2-7) abrogate probe 

binding and exhibit very low amplitude droplets (green). 

Detecting Low-Level Mutants from A WT Background (LoB, 

Linearity and Repeatability) 

Plasmid-Mut (Plasmid-Mut2 or Plasmid-Mut7) 2 fold dilution series and constant Plasmid-WT 

were mixed and analyzed, the results of which were defined as observed mutant sequences. The 

same Plasmid-Mut series were analyzed simultaneously, the result from which was defined as 

the input for the mixture. To estimate the capability of detecting low-level mutants, the two sets 

of results were compared. The estimation of linearity, repeatability (coefficient of variance) and 
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LoD was performed with the same data sets. The predicted rate of falsely identifying a mutant 

sequence (background) was estimated with data collected from Plasmid-WT only wells. 

For Plasmid-Mut2, the linearity analysis result had a R square value of 0.9910. The average 

coefficient of variance (CV) within each triplicate (intra-assay variation) was 6%. The dilution 

series was mixed with a constant Plasmid-WT level of 270 copy/ul. The predicted rate of falsely 

identified mutant sequence is less then 0.5% for such Plasmid-WT input. With all this 

information, a LoD of mutation rate was roughly established at 1% (Fig.8A). 

For Plasmid-Mut7, the lowest dilutions (0.564%) gave two readouts as 0 copy/ul, which means 

the limit of detection was reached. The linearity analysis showed a R square value of 0.9519. 

The average CV within each triplicate was 8%. The Plasmid-WT level was 200 copy/ul in the 

mixture, with a predicted background value between 0.5% and 1%. Therefore a LoD of 

mutation rate was roughly estimated as 1% (Fig.8B). 

 Plasmid_WT R square intraassay  CV Background LoD 

Mut_2 270 copy/ul 0.9910 6% 0.5% 1% 

Mut_7 200 copy/ul 0.9519 8% 0.5 - 1% 1% 

 

Table 13 | Repeatability and limit of detection estimation for Double-Amplicon Assay using 

plasmid samples.  
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A. 

 

B. 

 

Figure 8 | Linearity, repeatability and limit of detection (LOD) for mutant plasmid samples. 

Mutant sequences observed from Plasmid-WT and Plasmid-Mut mixture were plotted to left Y-

axis, while the results from Plasmid-Mut only wells (mutant sequences input) were plotted to X-

axis. The Plasmid-WT level was plotted to the fight T-axis. A. Estimation with Plasmid-Mut2: 

r2 = 0.9910, CV = 6%, LoD = 1%. B Estimation with Plasmid-Mut2: r2 = 0.9519, CV = 8%, 

LoD = 1%.  
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Analyzing cellular samples by ddPCR 

As previously described, in the plasmid samples, since there were almost no single positive 

droplets observed, the read out from the REF probe single positive droplets is defined as mutant. 

However, when the assay was first applied to a negative control cellular sample (SupT1-

DHIV3), which has HIV genome integrated in the cellular gDNA, both WT probe single 

positive and REF probe single positive droplet groups were observed with a percentage of 4.4%, 

when compared to the total droplets count, which could interfere the detection of mutant 

sequences. (Fig.9) 

Mechanism of Formation of Single Positive Droplets 

We first considered the possibility that single positive droplets could result from nonspecific 

amplification of human genome sequences. We evaluated this by analyzing SupT1 gDNA with 

Double-Amplicon Assay. No positive droplets were observed, suggesting that there was no 

nonspecific amplification. We evaluated two additional potential explanations for single positive 

droplets: first, probe interference from gDNA which increases the percentage of single positive 

droplets, or inhibits one probe more significantly then the other; second, fragmentation during 

cellular DNA extraction.  

To verify if inhibition happened in cellular samples, a mixture of a 2-fold dilution series of 

HindIII digested Plasmid_WT (4 levels) and a constant 1ul of HindIII digested SupT1 (34 ng/ul) 

background was analyzed while the same Plasmid_WT dilution series was analyzed on the same 

plate. By comparing the percentage of single positive droplets observed in both experiment set-

ups in a two-way ANOVA analysis (single Target positive: P = 0.2504 > 0.05, single REF 

positive: P = 0.1427 > 0.05), I demonstrated that gDNA would not increase the possibility of 
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single positive droplets, thus this is not the reason for the formation of single positive droplets. 

(Fig.10B) 

 

A. 

 

B. 

 

Figure 9 | Single positive droplets were observed in Double-Amplicon Assay. (A) A 2-D 

amplitude plot from Plasmid_WT. There were few single positive droplets observed but the 

percentage of which in the total droplet count was low (<1%). (B) A 2-D amplitude plot from 

SupT1-DHIV3 gDNA sample. Both WT probe and REF probe single positive droplets were 

observed, with a similar percentage of 4.4%. 
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Similar inhibition levels (18%) of both probes were observed in every dilution level. Since the 

inhibition effect is equivalent for both probes (P = 0.3405 >0.05), it is not likely that one probe 

within a droplet would be inhibited while the other is not, which would present single positive 

droplets in a reaction. (Fig.10C)  

Given that the other hypotheses were eliminated, we concluded that the most likely mechanism 

for the formation of single positive droplets was DNA fragmentation. While fragmentation of 

DNA can be evaluated by a number of techniques, one of the most common and simplest 

techniques is analysis by separate PCR reactions separated by short DNA sequences as 

performed here. We therefore evaluated techniques to minimize potential fragmentation of DNA 

during our assay. 

To minimize the influence of unexpected DNA fragmentation, a restriction enzyme, BsmI, was 

used in sample preparation, as shown in Fig.4. The two regions were proved to be separated 

after BsmI digestion, therefore the signals from two probes can be analyzed separately. (Fig 11) 
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A. 

 

B. 

 

C. 
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Figure 10 | Result from Experiments Concerning Formation of Single Positive Droplets. A. 

Amplitude plot from SupT1 gDNA with no HIV sequences integrated. No nonspecific 

amplification was observed. B. Percentage of single positive droplets from Plasmid_WT/SupT1 

mixture. Similar percentages of single positive droplets were observed in Plasmid_WT/SupT1 

mixture and Plasmid_WT in all 4 dilution levels. C. Total Target positive droplets and REF 

positive droplets from Plasmid_WT/SupT1 mixture and Plasmid_WT in all 4 dilution levels. An 

inhibition level of 18% was observed in all dilution levels for both WT probe and REF probe. 

  

 

Figure 11 | Digestion comparison between HindIII and BsmI. Amplicons from PCR using 

Plasmid_WT as template and HIV_Ref_F and HIV_WT_R as primers were digested with Tris 

(control), HindIII or BsmI. There are one visible band from Tris and HindIII digested samples. 

But the band from BsmI digested sample disappear, indicating digestion of the amplicon.  
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Linearity  

SupT1-DHIV3 was diluted into a five level dilution to evaluate the analytical linearity for both 

probes in Double-Amplicon Assay. The signal level range coves possible analysis range (50 – 

400 copy/ul). 12 repeats of each dilution level were analyzed on the same plate to address 

aliquoting variability. 3 repeats of each dilution level were analyzed on one plate and four plates 

were set up in total to address between-run variability. The linear regression performed with 

Prism 6 is listed as Figure 10. The slopes of two lines were tested and gave a P value of 0.5116, 

meaning that the differences between the slopes are not significant. The pooled slope equals 

389.131. The Y intercepts were tested also. A P value of 0.2456 was given, meaning that the Y 

intercepts of the two lines are not significantly different. The pooled intercept equals -41.9155. 

More statistic results are listed in Table 14. Such analysis has shown that both WT probe and 

REF probe have great linearity with similar linear regression equations. 

 Slope Y-intercept when X=0.0 R square 

Target Probe 393.3 ± 9.277 -46.52 ± 6.154 0.9687 

REF Probe 385.0 ± 8.679 -37.31 ± 5.757 
 

0.9714 
 

Pooled 389.131 -41.9155  

 

Table 14| Results from linearity analysis of Target probe and REF probe. 
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Figure 12 | Analytical linearity of WT probe and REF probe for Double-Amplicon Assay. 

 

Reproducibility  

The evaluation of reproducibility was performed with the same data set since there were four 

repeats of each dilution level analyzed on the same plate to evaluate within-run variability, and 

three plates with the same setup were analyzed to establish between-run variability. 

Biostatistician, Anqi Cheng, described statistical method as the following: 

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒  𝑑𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛:  

 

𝑇𝑜𝑡𝑎𝑙  𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 = 𝐵𝑒𝑡𝑤𝑒𝑒𝑛  𝑟𝑢𝑛  𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 +𝑊𝑖𝑡ℎ𝑖𝑛  𝑟𝑢𝑛  𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒  

 

𝑁 − 1 = (𝑁 − 𝐾)+ (𝐾 − 1) 
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In this case, for each dilution level, the total sample number N=12, number of groups (run) K=4, 

replications m=3. 

 

𝑉𝑎𝑟 𝑏𝑒𝑡𝑤𝑒𝑒𝑛  𝑟𝑢𝑛 =
𝑚(𝑌! − 𝑌)!!

!!!

𝐾 − 1 , 𝐶𝑉 𝑏𝑒𝑡𝑤𝑒𝑒𝑛  𝑟𝑢𝑛 =
𝑆𝐷(𝑏𝑒𝑡𝑤𝑒𝑒𝑛  𝑟𝑢𝑛)

𝑌
 

𝑉𝑎𝑟 𝑤𝑖𝑡ℎ𝑖𝑛  𝑟𝑢𝑛 =
𝑌!" − 𝑌!

!!
!!!

𝑁 − 𝐾

!

!!!

,            𝐶𝑉 𝑤𝑖𝑡ℎ𝑖𝑛  𝑟𝑢𝑛 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒
𝑆𝐷 𝑌!
𝑚𝑒𝑎𝑛 𝑌!

  

 

Dilution Factor 0.2 0.4 0.6 0.8 1 

Within-run CVs 0.58 0.34 1.07 1.67 -1.60 
 

Between-run CVs 0.66 0.55 1.14 0.91 -5.22 

 

Table 15 | Within-run and between-run CVs for Double-Amplicon Assay. 

As conclusion, this assay demonstrated good reproducibility in the analyze range. 

Limit of Blank (LoB) Estimation 

Limit of Blank is defined as “the highest apparent analyte concentration expected to be found 

when replicates of a blank sample containing no analyte are tested”. Normally a 5% type I error 

risk is desired so only 5% of false positivity will exceed the LoB. LoB is a reasonable starting 

point for estimating the Limit of Detection.54	
  

To collect 60 measurements for LoB estimation, SupT1-DHIV3 (known wild type sample) was 

diluted into a five level dilution. Twelve repeats of each dilution level were analyzed on the 
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same plate to address aliquoting variability. Four repeats of each dilution level were analyzed on 

one plate and three plates were set up in total to address between-run variability. A scatter plot 

of false mutation rate and REF + signal level detected from SupT1-DHIV3 is showed in Figure 

13. 

The LoB established is 9.06%. 

 

Figure 13 | Scatter plot of false mutation rate detected by Double-Amplicon Assay from SupT1-

DHIV3 sample. 

The samples from different plates were combined to calculate the LoB. The most common 

treatment, a nonparametric method was applied, since it makes no assumptions on the 

underlying data distribution. The desired Type I error risk is 0.05, thus the corresponding 

percentile is 0.95. The rank position is 57.5. By interpolating between values of the rank 

position 57 and 58, the resulting LoB estimate is 9.06%. (Anqi Cheng) 
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Single-Amplicon Assay B 

A single-amplicon assay was developed and validated with both plasmid and cellular samples. 

Limit of Blank and Limit of Detection for this assay was estimated. 

Assay Development on Mutant Plasmid Samples 

The same plasmid samples used in validation of Double-Amplicon Assay were used to validate 

Single-Amplicon Assay B. One primer set and two TaqMan MGB probe were designed and 

tested with the wild-type plasmid (Plasmid-WT). The gradient ddPCR results for both designs 

are shown in Figure 14(A). Single-Amplicon Assay B showed similar amplitude level within the 

temperature range when using Plasmid_WT as template. Non-specific amplification was not 

observed. To optimize the separation between droplet group of wild type sequences and 1bp 

deletion sequences, another gradient PCR with a mixture of Plasmid_WT and Plasmid_Mut1 as 

template was performed. As showed in Figure 14(B), 57.2°C gave sufficient separation between 

WT droplets and 1bp deletion droplets and high amplitude for REF Probe at the same time. 

Therefore, for Single-Amplicon Assay B, 57.2°C was chosen for all subsequent experiments as 

annealing temperature. Different mutant plasmids were observed as different droplet groups, as 

shown in Figure 15 With such assay design all REF single positive droplets are identified as 

containing mutant sequences (green and orange droplets in Fig5). (New figure needed) 
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A. 

 

B. 

 

Figure 14 | Gradient PCR results in 1-D amplitude plot. (A) Template: Plasmid_WT. All 

temperatures show similar amplitude. (B) Template: Mixture of Plasmid_WT and 

Plasmid_Mut1. At 57.2°C the different plasmids were separated nicely by Target probe. 
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Figure 15 | Different droplet groups observed with plasmid samples in Single-Amplicon Assay 

B. WT: droplet group observed from Plasmid_WT (orange). Mut1: droplet group (orange) 

observed from Plasmid_Mut1 (1bp deletion) presents a medium amplitude due to less-efficient 

binding of the probe to the 1bp deletion sequence. Larger deletions (Mut2-7) abrogate probe 

binding and exhibit very low amplitude droplets (green). 

Detecting Low-Level Mutants from A WT Background 

Plasmid_Mut2 was selected as the sample here because it can represent the average of all 

mutation possibly observed. Five different low level Plasmid-Mut2 (2bp deletion) dilutions with 

constant Plasmid-WT were mixed and analyzed, the results of which were defined as duplex 

mutant sequences. The same Plasmid-Mut2 dilutions were analyzed simultaneously, and the 

result was defined as the singleplex, the readout of which should equal to the Plasmid_Mut2 

level in the mixture. To determine if low-level mutants were detected by this assay, the two sets 

of results were compared. The estimation of repeatability (coefficient of variance) was 



	
  
	
  

60	
  

performed with the same data sets. The predicted rate of falsely identifying a mutant sequence, 

background, was estimated with data collected from Plasmid-WT only wells. 

The dilution was mixed with a constant Plasmid-WT level of 490 copy/ul. From previous 

experiments, a low background level for this assay was observed. So as this experiment was set 

up, an extremely low level dilution of Plasmid_Mut2 was made to evaluate the ability of this 

assay to detect low level samples. In the mixture, the highest Plasmid_Mut2 level presents a 

mutation rate about 0.1%. The predicted rate of falsely identified mutant sequence is about 0% 

for such Plasmid-WT input. (Figure 16) 

 Plasmid_WT intraassay  CV Background 

Mut_2 490 copy/ul 5.4% 0 

 

Table 16 | Reproducibility and background when detecting mutants from massive WT.  

 

For mutants with such low level, Single Amplicon Assay can still detect mutation in a semi-

quantitive manner, since the results of the mixture present the same trend with the results from 

the singleplex wells, but has a tendency of underestimating the results. For the Plasmid-Mut2 

dilution with the lowest level, in both duplex and singleplex wells, only one out of three wells 

had detected mutations, which means the instrument limit of detection was reached. The lowest 

Plasmid_Mut2 level detected (the second lowest level dilution in this experiment) mixed with 

Plasmid_WT gives a mutation rate level around 0.02%.  
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Figure 16 | Detecting extremely low-level mutants from massive WT background. Mutant 

sequences observed from Plasmid_WT and Plasmid-Mut2 mixture were plotted to the left Y-

axis, while the results from Plasmid-Mut2 only wells (mutant sequences input) were plotted to 

X-axis. The Plasmid-WT level was plotted to the fight T-axis.  
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Linearity, Repeatability and Limit of Blank 

SupT1-MegaTAL Site WT was diluted into a 5 level dilution to evaluate the analytical linearity 

for both probes in Double-Amplicon Assay. The signal level range coves possible analysis 

range (100 – 500 copy/ul). Most cellular samples will for into this range after digestion and 

dilution. Also, this range assures that enough molecules are analyzed by the assay. 12 repeats of 

each dilution level were analyzed on the same plate to address aliquoting variability. 3 repeats 

of each dilution level were analyzed on one plate and four plates were set up in total to address 

between-run variability.  

Linearity 

The linear regression performed with Prism 6 is listed as Figure 17. The slopes of two lines 

were tested and gave a P value of 0.5116, meaning that the differences between the slopes are 

not significant. The average slope was 471.1. The Y intercepts were tested also, and the Y 

intercepts of the two lines are not significantly different. The pooled intercept equals 1.479, 

which is very close to 0. More statistics are listed in Table 17. This analysis has shown that both 

Target probe and REF probe have great linearity with similar linear regression equations. 

 Slope Y-intercept when X=0.0 R square 

Target Probe 470.4 ± 6.729 1.558 ± 4.463 0.9883 

REF Probe 471.7 ± 6.634 1.400 ± 4.400 0.9887 

Average 471.1 1.479  

 

Table 17 | Within-run and between-run CVs for Single-Amplicon Assay B 
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Figure 17 | Analytical linearity of WT probe and REF probe for Single-Amplicon Assay B. 

A. 

Dilution Factor 0.2 0.4 0.6 0.8 1 

Target 5.82% 6.33% 1.90% 2.11% 5.00% 

REF 5.56% 6.30% 1.94% 2.01% 4.90% 

B. 

Dilution Factor 0.2 0.4 0.6 0.8 1 

Target 1.15% 2.00% 3.44% 3.48% 6.46% 

REF 1.39% 1.79% 3.51% 3.40% 6.23% 

 

Table 18 | Repeatability (CVs) for Single-Amplicon Assay B. (A) Within-run CVs; (B) 

Between-run CVs. 
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Repeatability 

The evaluation of reproducibility was performed with the same data set since there were 4 

repeats of each dilution level analyzed on the same plate to evaluate within-run variability, and 

3 plates of the same set-up were analyzed to establish between-run variability. The analysis was 

performed the same way as previously with Double Amplicon Assay  

As conclusion, this assay demonstrated good reproducibility in the analyze range. 

Limit of Blank 

The analysis was performed with the same statistical method as in Double-Amplicon Assay. 

The rank position is 57.5. By interpolating between values of the rank position 57 and 58, the 

resulting LoB estimate is 0.56%. 

 

 

Figure 18 | Scatter plot of false mutation rate detected from SupT1-HIV-WT sample. 

The samples from different plates were combined to calculate the LoB. The most common 

treatment, a nonparametric method was applied, since it makes no assumptions on the 
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underlying data distribution. The desired Type I error risk is 0.05, thus the corresponding 

percentile is 0.95. The rank position is 57.5. By interpolating between values of the rank 

position 57 and 58, the resulting LoB estimate is 0.56%. (Anqi Cheng) 

Limit of Detection 

Limit of Detection is defined as “the lowest analyte concentration likely to be reliably 

distinguished from the LoB and at which detection is feasible.” Again, since the type I error risk 

desired for LoB estimation is usually 5%, this means only 5% of low concentration samples will 

not produce a result below the LoB and identified as false negative.54 

The LoD estimated for this assay is 1.06%. (Anqi Cheng) 

Limit of Quantitation 

Limit of Quantitation is “the lowest concentration at which the analyte can not only be reliably 

detected but at which some predefined goals for bias and imprecision are met.” The imprecision 

goal set for this assay was 20%, which is the commonly defined “functional sensitivity”, also a 

measure of the precision of an assay at it’s low analytical range.54 

The LoQ estimated for this assay is 2.19%. (Anqi Cheng)  
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Mutation Detection in MegaTAL Treated Samples 

All megaTAL treated samples and control samples were analyzed by both assays. All samples 

were diluted before analysis so total DNA input would fall into the recommended range. 

Samples were analyzed in triplicate, and two separated runs were performed. The results and 

CVs are shown below. (Fig.17, Table.19). 

(A) 

 Mutation Rate Within-run CV Between-run CV 

DHIV3+ 6.5 43.15% 3.78% 1.80% 

pDHIV3 + 6.5 62.45% 2.12% 2.00% 

pDHIV3 + 6.5 +Trex2 55.65% 3.52% 3.72% 

pDHIV3 + 7.5 61.24% 1.82% 0.96% 

pDHIV3 + 7.5 + Trex2 53.29% 2.68% 1.80% 

 
(B) 

 Mutation Rate Within-run CV Between-run CV 

DHIV3 1.62% 16.35% 6.10% 

DHIV3+ 6.5 3.98% 16.46% 31.3% 

pDHIV3 0 NA NA 

pDHIV3 + 6.5 14.22% 5.23% 6.49% 

pDHIV3 + 6.5 +Trex2 33.05% 3.21% 2.34% 

pDHIV3 + 7.5 14.07% 3.48% 8.81% 

pDHIV3 + 7.5 + Trex2 27.20% 5.88% 1.60% 
 

Table 19 | Mutation rate estimated by ddPCR, within-run and between-run CVs for all 

megaTAL treated samples. (A) Double-Amplicon Assay; (B) Single-Amplicon Assay A. 
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Method Comparison With Surveyor Assay, Clonal sequencing and 

Illumina Sequencing 

Surveyor Assay 

The 293T control sample and all treated cell line samples were analyzed for mutation rates 

through Surveyor assay. For SupT1-DHIV3 + 6.5, no visible cleavage bands were observed. For 

control sample and megaTAL treated samples obtained form 293T cells, two different quantities 

of DNA inputs (400ng and 200ng) were analyzed. An image from the gel with 200ng DNA 

input is showed in Figure 11A. An example of gel analysis is shown in Figure 20B. The results 

from the two experiments are listed in Table 20. 

 400ng 200ng Mean 

pDHIV3 + 6.5 10.24% 10.12% 10.18% 

pDHIV3 + 6.5 + 
Trex2 13.42% 12.16% 12.79% 

pDHIV3 + 7.5 19.34% 14.21% 16.78% 

pDHIV3 + 7.5 + 
Trex2 9.09% 11.43% 10.26 

 

Table 20 | Mutation rate estimated with Surveyor assay. 
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A. 

 

B. 

 

Figure 20 | Surveyor assay gel image and analysis. A. Gel image from Surveyor assay with 

200ng DNA input. There are two visible cleavage bands and one uncleaved band from 

megaTAL treated samples, but only one uncleaved band from control sample. B. An example of 

gel analysis with ImageJ. The fraction cleaved is calculated as the sum of two cleaved peaks 

divided by total density. The percentage of mutation can be calculated with the following 

equation:  

% Mutation= 100 × (1 − (1 − fraction cleaved) 1/2) 
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Clonal sequencing 

All megaTAL treated samples were amplified, and single amplicons were separated and 

sequenced individually by Sanger sequencing. The results are listed in Table 21. 

 

 Number of Amplicons Mutation Detected Mutation Rate 

DHIV3+ 6.5 50 4 8% 

pDHIV3 + 6.5 31 5 16.13% 

pDHIV3 + 6.5 + Trex2 27 12 44.44% 

pDHIV3 + 7.5 19 3 15.79% 

pDHIV3 + 7.5 + Trex2 40 10 25% 

 

Table 21 | Results form clonal sequencing. For each sample, the number of amplicons 

sequenced successfully is listed in the first column, the number of mutations detected is listed in 

the second column, and the mutation rate established is listed in the third column. 

Illumina Sequencing 

All sequencing data was produced with a 2*300 paired end read kit on the MiSeq. Sequencing 

output was processed in Geneious to filter out all portions of reads that contain any base of Q30 

or less, any ambiguous calls and any reads of length <200bp after filtering. The read numbers 

previous to and after this trimming step are listed in Table 22.  



	
  
	
  

70	
  

All mutations affecting a 20bp range centered at “central four” were considered as results from 

megaTAL treatment. Results from analysis of this target site sequencing are listed in Table 23. 

The deletion detected in SupT1-DHIV3 is a 32 bp deletion covering they megaTAL recognition 

site. In 293T – pDHIV3 samples, megaTAL 6.5 showed higher modification efficiency then 

megaTAL 7.5, and Trex2 increased the mutation rate. In some sequences, besides deletions as 

nuclease loss, modifications also appeared around “Central four” simultaneously. Such so-

existence of deletion and modification is more common in Trex2 treated samples. A 1bp 

modification was observed in all samples with similar rate, indicating a naturally occurred 

single-nucleotide polymorphism. 

Occasionally, when a mutation affects other binding regions beside Target probe binding region, 

ddPCR will not be about to detect it, therefore under estimating the mutation rate. The 

percentages of such mutations in each sample are listed in Table 24. 
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Raw Number of 

reads 
After trimming and 

Filtering 
Mapped to Reference 

Sequence 
SupT1-DHIV3  

(Negative Control) 602k 2.2k 80 

SupT1-DHIV3 + 6.5 306k 1.45k 1186 

293T + pDHIV3  
(Negative Control) 151k 17k 17123 

pDHIV3 + 6.5  435k 25k 24654 

pDHIV3 + 6.5 + Trex2  550k 32k 31511 

pDHIV3 + 7.5 203k 8.8k 8711 

pDHIV3 + 7.5 + Trex2 151k 6.2k 6098 

 

Table 22 | Number of reads for each sample sequenced by Illumina. Number of reads were 

trimmed. 

 
 
 

SupT1-DHIV3 293T - pDHIV3 

SupT1-
DHIV3 

DHIV3 
+ 6.5 pDHIV3 pDHIV3 

+ 6.5 

pDHIV3 
+ 6.5 + 
Trex2 

pDHIV3 
+ 7.5 

pDHIV3 
+ 7.5 + 
Trex2 

Total reads 80 1186 17123 24654 31511 8711 6098 

Mutation rate 
detected 3.8% 5.6%	
   2.4% 24.2% 47.1% 20.0% 26.5% 

 

Table 23 | Illumina sequencing results. Target site Illumina sequencing analysis results. “Central 

four” are underlined.  
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SupT1-DHIV3 293T - pDHIV3 

SupT1-
DHIV3 

DHIV3 
+ 6.5 pDHIV3 pDHIV3 

+ 6.5 

pDHIV3 
+ 6.5 + 
Trex2 

pDHIV3 
+ 7.5 

pDHIV3 
+ 7.5 + 
Trex2 

Mutation rate 3.8% 5.6% 2.7% 24.2% 47.1% 20.0% 26.5% 

Mutations affecting 
REF probe 0 0.2% 0 1.6% 1.8% 0.7% 0.7% 

Mutations affecting 
Fwd Primer 0 0 0 0.5% 0.9% 0.2% 0.5% 

Mutations affecting 
Rev Primer 2.5% 0.2% 0 2.2% 2.4% 1.9% 1.4% 

Mutations rate 
differences 2.5% 0.3% 0 3.7% 4.4% 2.5% 2.3% 

 

Table 24 | Mutations affecting REF probe/Fwd Primer/Rev primer binding regions: mutations 

that affecting other primer/probe binding regions in Single-Amplicon Assay B. Mutation rate 

difference: Mutations that theoretically cannot be detected by Single-Amplicon Assay B due to 

mutations in REF probe or two primers binding regions. Mutation rate differences – SNPs: 

Mutations that theoretically cannot be detected by Single-Amplicon Assay B due to SNPs in 

REF probe or two primers binding regions 
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Result Comparison 

Results from other methods and two ddPCR assays are listed in Table 25. 

 Surveyor Clonal 
sequencing Illumina 

Double-
Amplicon 

Assay 

Single-
Amplicon 
Assay B 

DHIV3 Cleavage Not 
Visible 

Not 
Performed 2.4% 0 1.62% 

DHIV3 + 6.5 Band Not 
Visible 8% (4/50) 3.7% 43.15% 3.98% 

pDHIV3 Cleavage Not 
Visible 

Not 
Performed 0.2% 0 0 

pDHIV3 + 
6.5 10.18% 16.13% 

(5/31) 22.5% 62.45% 14.22% 

pDHIV3 + 
6.5 + Trex2 12.79% 44.44% 

(12/27) 45.9% 55.65% 33.05% 

pDHIV3 + 
7.5 16.78% 15.79% 

(3/19) 17.9% 61.24% 14.07% 

pDHIV3 + 
7.5 + Trex2 10.26% 25% (10/40) 24.9% 53.29% 27.20% 

 

Table 25 | Result comparison from different methods.  
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Chapter 6 Discussion 

In my thesis, three digital droplet polymerase chain amplification (ddPCR) assays -- one double-

amplicon and two single-amplicon assays -- were developed to detect megaTAL-induced HIV 

pol mutations. Of the three assays, only the double-amplicon assay and one of the two single-

amplicon assays demonstrated promising results using plasmids and were further validated 

using cell-line derived (cellular) samples. However, the double-amplicon assay was not reliable 

with cellular samples while the single amplicon assay (Single-Amplicon Assay B) showed 

greater sensitivity and repeatability and detected mutants with differences as small as 1bp. For a 

mixed mutant and wild-type population, the limit of blank (LoB) for this assay for detecting the 

mutant was 0.56% and the limit of detection (LoD) was 1.06%, which was significantly lower 

than either of the two comparators -- bulk sanger sequencing (20%)55 or Surveyor assay 

(10%)56. 

Analyzing cellular samples  

As shown in Figure 9, when analyzing cellular samples with wild type HIV sequences, the 

Double-Amplicon Assay gave some unexpected single-probe positive droplets, which affected 

the interpretation.  

I hypothesized three possible mechanisms behind the formation of single-positive droplets. The 

first one is non-specific amplifications within the human genome, which was ruled out by 

analyzing SupT1 gDNA with Double-Amplicon Assay (Fig 10(A)). The second possible 

mechanism is unbalanced interference from gDNA for each probe. I have statistically shown 

that the levels of inhibition (18%, P = 0.34) from gDNA to two probes was similar and gDNA 

interference was not the reason for single-positive droplets (single Target positive: P = 0.2504, 
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single REF positive: P = 0.14). The last possible mechanism is DNA fragmentation. As shown 

in Figure 1(B), there was a 94bp gap between the two amplicons. If DNA was fragmented 

during extraction, there is a possibility that the two regions will be unlinked, forming droplets 

that contain only one of the two regions during digitalization, which will become single-positive 

droplets when analyzed. In the original design, the single REF positive droplets were considered 

as mutants. Therefore, I concluded that fragmentation increased the false mutation rate of this 

assay significantly. 

To minimize the influence of random DNA fragmentation, a restriction enzyme, BsmI, was used 

in sample preparation to unlink the two regions purposefully. Since now the two amplicons are 

randomized into droplets separately, the missing Target signal is considered as mutant. The 

mutation rate was calculated using following equation: 

𝑀𝑢𝑡𝑎𝑡𝑖𝑜𝑛  𝑅𝑎𝑡𝑒   % =   
𝑅𝐸𝐹  (𝑐𝑜𝑝𝑦/𝑢𝑙)− 𝑇𝑎𝑟𝑔𝑒𝑡(𝑐𝑜𝑝𝑦/𝑢𝑙)

𝑅𝐸𝐹(𝑐𝑜𝑝𝑦/𝑢𝑙) ∗ 100% 

Comparison Of The Two ddPCR Assays 

The two designs share the same mutation reporting principle. When a mutation occurs around an 

enzyme-cleavage site, the target probe will not bind to the DNA fragments; therefore there will 

be an absence of Target probe-positive signal.  

However, Single-Amplicon Assay B has shown to be superior analytically, especially when it 

comes to LoB:  9.06% for Double-Amplicon Assay and 0.56% for Single-Amplicon Assay B. 

The reason for such a large LoB difference may be the primer efficiency. For the Double-

Amplicon assay, the primers for the amplicon with REF probe binding region may have slightly 

higher binding efficiency. As a consequence, even if there were equal molecule numbers of two 

regions in the assay; the REF probe might still produce more signals. Since the absence of 
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Target probe signal compared to REF probe signal was defined as mutant, this assay will over 

estimate the mutation rate. 

The threshold setting in Single-Amplicon Assay B is more intuitive than for Double-Amplicon 

assay. In Single-Amplicon Assay B, mutant droplet clusters were visible on the 2-D plot 

QuantaSoft provides, and the mutant concentration were achieved directly from the software by 

gating the droplet clusters; while in the Double-Amplicon Assay, there were several clusters in 

the amplitude plots that imply mutants, which may cause confusion. Also, since the separation 

between wild type droplets and 1bp deletion droplets was not optimized for the Double-

Amplicon Assay, the identification of mutation with small differences was not as reliable as for 

the Single-Amplicon Assay B, which was optimized for separation between the two groups. 

In conclusion, Single-Amplicon Assay B was the demonstrably better ddPCR assay for 

detecting megaTAL induced pol gene mutations. 

Methods Comparison 

Three comparator mutation detection methods were used to analyze the same research samples: 

Surveyor assay, clonal sequencing and Illumina sequencing. These methods are most commonly 

used in research labs for detecting unknown mutations in certain gene regions. Since next-

generation sequencing is widely accepted as the gold standard in this field, the results from all 

methods used in this project, including the two ddPCR assays developed, were compared to the 

results from Illumina sequencing. 

Surveyor Assay 

Surveyor assay is a widely used mutation detection method in research labs. It is rapid and can 

detect mutations as small as single-nucleotide polymorphisms without batch-to-batch 
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optimization. We used it to analyze all research samples. As shown in Table 24, the results from 

Surveyor assay were lower than the results from Ilumina sequencing over all.  

To understand why Surveyor assay has a tendency of underestimating mutation rate, we need to 

look into the principle of it first (Figure 21).  

In the first step of the reaction, one mutant DNA strand need to form a heteroduplex with a wild 

type DNA strand so the enzyme would recognize the mismatch in a later step. There are two 

possible reasons that can lead to an underestimated mutation rate. If the mutation rate for the 

sample analyzed is very high, there is a higher chance that mutant strands will form 

homoduplexes with each other such that the enzyme will not recognize and cleave the target 

sequence. Secondly, if the mutations harbored in the sample are large deletions or insertions, as 

is the case in our research sample pDHIV3 + 6.5 + Trex2, then the mutant strand will not be 

able to form a heterodueplex with a wild-type strand because of the large differences between 

them; therefore the surveyor enzyme will not be able to cleave the target sequence. 
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Figure 21 | Surveyor assay steps. Step 1: Mutant and wild type strands are hybridized by heating 

and cooling the mixture to form hetero- and homoduplexes. Step 2: The hetero- and 

homoduplex mixture is treated with Surveyor nuclease, which recognizes mismatches in 

heteroduplexes and create a double-strand break. Step 3: The DNA fragments are analyzed by 

size-based fragment analysis, such as agarose gel electrophoresis, the image of which is 

analyzed with software such as ImageJ. 

When analyzing the gel with software, bias can come from two sources. The uncleaved bands 

on the gel might have extremely high density if the loaded DNA was not in a proper input range, 
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which may overwhelm the peaks of other bands, leading to a lower fraction cleaved. Also, since 

the threshold setting is normally performed manually, the result of the density of each peak is 

arbitrary. These are also the two main reasons that gel-based methods are usually considered 

semi-quantitative. 

In DHIV3 + 6.5, since the integrated rate for this cell line is so low, no bands were visible on the 

gel for analysis. Even if the DNA loaded was enough to show bands, I suspect that we cannot 

see the two cleaved bands, since the mutation rate estimated by Illumina for this sample is 2.9%. 

In a study comparing Surveyor assay with another similar mutation detection method, the 

Surveyor assay was able to detect from 10% to 90% of mutant DNA, but could not detect 5% 

mutant DNA, which suggests that Surveyor has a limit of detection between 5% and 10% 

mutation rate. 57  

In conclusion, although the Surveyor assay is a simple and fast assay for detecting from 10% to 

90% of mutant DNA semi-quantitatively, the ddPCR offered better sensitivity and absolute 

quantification. 

Clonal sequencing 

Clonal sequencing, also known as amplicon analysis, is a Sanger sequencing based method for 

mutation detections and is capable of detecting all types of mutations, making it suitable for 

highly variant samples. All research samples were analyzed with this method, and the results are 

listed in Table 20 and 24. As showed in Table 24, the results from clonal sequencing were very 

close to the results from Illumina sequencing.  

However, clonal sequencing has its own drawbacks. First is the limited sample numbers that can 

be analyzed. As shown, the largest sample size for the samples is 50. Statistically, a larger 
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sample size generates results that are more convicting and reliable. Comparing to our ddPCR 

assay, Single-Amplicon Assay B, which can analyze as many as 10,000 molecules in one well, 

the sample size of clonal sequencing is really very small. 

Also, clonal sequencing requires multiple cloning and purification steps before Sanger 

sequencing steps, which leads to longer turn around time.  

As a conclusion, although clonal sequencing gives specific non-quantitative information about 

mutation types, the reliability of this method is compromised by the small sample size. By 

comparison, ddPCR offers reliable absolute quantification results with short turnaround time. 

Illumina Sequencing 

Next-generation sequencing (NGS) is a powerful tool that can be utilized in a wide collection of 

genetic research topics. In mutation detection of a targeted region, NGS offers highly sensitive 

detection with very low background while providing specific information about the mutations 

detected. NGS is now considered a gold standard in the diagnostic field. However, Illumina 

sequencing is not suitable for routine performance in research labs for a few reasons. First, even 

though the cost for NGS is decreasing rapidly, it is still expensive to perform routinely. Second, 

it requires multiple library preparation steps, which leads to a long turnaround time.  Finally, the 

information provided by Illumina sequencing can be overwhelming during analysis if specific 

information is not needed. All our research samples were analyzed by Illumina sequencing. The 

results are listed in Table 21, 22, 23 and 24.  

As listed in Table 24, when analyzing same research samples, the results of Double-Amplicon 

Assay were significantly higher than the results of Illumina sequencing results . The possible 

explanations were stated in previous section “Comparison Of The Two ddPCR Assays”.  
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The results from Single-Amplicon Assay B and Illumina sequencing were quite similar. 

However, there was a tendency for Single-Amplicon Assay B to underestimate the mutation 

rate.  

The reason for this may lie in the positioning of primers and probes. Originally, we expected the 

mutations induced by megaTALs to occur closely around the cutting site (central four), within 

the binding region of Target probe. However, when analyzing data from Illumina sequencing, 

mutations that exceeded the Target probe-binding region were observed, including large 

deletions and insertions, in all megaTALs treated samples. Since the primers and probes have 

binding sites that were located very close to each other, such mutations may affect the binding 

of REF probe and two primers, which would lead to the absence of REF signals, regardless of 

the presence of HIV sequences. As a consequence, the mutation rate is underestimated in our 

ddPCR assay. The percentage of mutations that are theoretically under estimated is listed in 

Table 23 as “Mutation rate difference”.  

However, if adding the “Mutation rate difference” to the results from Single-Amplicon Assay B, 

the results are larger than the results from Illumina sequencing. One explanation is that 

sometimes the mutations that occur in REF probe or primers binding regions are SNPs, which 

may or may not actually affect the binding of oligonucleotides. The percentage of such SNPs is 

listed in Table 23 as “Mutation rate difference - SNPs”.  

After comparing the results from our ddPCR assay and Illumina sequencing, we concluded that 

Single-Amplicon Assay B offers similar results to Illumina sequencing, but has a tendency to 

underestimate mutation rates. However, the high performance of Illumina also cost 500 – 1,700 

dollars per sample if ordered as service from biotech companies and long turnover time (one or 

two days for library preparation and sequencing, and more time for data analysis). When taking 
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all these into consideration, the significantly smaller workload for sample preparation and data 

analysis, the drawback of Single-Amplicon Assay B underestimating mutation rates was 

acceptable. 

Other Mutation Detection Methods 

There is a long list of mutation detection methods that are currently used in laboratories to 

detect mutations. Here are a few that hit the top of this list. 

Several different approaches of qPCR are utilized in mutation detection. Allele-specific PCR 

(AS-PCR) is commonly used method in mutation detection. In allele-specific PCR, at least two 

oligonucleotide primers with different 3’ end will be designed with the 3’ ends located at the 

mutation spot. When the mutation occurs, the mismatch will not allow replication, while the 

matched primer will function normally. The appearance of a product then indicates the 

genotype. In one Japanese study, AS-PCR and bulk sequencing was used to analyze seven 

reverse transcriptase inhibitor resistance mutations and 3 protease inhibitor resistance mutations. 

AS-PCR not only identified all 8 mutant samples that bulk sequencing has detected, but also 

identified 15 additional mutants, indicating higher sensitivity. Additionally, primers for the 

detection of M46I/L were developed and evaluated. M46I could be detected as low as 0.04% 

and M46L could be detected as low as 0.03% in plasmid samples. When analyzing clinical 

samples, the M64I assay could detect 0.54% mutant virus, while the M46L assay could detect 

4.01% mutant virus. But this assay was stated as not necessarily applicable to mutant virus 

quantitation.58 

High Resolution Melt (HRM) is another PCR-based method that can be used to detect 

mutations. After real-time PCR amplification, a melt curve is performed in presence of 
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intercalating dye that gives decreasing signal while more dsDNAs denature. HIR monitors this 

process in real-time, and the data (melting curve) will be collected and analyzed by software. 

Since mutant sequences have altered melting temperature, their melting curves are 

distinguishable from those of wild-type sequences. HRM can detect small differences as SNPs. 

Several studies have utilized HRM to analyze HIV diversity due to its ability to distinguish 

different sequences in one single assay.59–61 

Oligonucleotide Ligation Assay (OLA) is also commonly used in detection of known mutations. 

In OLA, three probes are involved: a WT probe, a Mutant probe, the 3’ bases of which are 

situated directly over the target SNP, and a common probe that bind to the template upstream. 

The allelic probes are modified at their 5’ ends with hapten groups for enzyme-linked 

immunosorbent assay (ELISA) or oligomers for size differentiation. After PCR amplification, 

the Mutant probe or the WT probe is ligated to a target sequence along with the common probe. 

Sized based methods or ELISA can detect the ligated products afterwards. OLA was used to 

detect protease inhibitor resistance in HIV-1. The assay has shown a LoD of 5% mutant plasmid 

from wild-type plasmid.62 In another assay, OLA has demonstrated higher sensitivity then 

sequences.63 

Limitation of ddPCR Assay 

Like every assay, our Single-Amplicon Assay B has its own limitations, which will also apply 

for other ddPCR-based assays.  

As discussed previously in Illumina section, Single-Amplicon Assay B had a tendency to 

underestimate mutation rates, especially when a sample contains high levels of mutations that 

interfere with the REF probe or primer binding regions. There is no way to eliminate this bias 

completely, but alternative designs may minimize this problem. However, given that the 
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amplicon length allowed for ddPCR droplet formation is quite small, there may not be a feasible 

alternative. Also, when designing an assay, the information about what type of mutations 

samples may contain is usually unknown, making it hard to decide the location of primers and 

probes based on such knowledge.  

Like every PCR based assay, Single-Amplicon Assay B cannot provide specific information on 

what type of mutation is harbored in the analyzed samples. While clonal sequencing and 

Illumina sequencing can generate data about mutation types, Single-Amplicon Assay B can only 

approximately identify 1bp difference mutations from other type of mutations. 

Conclusion 

In this project, we sought to develop a single ddPCR-based assay platform to detect megaTAL-

induced mutations in the HIV provirus pol gene. Three different assays were designed and 

evaluated, among which only one assay has shown to have suitable analytical linearity and 

repeatability using both plasmid and cell-line samples. The Single-Amplicon Assay B was 

capable of detecting mutations from as low as 1.06% (LoD), with a very low background level 

of 0.56% (LoB). The lowest level of mutation rate this assay can quantify is 2.19% (LoQ). Our 

ddPCR assay generated comparable results to Illumina sequencing, with a lower estimated cost 

and shorter turnaround time. The results from our ddPCR assay were easier to interpret than 

those from Illumina sequencing, had a better accuracy than Surveyor, and required less technical 

work and analysis than clonal sequencing. 
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