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Abstract 

With the widespread use of antiretroviral therapy, HIV drug resistance (HIVDR) rates are 

increasing globally. Many reported cases of HIV are found in areas without readily accessible 

testing centres capable of processing blood samples. Blood samples received from these areas can 

become degraded due to storage conditions during transportation to another facility or country 

capable of testing. Degraded samples present challenges for HIVDR testing, due to compromised 

viral RNA integrity interfering with RNA amplification and sequencing. Similarly, archival 

samples and dried blood spots (DBS) can also pose challenges. DBS samples are a highly 

accessible and cost-effective sample collection method used for HIVDR testing in resource-limited 

settings within Canada and across the world; however, they can be difficult to process through 

traditional methods due to susceptibility to degradation and low input volumes. To address this, 

we have developed a multiplex, amplicon-based, direct-to-sequencing HIVDR testing protocol 

compatible with degraded samples. This approach uses a hemi-nested approach with primer pools 

spanning the entire pol region of the HIV-1 genome. Protocol primers also incorporated Illumina 

P5/P7 adaptors, single index barcodes, and unique molecular identifiers (UMIs or Primer ID). This 

approach allow direct sequencing of amplicons, decreasing overall cost, mitigating PCR biases, 

and increasing clinical throughput. Here, we show the utility of this approach, successfully 

targeting the entire pol gene region of the HIV-1 subtype B genome in degraded and DBS samples. 

Preliminary work suggests the protocol may be adaptable for other major subtypes circulating in 

Canada as data shows the primer pools can amplify other major HIV-1 subtypes, albeit this may 

require further optimization. This protocol provides a potential option for NGS-based HIV drug-

resistance testing from degraded samples and phylogenetic studies, while also building towards 

the ultimate goal of increasing accessibility of HIV diagnostics for all Canadians. 
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Chapter 1: Literature Review 

1.1 Human Immunodeficiency Virus (HIV)  

Human immunodeficiency virus (HIV) is one of the most extensively studied RNA viruses 

that has no known cure or vaccine, and is of one of the largest, ongoing epidemics in human history 

[1–3]. Since the beginning of the HIV epidemic, approximately 85.6 million people have been 

infected with HIV, with approximately 40.4 million (32.9-51.3 million) having died of AIDS-

related complications [1,3]. At the end of 2022, it was estimated that 39 million (33.1-45.7 million) 

people globally were living with HIV [1]. In Canada, an estimated 62,790 people were living with 

HIV at the end of 2020 [4], with an additional 1,722 newly diagnosed cases in 2021 [5] and 1,833 

newly diagnosed cases in 2022 [6].  

HIV is a part of the genus Lentivirus within the Retroviridae family and subfamily 

Orthoretrovirinae [7,8]. HIV is classified into two different types based on their genetic 

characteristics and viral antigenic differences [7]: type 1 (HIV-1) and type 2 (HIV-2). As a result 

of current epidemiologic and phylogenetic analyses, HIV is extrapolated to have been introduced 

into the human population around 1920 to 1940 [7,9,10]. Due to the close evolutionary relationship 

between simian immunodeficiency virus (SIV) and HIV, HIV-1 was determined to have evolved 

from non-human primate immunodeficiency viruses from West Central African chimpanzees 

(SIVcpz) and HIV-2 from West African sooty mangabeys [10].  

HIV is transmitted primarily through bodily fluids and targets cells that contain CD4 

receptors, which are essential to the viral particle’s recognition and entry into the host cell [7]. 

CD4-containing cells include macrophages, T-helper cells, dendritic cells and astrocytes [7]. Since 

HIV infections are lifelong, continual degradation of CD4-containing cells weakens the immune 
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system over time, making the individual more susceptible to additional infections and diseases,  

potentially leading to aids-related complications and death [7].  

However, it is possible to delay the progression of an HIV infection into AIDS through the 

use of highly active antiretroviral therapy (HAART), which involves three to four drugs, each from 

a different class of HIV antiretroviral drugs [2,7]. Treating HIV-positive individuals through the 

use of HAART can help to improve their overall quality of life. The development of HAART 

treatment was a product of many years of research and is an example of the importance of HIV 

research in improving the lives of patients. Furthermore, HIV research has led to the 

implementation of increased safety requirements in the production of blood components and 

plasma derivatives to ensure the transmission of viruses does not occur through these avenues [7]. 

Even with the success of HAART and improvements in blood and plasma component 

safety, the primary goal in eliminating HIV is still unresolved. Currently, there is no HIV vaccine 

that has been approved for use [7]. There is also the ongoing struggle with HIV drug-resistance 

(HIVDR) that has surfaced due to the widespread use of HAART treatments [2]. Therefore, 

continued work is imperative to developing a vaccine, improving the livelihood of HIV-positive 

individuals with better treatment options, and monitoring the spread, evolution, and emergence of 

drug resistant HIV strains.    

1.2 Human Immunodeficiency Virus Type 1 (HIV-1)  

HIV-1 is subdivided into groups M (main/major), N (non-M, non-O), O (outlier), and P 

with the main (M) group, infecting at least 60 million people and causing around 25 million deaths 

[8,11]. HIV-1 group M viruses are further subdivided into subtypes A to D, F to H, J and K, with 

groups A and D evolutionarily being the oldest viruses and subtypes B and D being very closely 
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related and considered sub-subtypes [7,8]. HIV-1 accounts for 95% of infections globally [12], 

with HIV-1 group M subtype B being of particular interest to those in North America, as it is the 

most prominent circulating HIV-1 subtype [13]. There are also recombinant strains of HIV-1 that 

carry regions from two genetically distinct parental HIV-1 strains, which are called circulating 

recombinant forms (CRFs) [7,13]. CRF formation depends on the combination of viral genomes 

of different subtypes affecting the same cell, which leads to multiple changes in the genome and 

results in genome regions from each subtype found in the CRF [8,13].  

The HIV-1 genome consists of two identical, single-stranded RNA molecules enclosed 

within the core of the virus particle [14]. The HIV proviral genome, also known as proviral DNA, 

is generated by the reverse transcription of the viral RNA genome, followed by the integration of 

double-stranded HIV DNA into the human genome [7,15]. The DNA genome is flanked at either 

end by long terminal repeat (LTR) sequences, with the 5’ LTR region encoding for the promoter 

for transcription of the viral genes. Following in the 5’ to 3’ direction, the gag gene reading frame 

follows the 5’ LTR and encodes the proteins for the following: outer core membrane (p17), the 

capsid protein (p24), the nucleocapsid (p7), and a smaller, nucleic acid stabilizing-protein [7,14].  

Directly proceeding the gag reading frame is the pol gene reading frame. The pol gene encodes 

protease (PR, p12), reverse transcriptase (RT, p51), RNase H (p15), and integrase (IN, p32) 

enzymes [7,14]. After the pol gene follows the env gene reading frame encoding two envelope 

glycoproteins, surface gp120 and transmembrane gp41 [7,15]. In addition to structural proteins, 

the HIV genome encodes other regulatory proteins important for the initiation of HIV replication, 

such as transactivator protein (Tat) and RNA splicing-regulator (Rev; [7]). Other proteins, such as 

the negative regulating factor (Nef), viral infectivity factor (Vif), virus protein r (Vpr), and virus 

protein unique (Vpu), are important for viral replication, virus budding, and pathogenesis [7].  
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1.3 HIV-1 Drug Resistance  

 With the high mutation rate of the HIV RT enzyme and widespread use of HAART, 

arguably the development and identification of drug resistance mutations (DRMs) in circulating 

HIV strains was inevitable [16]. The development of DRMs, specifically within the pol gene, have 

resulted from a combination of factors, including a high viral replication rate leading to many 

progeny [17], error-prone replication processes by the RT enzyme [17], and the selective pressure 

exerted by antiretroviral therapy (ART) drugs [18]. Clinical applications of ART drugs target 

mainly the pol gene, and its encoding regions due to their central role in viral replication and 

infection. Due to all of these factors, the majority of DRMs known today are found within the pol 

gene, specifically in the PR, RT, and IN encoding regions [19–21]. Although the majority of DRMs 

are found within the pol gene region, other regions of the genome also contain potential DRMs, 

such as the gp120 and gp41 regions of gag, or the env gene, which encode proteins that mediate 

the viral particle’s fusion with a CD4-containing host cell [7,17,21]. While the gag and env gene 

regions are outside of routine HIVDR surveillance, studies have shown that these regions, 

specifically within gag, can exacerbate the effects of DRMs found within pol [22,23] necessitating 

more broad surveillance strategies.  

Within pol, four different types of drug classes target the different gene products. RT  

activity is targeted by two drug classes: nucleoside reverse transcriptase inhibitors (NRTIs) and 

non-nucleoside reverse transcriptase inhibitors (NNRTIs; [7,17,20]), while PR and IN are targeted 

by specific protease inhibitors and integrase inhibitors [7,17,19,20]. The genomic regions encoding 

for the enzyme active sites of RT and PR are most prevalent to drug-resistance mutations [17].  

Although RT and PR DRMs are the most common, drug resistance has been found in all HIV drug 

classes. For integrase inhibitors, some mutations allow the HIV mutant to proceed with integration 
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into the host genome [17]. For env gene, gp120 and gp 41 are targeted by fusion/entry inhibitors, 

which consists of two clinically approved drugs in this class [21]. Even without the use of HAART, 

drug resistance has emerged or has naturally been found within strains, therefore it is important to 

monitor for the emergence of putative drug resistant HIV strains. 

There are various resources online for researchers and medical practitioners to identify 

DRMs, such as the International Antiviral Society-USA (IAS-USA) DRM list and the Stanford 

University HIV Drug Resistance Database [19–21]. These resources define the consensus amino 

acid and amino acid position where all major DRMs are located, along with the corresponding 

mutation and respective drug that is affected. The Stanford HIVDR Database also includes an 

algorithm where an HIV sample consensus sequence can be uploaded to the HIVdb program [24] 

to identify levels of resistance to the most commonly used protease, nucleoside, non-nucleoside, 

and integrase inhibitors [19,20]. Another tool of particular significance for HIVDR analysis is the 

HyDRA Web application [25]. HyDRA Web processes next-generation sequencing (NGS)-

derived HIVDR data and generates a report on all HIVDR mutations found in the pol gene regions 

(PR, RT, IN) by referring to the Stanford HIVDR database algorithms [19,20], along with a 

consensus sequence at a user-defined threshold, complete nucleotide and amino acid variant 

frequency reports, and read coverage depth across the pol gene [25,26].   

1.4 Blood Sample Types used in Genotypic HIV Drug Resistance Testing  

1.4.1 Traditional Sample Types and Dried Blood Spots 

Plasma is the supernatant remaining after the cellular components found in anti-coagulated 

blood are removed by centrifugation [27]. With regards to HIVDR testing, plasma is the gold 

standard sample type most commonly used [28,29], serving all clinical, surveillance, and research 

HIVDR testing needs [27]. The benefits of using plasma over other blood samples types include: 
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highest viral RNA concentration out of any sample type, accurate representation of the actively 

circulating HIV population, maximal recovery of cell-free viral RNA in blood, low RNA 

degradation coupled with high template integrity, and suitability with various assays [27]. The 

drawbacks to using plasma are the need for phlebotomy, centrifugation, and low-temperature 

transportation and storage, as well as poor HIV amplification when viral load is low [27,28].  

Serum is the fluid remaining after whole blood is naturally clotted [27]. Serum is nearly 

identical to plasma in composition, with the exception of fibrinogen, which is present in plasma 

but naturally removed from serum during clotting [27]. Due to their similarity, serum is the most 

commonly used substitute for plasma in molecular HIV assays and while plasma is the preferred 

sample type, serum is often used for serological HIV diagnosis [27]. While similar to plasma, 

serum has the potential for viral RNA to be trapped in blood coagulum during clotting, contributing 

to lower viral loads in serum samples [27,30]; however, there is no evidence that this affects 

HIVDR profiles [27].  

While serum and plasma have many benefits, they also have drawbacks, especially in 

resource limited settings [27,31]. Both require phlebotomy and skilled lab personnel, strict cold-

chain transportation, and low-temperature storage conditions to maintain the specimen quality 

[27]. Additionally, through exclusion of the cellular component when extracting serum or plasma, 

it may be challenging to detect proviral DNA. Therefore, there is a need for alternative sample 

types, such as dried blood spots (DBS), when collecting samples for HIVDR surveillance in 

resource-limited settings [32].  

DBS are prepared from whole blood, which has a plasma component, containing 

circulating HIV-1 particles, and a cellular component, which includes human lymphocytes 



7 

 

containing proviral DNA [27,33,34]. Preparation of DBS entails spotting and drying ~50-75µL of 

whole blood per spot onto an absorbent filter paper card [27,32,33,35]. DBS is a highly accessible 

sample type; whole blood can be collected via phlebotomy or from a simple, non-invasive pinprick 

collected by either a trained professional, trained member of an organization or community, or the 

patient themselves [27]. DBS is also a practical and cost-effective sample type for HIVDR testing 

as it can be naturally dried, shipped in a standard envelope through regular post, and stored at 

ambient temperatures using zip-lock bags with desiccant for days or weeks before being processed 

[27,32,33,36].  

DBS is currently one of the two samples types collected for HIVDR genotyping [28] and 

well-established DBS-based HIVDR testing guidelines have been implemented [34]. While DBS 

is considered a suitable alternate sample type for HIVDR testing, it does have intrinsic limitations. 

Like whole blood, DBS contains proviral DNA [27]. Although proviral DNA enhances HIV 

amplification and facilitates initial diagnosis,  it can also skew the accurate measurement of 

replication-active HIV viruses circulating within an individual [27]. As a result, proviral DNA may 

not accurately capture the true HIV drug resistance status of a patient [27]. Due to its convenience 

and accessibility, DBS may also be susceptible to contamination by the user, environment, or via 

contact with other DBS cards [35]. Viral RNA in DBS can also become degraded depending on 

the storage and shipping conditions used to send the samples to a centralized laboratory for HIVDR 

testing, particularly if the samples are shipped internationally or exposed to moisture [27]. As a 

result, DBS has been mainly applied in HIVDR surveillance and research studies [27].   

1.5 Sequencing Protocols Used for HIVDR Surveillance and Analysis  

Two main sequencing techniques for HIV are currently used: Sanger sequencing and NGS-

based HIVDR assays. Sanger sequencing is widely used as the clinical diagnostic method for 
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HIVDR genotyping. The technique involves di-deoxy chain termination chemistry, generating a 

single consensus sequence of the most common bases at each nucleotide position [37]. When used 

for HIVDR testing, Sanger sequencing has been able to accurately detect DRMs found at a 

detection frequency of greater than 20% [38].  However, due to the nature of Sanger sequencing’s 

population-based methodology, it does not reliably detect mutations that are present at a lower 

frequency (< 20%), also known as low abundance drug resistance variants (LADRVs) within a 

viral sample [38,39]. As a result, the main driver for introducing NGS-based techniques into 

HIVDR testing were due to the emergence of LADRVs, and Sanger sequencing’s inability to 

accurately detect mutations lower than 20% frequency. It should also be noted that while batched 

HIVDR testing, which would be commonly done with NGS-based assays, serves surveillance 

purposes, individualized HIVDR tests primarily guide clinical patient care. Therefore, Sanger 

sequencing still very much has clinical relevance for HIVDR testing.  

NGS-based HIVDR assays have been recently adopted for HIVDR testing due to their 

ability to detect LADRVs. As well, while NGS-based assays may vary in chemistries utilized, they 

all have common characteristics of generating large amounts of output reads and the ability to 

sequence multiple different samples at the exact same time on a single sequencing run [40]. NGS-

based HIVDR assays can also reduce the cost of clinical HIVDR testing due to having a lower cost 

per test through sample pooling compared to Sanger sequencing [38]. While it is a promising new 

alternative, there are still some caveats with the approach compared to Sanger sequencing, such as 

NGS-based assays having higher sequencing errors comparatively, more labor-intensive 

workflows, and longer turnaround times [38]. HIV diagnostics and epidemiology often require 

working with degraded samples, and therefore, specialized techniques have been developed to 

address this challenge [7,41,42].  Currently, there are two main amplification approaches used with 
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high throughput HIV sequencing: amplicon-based sequencing (also known as amplicon-tiling or 

“RNA jackhammering”) and capture-based probe-hybridization (CBPH). Both of these 

approaches are targeted, requiring previous knowledge of genome sequence, in contrast to agnostic 

methods that require little a priori genomic information [43]. As both amplicon-based sequencing 

and CBPH can support full genome sequencing  from low titre degraded samples [41,42,44], they 

are valuable tools that may support robust HIV sequencing protocols. However, both approaches 

can vary greatly in effectiveness, as they are heavily dependent on the design of the primer/probe 

sequences [43]. Nonetheless, both CBPH and RNA jackhammering may be more compatible with 

degraded or low abundance samples compared to traditional methods such as shotgun 

metagenomics [43,45] or conventional reverse transcription PCR [42].  

1.5.1 Amplicon-Based Sequencing  

Amplicon-tiling involves the amplification of a target genome, or genome region, using a 

series of multiplex primer pools [43,46]. In this manner, amplicon-tiling follows the same process 

as individual amplicon sequencing, except it involves multiple primer pairs hybridizing to various 

target regions across the genome in a single reaction. Due to the increased number of primers 

utilized within a single reaction, target genome regions are alternated between primer pools to 

reduce the amount of overlap between target sites [42,46–48]. Reducing overlap promotes 

evenness of coverage and prevents incorporation of an internal primer sequence into any given 

amplicon [42,46]. Using one external primer upstream of the target region, and one internal, target 

region primer, a longer template molecule is formed. This results in a higher instance of the target 

amplicon region, and increases the binding likelihood of the internal primers to the target amplicon 

region [49]. 
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Hemi-nested PCR (or semi-nested PCR) and nested PCR are other common techniques that 

can be utilized within amplicon-tiling protocols to further increase reaction sensitivity and 

specificity. Sensitivity refers to the probability that an assay will produce a positive test result if 

the target sequences of interest (in this case a DRM) is present, thus a high sensitivity yields few 

false negatives [40]. Specificity refers to the probability that an assay will not detect target 

sequences of interest if they are absent, thus a high specificity will produce few false positives 

[40]. In the case of developing molecular testing tools, such as for HIVDR, specificity and 

sensitivity help researchers determine the efficacy and reliability of tests by providing proportions 

based on the number of runs that do not produce false positives or false negatives. Tests that are 

able to provide high specificity and sensitivity proportions, leading to highly accurate testing 

results, will be selected for clinical diagnostic use.  Due to a lack of universally conserved genome 

markers in RNA viruses, a successful amplicon-tiling protocol requires careful primer design to 

target conserved regions, such as the  pol gene region in HIV-1 [43]. Degenerate primers are also 

relied on heavily to account for viral diversity [50]. For example, within HIV-1 group M, 

degenerate primer design accounts for sequence variation between all subtypes to maximize 

successful amplification [42]. 

Amplicon-tiling has been utilized for detecting various RNA viruses, such as Zika virus 

[46,51,52], SARS-CoV-2 [53,54], respiratory syncytial virus A and B [55], tick-borne encephalitis 

virus [45], Hantaan orthohantavirus [56,57], and Seoul virus [58], among others. While it has great 

utility, the technique is highly specific and requires well characterized viruses that have numerous 

reference viral genome sequences available during primer design [43]. With respect to HIV, all of 

these viruses are single-stranded RNA viruses, needing a reverse transcription enzyme to produce 

their necessary proteins for viral replication. While these viruses may have that commonality, HIV 



11 

 

is particularly challenging to deal with due to its notably error-prone reverse transcription enzyme, 

extremely complex RNA secondary structure [59], and numerous genotypes, subtypes, and 

quasispecies. All of these factors make it especially challenging to develop a sequencing protocol 

for HIV as these differences can affect the PCR amplification of HIV viral RNA, such as the 

performance of primer binding and efficiency due to various nucleotide differences within 

genotypes and subtypes. Limited reference sequences pose a barrier, particularly for emerging 

viruses such as SARS-CoV-2, when there was limited sequencing data available at the start of the 

epidemic. To overcome this barrier, Quick et al. [46] developed a primer designer software called 

Primal Scheme, which allows for the efficient development of multiplex primer pair combinations 

or “schemes” to generate overlapping products across a target genome directly from clinical 

samples [46]. For example, using Primal Scheme the authors were able to generate an amplicon-

tiling method for the entire Zika virus genome called PrimalSeq, which generates 35 overlapping 

amplicons of ~400 base pairs from two highly multiplexed PCR reactions [60]. This approach is 

similar to the  “jackhammering” method developed for  HIV-1 full-genome sequencing  [42].  

With the large amount of sequencing data now available, many new amplicon-tiling 

methods have also been developed for SARS-CoV-2. These SARS-CoV-2 amplicon-tiling 

protocols utilize different approaches, such as using combined short and long amplicon pools [47], 

singleplex and multiplex amplicon PCR [48], and tailed amplicons [54]. The ARTIC network [61] 

has also established a method for preparing amplicon pools for SARS-CoV-2 sequencing, which 

has been used as a standard protocol to assess newly developed amplicon-tiling protocols [47,54]. 

The latest version of the ARTIC protocol [62] includes coverage of new SARS-CoV-2 variants, 

utilizes two primer pools conducted in highly multiplexed reactions, and can be sequenced using 
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either Oxford nanopore technology (e.g. MinION) or Illumina sequencing technology, such as the 

MiSeq [63]. 

1.5.2 Capture-Based Probe Hybridization (CBPH) 

Amplicon-based sequencing using PCR has advantages such as low cost, rapid processing, 

automation, sensitivity, and specificity [64]. However due to its high specificity, PCR can be 

difficult to utilize for highly divergent targets [64]. The competitive nature of multiplex PCR can 

also introduce biases, favouring shorter amplicons, highly conserved regions, or higher abundance 

template sequences [65,66]  

Capture-based probe hybridization (CBPH) is an approach used to overcome some of these 

challenges by enriching for specific target sequences [64,67]. This is accomplished through the 

hybridization of a probes to complimentary genome sequences within prepared libraries [43]. 

Hybridization can occur on an array, or in-solution through capture of biotinylated probes with 

streptavidin-coated beads [43,66,67]. The enriched sequencing library may be amplified further, 

or be used directly for Illumina or Oxford Nanopore sequencing. In the case of Oxford Nanopore 

sequencing, adaptive sampling, or selective sampling, may further enrich for on-target reads. This 

process involves the real-time exclusion off-targets during sequencing, by reversing polarity and 

ejecting them from porin complexes. This process has been described previously for low-

abundance species in metagenomics samples [68], and is particularly useful for long read, whole 

genome sequencing [68]. CBPH can be improved through the selective removal of non-HIV 

template such as human, bacterial, or other viral sequences [43]. CBPH, when paired with other 

enrichment methods or selective removal of contaminating sequences, may prove to be a future 

solution that will promote greater amplification, increased read count, and improved coverage [43]. 

Currently however, the process is costly, complex, and remains difficult to apply for low viral load 
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samples. With respect to HIV, CBPH has shown mixed results, producing inconsistent results with 

low viral load samples below 1,000 copies/mL [44,69,70]. Therefore, we look towards the 

amplicon-tiling based ‘HIV Jackhammer’ protocol as the most promising solution for high-

throughput clinical testing.   

1.6 RNA Jackhammering 

Developed by Worobey et al [42], RNA jackhammering was designed to overcome 

challenges with amplifying and sequencing low template and degraded HIV samples from long-

term storage, aiming for amplification of the entire HIV-1 genome. The authors demonstrated that 

their amplicon-tiling sequencing technique was effective at amplifying small, degraded sequences 

that were undetected in traditional sequencing approaches. This process, detailed in Figure 1, 

involves multiple non-overlapping primer pools, that together, cover the entire HIV-1 genome 

[41,42].  Since HIV and other single-stranded RNA viruses are sensitive to rapid degradation, 

sequencing of long-term archival HIV samples was nearly impossible prior to the development of 

this method. With their RNA jackhammering technique, Worobey et al [42] confirmed the route 

of HIV introduction into North America through sequencing pre-discovery HIV samples of the 

late 1970s and conducting phylogenetic analyses. With the success of the RNA Jackhammering 

technique, further investigation into the origin, spread, and overall phylogenetic diversity of HIV 

is possible. As well, we hypothesize this approach can be useful for tracking the proliferation of 

anti-viral drug resistance in Canada and globally.  

RNA jackhammering involves a multiplex cDNA pre-amplification step, enriching for 

target sequences ahead of target-specific PCR amplification [41,42]. Ultimately, this improves 

success rates of the target-specific PCR steps, particularly from low-copy viral samples [42]. Other 

amplicon-tiling protocols have been inspired by the RNA Jackhammering technique and have been 
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applied to other viruses such as Zika Virus [46,52,60], and tick-borne encephalitis [45]. For 

example, Quick et al. [46] tested positive clinical samples and achieved 93% to 99.7% coverage 

of the entire Zika virus genome using their amplicon scheme sequencing protocol, compared to 

0% to 79% genome coverage using metagenomic sequencing approaches.  

However, RNA jackhammering does have inherent limitations. One major limitation is that 

it targets multiple shorter amplicons, which requires a large number of products to generate a tiling 

path across the HIV genome. Generating amplicons in separate reactions requires an increased 

number of pipetting steps, further increasing the potential for cross-contamination, greater cost in 

consumables, and longer processing times [46]. The original RNA Jackhammering protocol 

conducted reactions on archival frozen serum samples, with the reverse transcription reaction 

requiring almost three hours to conduct [42]. However, other comparable protocols, such as the 

PrimalSeq protocol for Zika virus, can conduct the reverse transcription reaction three times faster 

[46,60]. Another limitation is the amount of optimization needed to optimize the protocol for HIV 

testing. For example, multiplexing primers can introduce unwanted variables, such as non-specific 

product formation, along with amplicon generation imbalances due to inherent PCR bias caused 

by varying primer specificities.   

While there are limitations, the RNA jackhammering protocol has been successful 

amplifying low template, low quality HIV samples [41]. Therefore, this research aims to explore 

optimization and adaptation of the protocol for routine HIVDR testing of degraded samples. This 

research can also be leveraged for increasing the phylogenetic understanding of archival HIV-1 

subtypes within Canada to determine the origins of transmission. Lastly, the RNA jackhammering 

technique could be used to identify atypical DRMs found in other areas of the HIV-1 genome 

outside of the pol gene region. Detecting DRMs outside of the pol gene would provide more 
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information to researchers and clinicians interested in DRM surveillance and testing within 

communities in Canada. 

1.7 Current Challenges and Call to Action 

In Northern, remote, and isolated communities in Canada, accessible avenues for HIV 

testing and HIVDR are limited. Due to the limited resources, plasma and serum samples may not 

be a viable sample collection method, leaving DBS as the best option. Currently, National 

Microbiology Laboratory (NML) protocols for HIVDR testing require plasma, serum, or DBS 

sample viral loads of ≥1,000 copies/mL, and mainly target the pol gene region of HIV-1 to monitor 

for DRMs. Additionally, the current NML sequencing protocol relies on use of the Nextera XT 

DNA Library Prep kit (Illumina, San Diego, USA), which increases the turnaround time of the 

protocol to 5 days and the cost per sample to $60. There is a need for the implementation of a 

sequencing protocol that is cost-effective, compatible with DBS, and capable of identifying DRMs 

in all areas of the HIV-1 genome.  

Taken together, by using a modified approach of the RNA Jackhammering technique, there 

is the potential to provide complete genomic coverage of the HIV-1 genome, even in heavily 

degraded or low-copy template samples. Compared to existing approaches, and other potential 

technologies, this proposed solution is the most likely to improve the current approach to HIVDR 

clinical testing from DBS and other potentially challenging sample types. 
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Figure 1. Schematic of the RNA Jackhammering technique. Two non-overlapping primer pools from one primer panel are used to 

amplify different regions of the HIV-1 genome. In this schematic, only two primer pairs per pool are shown. However, in the largest 

primer panel of the RNA Jackhammering approach, there are five pools of ten primer pairs. This should ideally lead to the recovery of 

10 bands for sequencing and recovery of the HIV-1 genome. Figure adapted from Worobey et al [42]. 
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1.8 Hypothesis 

Through extensive optimization, we can adapt the RNA Jackhammering approach for routine 

sequencing of the HIV-1 subtype B genome from degraded patient samples and dried blood spots. 

Using this approach, we can likely obtain coverage over the majority of the HIV genome, covering 

all clinically-relevant mutations underlying HIV drug resistance.  

1.9 Objectives  

This work aimed to accomplish the following objectives: 

1) Validation of previously published methods for whole genome HIV sequencing.  

2) Optimization of the protocol for routine clinical surveillance, by investigating aggressive primer 

pooling strategies (i.e. multiplexing each PCR step within the protocol), adjusting PCR parameters, 

and automating protocol steps wherever possible.  

3) Addition of Illumina adaptors to the protocol primers to allow a direct-to-sequencing approach, 

as well as the addition of unique molecular identifiers for accurate template quantification. 

4) Validation of the optimized protocol using degraded dried blood spots and clinical HIV-1 

samples.  
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Chapter 2: Materials and Methods 

2.1 HIV-1 Subtype Samples (gBlocks, Plasma, DBS) and Oligonucleotides 

All HIV-1 samples used in this study are described in Table 1. Control oligonucleotides of 

the HIV-1 genome were designed based on the HIV-1 reference genome (HXB2, subtype B), as 

well as reference genomes for HIV-1 subtype A, C, and D. All control oligonucleotides were 

manufactured by Integrated DNA Technologies (IDT, Coralville, USA).  

Initial primer sequences used in this study originated from Worobey et al [42]. Primer 

sequences from the main primer panel (HIVM) in this study are described in Appendix Table A.1. 

Other primer panels (HIVL and HIVR) used during protocol troubleshooting are described in 

Appendix Table A.2 and A.3. Alternative HIV-1 primers were designed for areas of low coverage 

with PrimerDesign-M [71,72] through the Los Alamos National Laboratory HIV Sequence 

Database (Appendix Table A.4). Potential primer off-targets were identified with Primer-BLAST 

[73]. All primers were manufactured by Integrated DNA Technologies (IDT, Coralville, USA). 

Direct sequencing primers were designed based on previously published methods from Zhou et al 

[74–76] and Thompson et al [77], and were manufactured by Integrated DNA Technologies (IDT, 

Coralville, USA). Direct sequencing primers were comprehensive, incorporating Illumina P5/P7 

adaptors, TruSeq PCR sites, i7 single-index sequences, and unique molecular identifiers (UMIs).  
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Table 1. List of HIV-1 sample types used in this study  

 

Sample Name 
Viral Genome 

Subtype  
Sample Type 

Number of 

Samples 

Purpose of 

sample 
Reference or Source  

ACCURUN 315 Series 400 

HIV-1 RNA positive control 
Subtype B 

Viral RNA 

(Plasma) 
3 Control SeraCare (Milford, USA) 

Cultured HIV-1 subtype B 

virus from 8E5 cells 

(extracted in 2018 & 2021) 

Subtype B 
Proviral DNA 

(Plasma) 
2 Control 

National Microbiology 

Laboratory Branch  

gBlock® 

synthetic 

DNA 

fragments  

 

HIV-1 reference 

genome (HXB2) 

Subtype B  

Whole genome 

Synthetic 

DNA 
1 Control 

Integrated DNA Technologies  

(San Diego, USA) 

Accession No. K03455.1 

HIV-1 isolate 

DEMA105TZ001 

Subtype A1 

Whole genome 

Synthetic 

DNA 
1 Control 

Integrated DNA Technologies  

Accession No. JX140650.1 

HIV-1 isolate 

DEMC09ZA009 

Subtype C 

Whole genome 

Synthetic 

DNA 
1 Control 

Integrated DNA Technologies  

Accession No. JX140668.1 

HIV-1 isolate 

DEMD07UG002 

Subtype D 

Whole genome 

Synthetic 

DNA 
1 Control 

Integrated DNA Technologies  

Accession No. KC596071.1 

EQAPOL Viral Diversity 

Panel Samples 
Subtype B  

Viral RNA 

(Plasma)  
20 Diagnostic 

External Quality Assurance 

Program Oversight Laboratory 

(Duke Human Vaccine Institute 

, Durham, USA) 
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EQAPOL HIV-1 Sample 

Designation 

DEMB11US011.01 

Subtype B 

Viral RNA 

(Contrived 

DBS) 

6 Degraded 
External Quality Assurance 

Program Oversight Laboratory 

Canadian HIV Strain and 

Drug Resistance (SDR) 

surveillance program clinical 

HIV samples 

Subtype B  
Viral RNA  

(Serum) 
6 Clinical 

Public Health Agency of 

Canada. Update on HIV-1 

Strain and Transmitted Drug 

Resistance in Canada: 2012-

2013. Centre for 

Communicable Diseases and 

Infection Control, Public Health 

Agency of Canada, 2017 
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2.2 Plasma and Serum RNA Extraction  

For all plasma samples, including HIV-1 subtype B samples from the External Quality 

Assurance Program Oversight Laboratory (EQAPOL) Viral Diversity Panel (Duke Human 

Vaccine Institute, Durham, USA), HIV-1 viral RNA was extracted using the NUCLISENS 

easyMAG (bioMerieux, Craponne, France). Steps were performed as per the manufacturer’s 

instructions, using Generic Protocol 2.0.1. The protocol entailed on-board lysis with a 10 minute 

incubation time, a sample input of 450 µL, and elution volume of 100 µL. Extracts were stored at 

-80°C until used for reverse transcription. For all serum samples, HIV-1 RNA was extracted as 

described above for plasma with the following modifications: input volume of 400 µL and elution 

volume of 110 µL.   

2.3 Dried Blood Spot Sample Processing, RNA Extraction, and Degradation Study  

All DBS samples, including contrived DBS samples created using HIV-1 viral RNA from 

sample DEMB11US011.01 (EQAPOL), were extracted using the DBS extraction protocol 

described below. DBS cards were removed from -80°C and incubated at ambient room temperature 

for 30 minutes before processing. Bitran Series S bags (Globe Scientific, Mahwah, USA) were 

used for storage of DBS samples. Humidity identification cards within DBS sample storage bags 

were examined before nucleic acid extraction to ensure that humidity levels did not exceed 30%. 

When processing DBS samples using a manual DBS puncher, blank DBS cards were punched five 

times between samples to prevent cross-contamination. For each sample, two blood spots on the 

DBS card (approximately 150 uL of blood) were punched into a lysis buffer tube. Lysis tubes were 

rotated for at least two hours. After two hours on the rotisserie, lysis tubes were centrifuged at 

1500 RPM for five minutes, and the lysate supernatant was then RNA extracted using the 

NUCLISENS easyMAG (bioMerieux, Craponne, France). Steps were performed as per the 
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manufacturer’s instructions and in-house standard operating procedure, using protocol Specific B, 

a sample input of 150 µL, and elution volume of 50 µL. Extracted samples were stored at -80°C 

until used subsequently for reverse transcription. 

For the DBS degradation study, contrived DBS sample cards were placed in an open Bitran 

Series S bag (Globe Scientific, Mahwah, USA) within a Steri-Cycle CO2 Incubator (ThermoFisher, 

Waltham, USA). DBS samples were incubated at 37°C and 91% humidity for various time 

intervals: 1, 2, 7, 14, and 28-days. As a positive control, a non-degraded DBS sample was extracted 

and PCR amplified for future comparison to PCR amplification rates of degraded samples using 

our finalized PCR protocol.  

2.4 Amplicon-Tiling of the HIV-1 Genome Using the HIVL and HIVR Primer Panels 

 Initial validation of the Worobey et al [42] RNA Jackhammering protocol was performed 

with the HIVL and HIVR primer panels. The HIVL primer panel was designed with larger 

amplicon targets (~400-600 base pair amplicons) while the HIVR primer panel was designed with 

smaller amplicon targets (~200-300 base pair amplicons). Figure 2 describes the characteristics 

each panel and displays the amplicon coordinates of the primer sets across the HIV-1 reference 

genome (HXB2). 
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Figure 2. HIVL and HIVR primer panel pool layouts and primer binding locations. HIVL (top) comprises 3 pools of primers (25 

primer pairs total) generating longer amplicons of 400-600 base pairs. HIVR (bottom) comprises 5 pools of primers (46 primer pairs 

total) generating shorter amplicons of 200-300 base pairs. Figure adapted from Worobey et al [42]. 
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2.4.1 HIVL & HIVR Panels - Reverse Transcription 

 Plasma ACCURUN positive control HIV-1 RNA material (SeraCare, Milford, USA) was 

extracted using the plasma extraction protocol as described in Section 2.2. ACCURUN positive 

control RNA (54,000 copies/mL), along with 8E5 HIV-1 proviral DNA (100 copies/µL), were 

used as starting template material for reverse transcription reactions using the HIVL and HIVR 

primer panels.  

Reverse transcription was performed using the GoScript Reverse Transcription System and 

GoScript reverse transcriptase (Promega, Madison, USA), as per the manufacturer’s 

recommendations, with an input of 6 µL of RNA template, a pooled primer concentrations of 10 

µM of reverse primer, and a final reaction volume of 20 µL. The HIVL primer panel consisted of 

three individually pooled reactions (8 or 9 primers within each pool) and the HIVR primer panel 

consisted of five individually pooled reactions (9 or 10 primers within each pool). Incubation 

conditions for reverse transcription reaction were as follows: denaturation at 70°C for 5 minutes; 

incubation on ice for 2 minutes; incubation at 50°C for 30 minutes, 55°C for 2 hours, and 85°C for 

10 minutes; followed by an indefinite hold at 4°C.  

2.4.2 HIVL & HIVR Panels - Pre-Amplification (1st round PCR) 

First-strand cDNA was input to a pre-amplification PCR to enrich for target amplicons 

using the Platinum Taq DNA polymerase High Fidelity PCR kit (Invitrogen, Waltham, USA) as 

per the manufacturer’s recommendations, with an input of 10 µL of amplified template, a pooled 

primer concentration of 10 µM, and final reaction volume of 50 µL. Pre-amplification reactions 

for each individual primer pool were conducted in multiplex and added only the forward primers 

from the respective pool. Incubation conditions were as follows: one cycle of 94°C for 3 minutes; 
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30 cycles each of 94°C for 30 seconds, 52°C for 30 seconds, and 68°C for 30 seconds; one cycle 

of 68°C for 5 minutes; followed by an indefinite hold at 4°C. 

2.4.3 HIVL & HIVR Panels - Final Amplification (2nd round PCR) 

Pre-amplified PCR products served as template for second round of amplification (final 

amplification). Final amplification was performed using the Platinum Taq DNA polymerase High 

Fidelity PCR kit (Invitrogen, Waltham, USA) as per the manufacturer’s recommendations, with 

an input of 10 µL of template, pooled forward and reverse primer concentrations of 10 µM each), 

and a final reaction volume of 50 µL. Reactions were performed in multiplex within each primer 

pool, with the following PCR conditions: one cycle of 94°C for 3 minutes; 40 cycles each of 94°C 

for 30 seconds, 52°C for 30 seconds, and 68°C for 30 seconds; one cycle of 68°C for 5 minutes; 

followed by an indefinite hold at 4°C. 

2.4.4 HIVL & HIVR Panel Optimization 

The original RNA Jackhammering protocol reaction conditions [42] are listed in Table 2 

and are compared to our fully multiplexed protocol described throughout Section 2.4. Various 

steps of our protocol were optimized by adjusting individual reaction variables between different 

runs. A comprehensive summary of optimized variables is described in Section 3.  

Towards optimization of the pre-amplification step, various iterations of the protocol were 

performed beginning at pre-amplification using 8E5 proviral DNA as the starting template 

material. Pre-amplification PCR steps were performed for the HIVL and HIVR primer panels at 

primer pool concentrations of 5µM (0.2 µM final concentration) or 10 µM (0.4 µM final 

concentration), as well as either 30 or 40 cycles of amplification.  
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Following validation of the protocol with proviral DNA, protocol optimization shifted back 

to using HIV-1 viral RNA as the starting template material. Reverse transcription reactions were 

conducted in singleplex, as well as the preliminary and final amplification PCRs to troubleshoot 

initial issues with multiplexing the entire PCR protocol. For the HIVL primer panel, the final 

amplification step was evaluated as a singleplex or multiplex reaction. For the HIVR primer panel, 

gradient PCR (52°C-57°C) was used to determine the optimal annealing temperature in both the 

pre-amplification and final amplification PCR steps.  
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Table 2. Original Worobey et al. “RNA Jackhammering” amplicon-tiling protocol conditions  

 

Condition 

RT-PCR Step 

Reverse 

Transcription 

Pre-amplification  

(1st round PCR) 

Final 

Amplification 

(2nd round PCR) 

PCR Kit 

GoScript Reverse 

Transcription 

System (Promega) 

Platinum Taq 

DNA Polymerase 

High Fidelity 

(Invitrogen) 

Platinum Taq 

DNA Polymerase 

High Fidelity 

(Invitrogen) 

Template Material HIV-1 viral RNA 1st strand cDNA  Amplified cDNA 

# of primers used per PCR Multiplex Multiplex Singleplex 

Primer 

Concentration 

Forward 

Primer 

(initial; final) 

N/A 10 µM (0.4 µM) 10 µM (0.4 µM) 

Reverse 

Primer 

(initial; final) 

10 µM (1.5 µM) N/A 10 µM (0.4 µM) 

Thermocycler 

Settings 

Annealing 

Temperature 

& Time 

(per cycle) 

50°C  

30 min 

55°C  

30 min 
52°C 52°C 

Number of 

Amplification 

Cycles 

4 1 30 40 
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2.5 Amplicon-tiling of the HIV-1 genome using the HIVM Primer Panel 

After initial validation and optimization of the HIVL and HIVR primer panels produced 

suboptimal results, we shifted focus to the HIVM panel for evaluation. Figure 3 describes the 

characteristics of the HIVM primer panel and displays the amplicon coordinates across the HIV-1 

reference genome (HXB2). While the HIVM and HIVR primer panels are similar in design, there 

are a couple differences besides the number of amplicons in each panel (46 for HIVR and 50 for 

HIVM). The HIVM panel contains 10 primer pairs per pool (9 per pool with HIVR, with the 

exception of Pool A), meaning more primers per multiplex reaction. As a result, the primer binding 

and target sequence sites vary slightly from those found in the HIVR panel.  

2.5.1 HIVM Panel - Reverse Transcription 

ACCURUN positive control HIV-1 RNA material (54,000 copies/mL), 8E5 proviral DNA 

(100 copies/µL), EQAPOL plasma samples (10,000 copies/mL), and contrived DBS samples from 

EQAPOL DEMB11US011.01 (~45,000 to ~80,000 copies/mL) were all used as starting template 

material for evaluating reverse transcription reactions involving the HIVM primer panel. Initially, 

reverse transcription steps utilized the GoScript Reverse Transcription System (Promega, 

Madison, USA). After protocol optimization, reverse transcription was performed with the 

Superscript IV first-strand synthesis system (Invitrogen, Waltham, USA). All reverse transcription 

reactions were conducted as per the manufacturer’s recommendations for both kits, with an initial 

input of either 6 µL or 10 µL of RNA template, a pooled reverse primer concentration of 10 µM, 

and a final reaction volume of either 20 µL or 50 µL based on the input volume used. The HIVM 

primer panel consisted of five individually pooled reactions (10 primers within each pool). 

Reactions for each individual primer pools were conducted in multiplex.  
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Figure 3. HIVM primer panel pool layouts and primer binding locations. HIVM comprises 5 pools of primers (50 primer pairs 

total) generating shorter amplicons, anywhere from 200-300 base pairs in size. Figure adapted from Worobey et al. [42].
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The GoScript Reverse Transcription System incubation conditions were as previously 

described with the HIVL and HIVR panels in Section 2.4.1. Incubation conditions for the 

SuperScript IV first-strand synthesis system were as follows: denaturation at 70°C for 5 minutes; 

incubation on ice for 2 minutes; incubation at 50°C for 50 minutes, followed by 80°C for 10 

minutes; and an indefinite hold at 4°C. 

2.5.2 HIVM Panel - Pre-Amplification (1st round PCR) 

Pre-amplification PCR was performed in multiplex using the Platinum Taq DNA 

polymerase High Fidelity PCR kit (Invitrogen, Waltham, USA) as per the manufacturer’s 

recommendations, with a 10 µL input of template from reverse transcription, a pooled forward 

primer concentration of 10 µM, and a final reaction volume of 50 µL. Forward primers used in 

each pooled reaction corresponded to reverse primers within the same primer pool used in the RT-

PCR as described in Section 2.5.1. Incubation conditions were as follows: one cycle of 94°C for 3 

minutes; 30 cycles each of 94°C for 30 seconds, 52°C for 30 seconds, and 68°C for 30 seconds; 

one cycle of 68°C for 5 minutes; followed by an indefinite hold at 4°C.  

2.5.3 HIVM Panel - Final Amplification (2nd round PCR) 

Final amplification was conducted using the Platinum Taq DNA polymerase High Fidelity 

PCR kit (Invitrogen, Waltham, USA) as per the manufacturer’s recommendations, with an input 

of 10 µL of pre-amplified product, pooled forward and reverse primer concentrations of 10 µM 

each (final concentration of 0.2 µM per primer pool reaction), and a final reaction volume of 50 

µL. Final amplification reactions were conducted in multiplex. Incubation conditions were as 

follows: one cycle of 94°C for 3 minutes; 40 cycles each of 94°C for 30 seconds, 52°C for 30 

seconds, and 68°C for 30 seconds; one cycle of 68°C for 5 minutes; followed by an indefinite hold 

at 4°C. 
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2.5.4 HIVM Panel Optimization  

Our amplicon tiling PCR protocol using the HIVM primer panel was optimized through 

the progressive modification of individual reaction variables. Optimization of the pre-

amplification step was performed using 8E5 proviral DNA, thereby bypassing reverse 

transcription. Reverse transcription was optimized using plasma and DBS samples amplification 

results and adjusting the protocol accordingly for each sample type as previously described. Two 

different reverse transcription kits were evaluated, the GoScript reverse transcription system and 

SuperScript IV first-strand synthesis system, across multiple incubation parameters. Multiple 

reverse primer concentrations were evaluated for reverse transcription including 10 µM, 5 µM, 2.5 

µM, 1.75 µM, and 1.0 µM. Pre-amplification was evaluated at final forward primer concentrations 

of 1 µM, 0.6 µM, or 0.4 µM. Pre-amplification was also evaluated without additional reverse 

primers, or the addition at a final concentration of 0.4 µM. Lastly, the final amplification PCR was 

evaluated at final primer concentrations of either 0.4 µM or 0.2 µM. A comprehensive list of all 

variables tested are further summarized in Section 3 (Results). 

To further optimize each reaction for sensitivity and specificity, several PCR techniques 

were evaluated. For each approach, gradient PCR at 52°C, 55°C, and 57°C was used to determine 

the optimal annealing temperatures for the pre-amplification and final amplification. The 

traditional PCR described in Worobey et al. was compared to both hemi-nested and nested PCR 

strategies. For nested PCR, flanking primers outside the target area of interest in the pre-

amplification PCR, and inner primers were subsequently used during the final amplification PCR 

[49]. The hemi-nested PCR approach utilized an outer forward primer in the pre-amplification 

PCR but the reverse primer was conserved across both pre-amplification and the final 

amplification steps [49].  
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 2.6 Evaluation of Optimized Protocol Using Clinical and Contrived Specimens 

The final, optimized protocol was tested on EQAPOL plasma samples, contrived DBS 

samples, and clinically positive HIV-1 subtype B serum samples from the Canadian HIV Strain 

and Drug Resistance (SDR) Surveillance Program [78]. Nuclease-free water was used as a 

negative control for both plasma and serum samples. DBS cards containing HIV-negative whole 

blood were used as negative controls for DBS samples. A complete list of all primers used in the 

finalized protocol for sequencing the pol gene are found in Table A.5.  

All reverse transcription reactions were conducted using the SuperScript IV first-strand 

synthesis system as per the manufacturer’s recommendations, with 10 µL of RNA template added, 

a pooled reverse primer concentration of 10 µM, and a final reaction volume of 50 µL, as per the 

incubation conditions described in Section 2.5.1. Individual reverse transcription reactions for each 

primer pool were conducted in multiplex targeting specifically the pol region. The resulting first-

strand cDNA product was purified and size-selected using Agencourt AMPure XP beads 

(Beckman Coulter, Brea, USA) as per the manufacturer’s protocol. Right-sided cleanup was 

performed with an AMPure XP bead-to-sample ratio of 1.8x and automated using the epMotion 

5075 liquid handling system (Eppendorf, Hamburg, Germany).     

Pre-amplification PCR was performed in multiplex using the Platinum Taq DNA 

polymerase High Fidelity PCR kit (Invitrogen, Waltham, USA) as per the manufacturer’s 

recommendations, with a 10 µL input of template from reverse transcription, a pooled forward 

primer concentration of 10 µM, a universal reverse primer of 0.4 µM, a final reaction volume of 

50 µL, and the same incubations as described for this kit in Section 2.5.2. Pre-amplification was 

hemi-nested, with forward primers located upstream of the pol region target sequences (Figure 3).  

The resulting first-strand cDNA product was purified and size-selected using Agencourt AMPure 
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XP beads as per the manufacturer’s protocol. Right-sided cleanup was performed with an AMPure 

XP bead-to-sample ratio of 1.0x and automated using the epMotion 5075 liquid handling system.  

The final amplification was conducted in singleplex using the Platinum Taq DNA 

polymerase High Fidelity PCR kit as per the manufacturer’s recommendations, with an input of 

10 µL of pre-amplified product, forward and reverse primer concentrations of 0.4 µM, and a final 

reaction volume of 50 µL. Touchdown-PCR was used, with incubation conditions as follows: 

denaturation at 94°C for 3 minutes; 10 cycles each of 94°C for 30 seconds, 62°C for 1 minute with 

step downs of 1.0°C each cycle, and 68°C for 30 seconds; 30 cycles each of 94°C for 30 seconds, 

52°C for 1 minute, and 68°C for 30 seconds; one cycle of 68°C for 5 minutes; followed by an 

indefinite hold at 4°C. As part of the protocol, pol region DRMs that were not fully captured with 

sufficient coverage were reprocessed, beginning with stored cDNA and specifically targeting any 

coverage gaps.  

2.7 Next-Generation Sequencing Protocol Using Illumina MiSeq  

2.7.1 Amplicon Sequencing with the Nextera XT Library Preparation Kit 

 Sequencing runs using the Nextera XT DNA library preparation kit (Illumina, San Diego, 

USA) were conducted according to the manufacturer’s protocol [79] and automated with the 

epMotion 5075 liquid handling system (Eppendorf, Hamburg, Germany). 

2.7.2 Development, Design, and Implementation of Direct Sequencing Primers 

 Direct sequencing primers were designed based on the methods of Zhou et al [74–76] and 

Thompson et al. [77].  UMIs were utilized at the reverse transcription step to facilitate PCR bias 

corrections during data analysis. Each UMI consisted of a 10-base pair random nucleotide 

sequence incorporated into reverse transcription primers, as per the methods of Zhou et al [74–

76]. Primer sets for pre-amplification and final amplification incorporated Illumina adaptors and 
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indices to facilitate direct sequencing of final products. Specifically, reverse primers in pre-

amplification contained a portion of the Illumina P7 adaptor sequences. Elongated forward primers 

for the final amplification step included a P5 adaptor sequence, and a reverse primer contained i7 

single-index barcodes to facilitate multiplex sequencing. A partial list of direct sequencing primers 

used for sequencing the pol gene region is shown in Table 3 and the full list of primers used can 

be found in Appendix Tables A.4 – A.7. 

2.7.3 Preparation of Illumina Sequencing Libraries Using Custom i7 Primer Constructs 

Final amplicon libraries were quantified using the Qubit 1x dsDNA high sensitivity assay 

kit (Invitrogen, Waltham, MA) and pooled at equimolar concentrations. These equimolar amplicon 

pools were quantified again via Qubit, before being combined with other samples with unique 

indices at equimolar concentrations.  The final libraries consisting all amplicons and samples to be 

sequenced was purified and size-selected using Agencourt AMPure XP beads as per the 

manufacturer’s protocol (Beckman Coulter, Brea, USA). Right-sided cleanup was performed with 

an AMPure XP bead-to-sample ratio of 0.5x, and left-sided cleanup with a ratio of 0.85x. This 

double-sided cleanup was done to effectively size-select for amplicons that were around 350-550 

bp in size, removing any fragments that were larger, or smaller, than this range. Effectiveness of 

size selection was assessed with the Agilent TapeStation using D1000 ScreenTapes (Agilent, Santa 

Clara, USA) and the purified mixture was quantified using the Qubit 1x dsDNA high sensitivity 

assay kit. The molarity of the purified sequencing library was calculated based on the average 

values from TapeStation and Qubit, and libraries were diluted to 4 nM. Libraries were prepped for 

sequencing per the Illumina MiSeq system Denature and Dilute Libraries Guide, following 

Protocol A and a 10% PhiX spike-in [80].  
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Table 3. List of designed option #1 direct sequencing primer sequences targeting the pol gene region.  

Primera 5’ – 3’ Sequence  Comment 

HIVM_D2Rb GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

CYTTTAGTTGCCCYCCTA 
cDNA primer with UMI for PR 

HIVM_D3Rb GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

TGYYGCCCTATTTCTAAGTC 
cDNA primer with UMI for RT 

HIVM_D4Rb GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

CTRTTRGCTGCCCCATC 
cDNA primer with UMI for RT 

HIVM_D5.4Rb GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

TGCTATTATRTCTAYTATTCTTTCC 
cDNA primer with UMI for IN 

HIVM_C2F TGTCAGGGAGTRGGRGGA 
1st round PCR forward primer 

for PR 

HIVM_C3F TGGGCCTGAAAAYCCAT 
1st round PCR forward primer 

for RT 

HIVM_C4F GGAGTGTATTATGACCCATC 
1st round PCR forward primer 

for RT 

HIVM_C5F YCCAGGAATATGGCAAYTAG 
1st round PCR forward primer 

for IN 

Universal 

Adapter 

Reverse  

GTGACTGGAGTTCAGACGTGTGCTC 1st round PCR reverse primer 

HIVM_D2F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGWTGYACTGAGAGACAGGCTA 

2nd round PCR forward primer 

for PR w/ Illumina adapter 

sequence 
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HIVM_D3F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGGTAYTGGATGTRGGTGATG 

2nd round PCR forward primer 

for RT w/ Illumina adapter 

sequence 

HIVM_D4F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGTTAACAGAGGCAGTGCA 

2nd round PCR forward primer 

for RT w/ Illumina adapter 

sequence 

HIVM_D5.4F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGTAGCAGGAAGATGGCCAG 

2nd round PCR forward primer 

for IN w/ Illumina adapter 

sequence 

Indexed 

Adapterc 

CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAG 

ACGTGTGCTC 

2nd round PCR reverse primer w/ 

Illumina adapter sequence and 

barcodes 

PR = protease, RT = reverse transcriptase, IN = integrase 
aList of designed direct-sequencing primers is not exhaustive; the sequence table is only a portion of the total. Refer to Appendix Tables 

A.6 to A.8 for a complete list of primers tested. Primers used in the finalized pol gene sequencing protocol are found in Table A.5. 
bcDNA primer contains a block of degenerate nucleotides (Ns) as the Primer ID.  
cIndexed adaptors contain Ns which are a set of 48 pre-designed barcodes for multiplexing samples in one run. 
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2.8 Bioinformatics Processing of Next-Generation Sequencing Data 

The bioinformatics workflow used for processing sequencing data generated from Nextera 

XT libraries is summarized in Figure 4.  A schematic of the entire bioinformatics workflow used 

for processing sequencing data from custom direct-to-sequencing primers is displayed in Figure 5. 

Raw quality characteristics were assessed with FastQC [81]. For reads including UMIs, UMI-tools 

extract [82] was used to group paired reads based on the 10-base UMI in Read 2 sequences. 

Following this, reads were trimmed using Trimmomatic [83] to remove adaptor and primer 

sequences. Trimmed reads were aligned to a reference HIV-1 genome HXB2 (NCBI reference: 

K03455.1) using bowtie2 [84]. For samples containing UMIs, the BAM output file was processed 

with UMI-tools dedup [82] to isolate unique template reads. Samtools [85] was used to generate 

DEPTH and FASTQ files from BAM files.  DEPTH output files were visualized with the R 

package ggplot2 [86] to generate coverage plots. FASTQ files were uploaded into HyDRA [25] 

for drug-resistance mutation analyses. 

 



38 

 

Figure 4. Bioinformatics workflow for processing NGS data without UMIs. FastQC checks for quality metrics of the generated 

reads and the presence of internal primer or adapter sequences. Trimmomatic removes these unwanted sequences from reads. Bowtie2 

performs reference mapping to align reads to the HIV-1 reference genome (HXB2). Samtools converts file formats from a SAM file to 

a DEPTH file. The resulting DEPTH file is uploaded into the programming language R and used as the primary data source by the R 

package ggplot2 to generate a coverage plot for depth of coverage analysis. Squares represent programs used within Linux command 

line and circles represent output files of these programs.
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Figure 5. Bioinformatics workflow for processing deduplicated reads using UMIs. FastQC checks for quality metrics of the 

generated reads and the presence of internal primer or adapter sequences. UMI-tools identifies areas where UMIs are specified in the 

read sequence and attaches the UMI to the read for further downstream processing. Trimmomatic removes unwanted sequences from 

reads such as internal primer or adapter sequences. Bowtie2 performs reference mapping to align reads to the HIV-1 reference genome 

(HXB2). At this point, UMI-tools is the critical tool allowing for recognition and removal of duplicate reads to retain only unique, 

deduplicated reads. In this pipeline, Samtools converts file formats in one of two ways: 1) from a BAM file to a DEPTH file for upload 

to R and coverage plot generation and depth of coverage analysis in ggplot2; or 2) from a BAM file to FASTQ file for upload into 

HyDRA for DRM analysis.  Squares represent programs used within Linux command line and circles represent output files of these 

programs.



40 

 

Chapter 3: Results 

3.1 RNA Jackhammer Protocol Manipulation Using HIVL & HIVR Primer Panels 

 First, we aimed to replicate the work of Worobey et al. [42], which describes an amplicon-

based tiling protocol for HIV-1 full-length genome sequencing (parameters summarized in Table 

2 from Chapter 2). Initial experiments utilized primer panels HIVL and HIVR, and initially 

produced no amplification. Following this, we systematically adjusted PCR parameters including 

primer concentration, cycling conditions, and PCR kits, as summarized in Table 4 and Table 5. 

When analyzing amplicon production results, factors such as presence of target amplicon and 

correct base pair size, band intensity, product yield, and presence (or absence) of off-target bands 

signaling non-specific binding, directly impacted future optimization decisions. Across all 

conditions tested, all reactions produced no amplification or non-specific product formation. Due 

to the limited success of primer panels HIVL and HIVR, we moved forward with the HIVM primer 

panel (see section 3.2), which provided more robust amplification.  
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Table 4. List of parameters evaluated during the validation and optimization of the RNA 

Jackhammering protocol with the HIVL primer panel. 

RT-PCR 

Protocol Step 
Condition 

Original 

Condition 

Tested 

Variables 

Optimized 

Condition 

Order of 

Optimization 

Reverse 

Transcription 

/ Pre-

amplification 

Amplification 

Starting Point 

HIV-1 viral 

RNA 

8E5 proviral 

DNA 

8E5 proviral 

DNA 
3rd  

Pre-

amplification  

Number of 

Primers per 

Reaction 

Multiplex 

Multiplex 

Multiplex 1st  

Singleplex 

Forward 

Primer 

Concentration 

(initial & 

final) 

10 µM (0.4 

µM) 

5 µM (0.2 

µM) 
10 µM (0.4 

µM) 
4th  

10 µM (0.4 

µM) 

Number of 

Amplification 

Cycles 

30 40 30 5th  

Final 

Amplification 

PCR 

Number of 

Primers per 

Reaction 

Multiplex 

Multiplex 

Multiplex 1st  

Singleplex 

Forward 

Primer 

Concentration 

(initial & 

final) 

10 µM (0.4 

µM) 

10 µM (0.2 

µM) 
10 µM (0.4 

µM) 

2nd  

10 µM (0.4 

µM) 

Reverse 

Primer 

Concentration 

(initial & 

final) 

10 µM (0.4 

µM) 

10 µM (0.2 

µM) 
10 µM (0.4 

µM) 10 µM (0.4 

µM) 
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Table 5. List of parameters evaluated during the validation and optimization of the RNA 

Jackhammering protocol with the HIVR primer panel.  

RT-PCR 

Protocol Step 
Condition 

Original 

Condition 

Tested 

Variables 

Optimized 

Condition 

Order of 

Optimization 

Reverse 

Transcription 

/ Pre-

amplification 

Amplification 

Starting Point 

HIV-1 viral 

RNA 

8E5 proviral 

DNA 

8E5 proviral 

DNA 
4th  

Pre-

amplification  

Number of 

Primers per 

Reaction 

Multiplex 
Multiplex 

Multiplex 1st  

Singleplex 

Forward 

Primer 

Concentration 

(initial & 

final) 

10 µM (0.4 

µM) 

5 µM (0.2 

µM) 
10 µM (0.4 

µM) 
5th  

10 µM (0.4 

µM) 

Annealing 

Temperature 

and Time (per 

cycle) 

52°C 

30 seconds 

52°C 

30 seconds 

52°C 

30 seconds 
3rd  

55°C 

30 seconds 

57°C 

30 seconds 

Number of 

Amplification 

Cycles 

30 40 30 6th  

Final 

Amplification 

PCR 

Number of 

Primers per 

Reaction 

Multiplex 

Multiplex 

Multiplex 1st  

Singleplex 

Forward 

Primer 

Concentration 

(initial & 

final) 

10 µM (0.4 

µM) 

10 µM (0.2 

µM) 
10 µM (0.4 

µM) 
2nd  

10 µM (0.4 

µM) 

Reverse 

Primer 

10 µM (0.4 

µM) 

10 µM (0.2 

µM) 

10 µM (0.4 

µM) 
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Concentration 

(initial & 

final) 

Annealing 

Temperature 

and Time (per 

cycle) 

52°C, 30 sec 

52°C, 30 sec 

52°C 

30 seconds 
3rd  55°C, 30 sec 

57°C, 30 sec 
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3.2 RNA Jackhammer protocol optimization using the HIVM primer panel  

Initially, we attempted to multiplex the entire protocol, including reverse transcription, 

preliminary amplification, and the final amplification. Despite the evaluation of multiple primer 

concentrations and annealing temperatures, we determined that multiplexing all protocol steps 

produced extensive off-target formation and uneven coverage, rending the assay unsuitable for 

clinical use. Following this conclusion, we moved forward with a hemi-nested approach to increase 

specificity, while continuing to aggressively multiplex reverse transcription as well as pre-

amplification steps. The final amplification step was performed in singleplex.  

For each step of the process, multiple parameters were optimized towards improving yields 

and evenness of coverage (Table 6). When analyzing amplicon production results, factors such as 

presence of target amplicon and correct base pair size, band intensity, product yield, and presence 

(or absence) of off-target bands signaling non-specific binding, directly impacted future protocol 

optimization decisions. For reverse transcription, the SuperScript IV First-Strand Synthesis 

System improved positive amplification yields and decreased total reaction time from 150 to 60 

minutes. This signified a major advancement to the original protocol, allowing completion within 

a single working day and increasing the feasibility for its routine clinical use. Implementing a 

hemi-nested PCR approach during PCR pre-amplification further improved specificity and 

sensitivity, with amplification rates of ~70-80% and decreased formation of non-specific products 

(Figure A.1).   

Primer concentration was one of the most heavily optimized reaction conditions in this 

study, with evaluated reaction primer concentrations ranging from 0.2 µM to 10 µM. For reverse 

transcription and pre-amplification, primer concentrations of 0.6 µM produced the most target-
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specific amplification. For the final amplification, a final primer concentration of 0.4 µM, for both 

the forward and reverse primers, produced the most target-specific amplification (Figure A.2).  

3.3 Validation of original RNA Jackhammering protocol for HIV-1 whole genome 

We then proceeded to evaluate the optimized amplicon-tiling PCR protocol using samples 

from the EQAPOL HIV-1 viral diversity panel (Duke Human Vaccine Institute, Durham, USA). 

Following sequencing with the Illumina MiSeq and data processing, this protocol produced 63.3% 

full genome coverage (Figure 6). Importantly, this failed to reach our targets for coverage and 

missed genome regions that may harbour clinically-important HIV DRMs. Therefore, we focused 

future work on primer sets targeting known DRMs, primarily in the pol region, towards the 

development of an assay that provides coverage across all clinically-relevant genome regions.  
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Table 6. List of parameters evaluated during the validation and optimization of the RNA 

Jackhammering protocol with the HIVM primer panel. 

RT-PCR 

Protocol 

Step 

Condition 
Original 

Condition 

Tested 

Variables 

Optimized 

Condition 

Order of 

Optimization 

Reverse 

Transcription  

Reverse 

Transcription 

Kit 

GoScript 

Reverse 

Transcription 

System 

(Promega) 

GoScript 

Reverse 

Transcription 

System 

(Promega) 

SuperScript 

IV First-

Strand 

Synthesis 

System 

(Invitrogen) 

6th  SuperScript 

IV First-

Strand 

Synthesis 

System 

(Invitrogen) 

Reverse 

Primer 

Concentration 

(initial; final) 

10 µM (1.5 

µM) 

100 µM (10 

µM) 

10 µM (0.6 

µM) 
9th  

50 µM (5 

µM) 

25 µM (2.5 

µM) 

17 µM (1.75 

µM) 

10 µM  (1.5 

µM) 

10 µM (0.6 

µM) 

Random 

Hexamers  

(50 ng/µL) 

Reverse 

Transcription  
Annealing 

Temperature 

50°C, 30 min  

& 55°C, 30 

min 

50°C, 30 min  

& 55°C, 30 

min 

50°C, 50 

min 
7th  
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and Time (per 

cycle) 

50°C, 50 min 

50°C, 20 min 

50°C, 10 min 

Number of 

Amplification 

Cycles 

4 (50°C) &  

1 (55°C)  

4 (50°C) &  

1 (55°C) 
1 8th  

1 

Reverse 

Transcription 

/ Pre-

amplification 

Amplification 

Starting Point 

HIV-1 viral 

RNA 

8E5 proviral 

DNA 

HIV-1 viral 

RNA 
3rd  

Pre-

amplification 

/  Final 

Amplification 

PCR Kit 

Platinum 

Taq DNA 

Polymerase 

High Fidelity 

(Invitrogen) 

Platinum Taq 

DNA 

Polymerase 

High Fidelity 

(Invitrogen) 

Platinum 

Taq DNA 

Polymerase 

High 

Fidelity 

(Invitrogen) 

5th  

Platinum 

SuperFi DNA 

Polymerase 

(Invitrogen) 

Pre-

amplification  

Number of 

Primers per 

Reaction 

Multiplex 

Multiplex 

Multiplex 1st  

Singleplex 

Forward 

Primer 

Concentration 

(initial; final) 

10 µM (0.4 

µM) 

10 µM  

(1 µM) 

10 µM  

(0.6 µM) 

10th  

10 µM  

(0.6 µM) 

10 µM  

(0.4 µM) 

Reverse 

Primer 

Concentration 

(initial; final) 

10 µM (0.4 

µM) 

N/A 

N/A 
10 µM  

(0.4 µM) 
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Annealing 

Temperature 

& Time 

(per cycle) 

52°C, 30 sec 

52°C, 30 sec 

52°C, 30 sec 4th  55°C, 30 sec 

57°C, 30 sec 

Number of 

Amplification 

Cycles 

30 

30 

30 12th  

40 

Conventional 

PCR 

modifications 

N/A 

Gradient PCR 

Hemi-nested 

PCR  
2nd  

Nested PCR 

Hemi-nested 

PCR 

Final 

Amplification 

Number of 

Primers per 

Reaction 

Multiplex 

Multiplex 

Singleplex 1st  

Singleplex 

Forward 

Primer 

Concentration 

(initial; final) 

10 µM  

(0.4 µM) 

10 µM  

(0.2 µM) 10 µM  

(0.4 µM) 

11th  

10 µM  

(0.4 µM) 

Reverse 

Primer 

Concentration 

(initial; final) 

10 µM  

(0.4 µM) 

10 µM  

(0.2 µM) 10 µM  

(0.4 µM) 10 µM  

(0.4 µM) 

Annealing 

Temperature 

& Time 

(per cycle) 

52°C, 30 sec 

52°C, 30 sec 

52°C, 30 sec 4th  55°C, 30 sec 

57°C, 30 sec 

Conventional 

PCR 

modifications 

N/A 

Gradient PCR 

Hemi-nested 

PCR 
2nd  

Nested PCR 

Hemi-nested 

PCR 
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Figure 6. Coverage analysis of the optimized amplicon-tiling PCR protocol across the HIV-1 subtype B genome. Following 

aggressively multiplexed pre-amplification steps, singleton PCRs were performed for all 50 primer pairs. EQAPOL HIV-1 subtype B 

plasma was used as sample template at a viral load of 10,000 copies/mL. 
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3.4 Development and optimization of the PCR protocol using direct sequencing primers 

We aimed to improve our protocol for high-throughput clinical use by incorporating 

Illumina sequencing adapters and UMIs into our primer sets. Initially, this resulted in poor 

amplification and the generation of non-specific products; however, through protocol 

optimization, primarily the introduction of bead purification steps, we were able to achieve fairly 

robust amplification. These protocol changes are summarized in Table 7. Specifically, we 

optimized the protocol in regards to primer concentration, annealing temperature, annealing time, 

and AMPure XP bead-to-sample ratios. This resulted in a final protocol with the following 

parameters: For reverse transcription, a final reverse primer pool concentration of 0.6 µM (0.15 

µM each primer) and bead-to-sample volume ratio of 1.8. For pre-amplification, a final forward 

primer pool concentration of 0.6 µM (0.06 µM each primer), 0.4 µM for the universal reverse 

primer, an annealing step at 52°C for 1 minute per cycle, and a bead-to-sample ratio of 1.0. For 

final amplification, final concentrations of 0.4 µM for both the forward adaptor primer and the 

index reverse primer, and a touchdown PCR conducted at 62°C and decreased by 1°C per cycle 

for 10 cycles until an annealing temperature of 52°C was reached. Namely, we found the 

introduction of a bead-based PCR cleanup following pre-amplification, along with the use of 

touchdown PCR, markedly increased performance.  
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Table 7. List of parameters evaluated during the optimization of our HIV direct sequencing 

primer protocol with the HIVM primer panel.  

RT-PCR 

Protocol Step 
Condition 

Original 

Condition 
Tested Variables 

Optimized 

Condition 

Reverse 

Transcription  

AMPure XP  

bead-to-

sample ratios 

N/A 

1.8x  

1.8x  
1.4x  

1.1x  

1.0x  

Pre-amplification  

Number of 

primers per 

reaction  

(first pass of 

protocol) 

Multiplex 

Singleplex 

Multiplex 

Multiplex 

Number of 

primers per 

reaction 

(second pass 

of protocol; if 

needed) 

Multiplex 

Singleplex 

Singleplex 

Multiplex 

Forward 

Primer 

Concentration 

(initial; final) 

10 µM (0.4 µM) 

10 µM (1 µM) 

10 µM (0.6 µM) 10 µM (0.6 µM) 

10 µM (0.2 µM) 

Reverse 

Primer 

Concentration 

(initial; final) 

N/A 

10 µM (0.4 µM) 

10 µM (0.4 µM) 10 µM (0.2 µM) 

N/A 

Annealing 

Temperature 

& Time  

(per cycle) 

52°C, 30 sec 

52°C, 30 sec 

52°C, 1 min 
52°C, 1 min 

55°C, 30 sec 

57°C, 30 sec 



52 

 

62°C - 1°C, 1 min 

& 52°C, 1 min 

Number of 

amplification 

cycles 

30 

30 

30 
10 (62°C - 1°C) & 

20 (52°C) 

Pre-amplification 

AMPure XP  

bead-to-

sample ratios 

N/A 

1.0x  

1.0x 

0.9x 

PCR 

modifications 
N/A 

Standard PCR 

Hemi-nested 

PCR Hemi-nested PCR 

Nested PCR 

Final 

Amplification  

Forward 

Primer 

Concentration 

(initial; final) 

10 µM (0.4 µM) 

10 µM (0.4 µM) 

10 µM (0.4 µM) 

10 µM (0.2 µM) 

Reverse 

Primer 

Concentration 

(initial; final) 

10 µM (0.4 µM) 

10 µM (0.4 µM) 

10 µM (0.4 µM) 

10 µM (0.2 µM) 

Annealing 

Temperature 

& Time  

(per cycle) 

52°C, 30 sec 

52°C, 30 sec 

62°C - 1°C, 1 

min 

& 52°C, 1 min 

52°C, 1 min 

55°C, 30 sec 

57°C, 30 sec 

62°C - 1°C, 1 min 

& 52°C, 1 min 

62°C - 1°C, 1 min 

& 48°C, 1 min 

62°C – 0.5°C, 1 min 

& 48°C, 1 min 
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Number of 

amplification 

cycles 

40 

40 

10 (62°C - 1°C) 

& 

30 (52°C) 

10 (62°C - 1°C) & 

30 (52°C) 

28 (62°C – 0.5°C) & 

17 (48°C) 

14 (62°C – 1°C) & 

30 (48°C) 

PCR 

modifications 
N/A 

Traditional PCR Touchdown 

PCR Touchdown PCR 

 

 

 

 

 

 

 

 

 

 

 

 



54 

 

3.5 Final optimized sequencing protocol for HIV-1 drug resistance surveillance within pol 

gene  

Our final sequencing protocol for HIV-1 drug resistance targets the pol gene, where the 

majority of clinically relevant drug-resistance mutations are found within the HIV-1 genome 

(Figure 7). Primers used within the final protocol were a combination HIVM panel primers, which 

we modified to allow for direct sequencing, and primers that we re-designed and implemented to 

replace certain HIVM primers experiencing non-amplification of the target sequence. We were 

able to effectively implement direct-to-sequencing primers into our protocol, which markedly 

increased feasibility and efficiency of the protocol by eliminating the need for costly and time-

consuming NGS library preparation and the need for commercial kits. We also implemented UMIs, 

which allowed for the introduction of PCR bias correction steps into our in silico analyses. We 

outline our final sequencing protocol process in Figure 7 and Figure 8.  
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Figure 7. Target locations of direct-sequencing primers for the HIV-1 pol gene region 

according to the HIV-1 reference genome map. (A) HIV-1 reference genome map (HXB2) 

highlighting the location of the pol gene region about the entire HIV-1 genome. (B) Primer 

locations spanning the entire pol gene region according to the HIV-1 reference genome map 

(HXB2). Primers utilized are a combination of HIVM panel primers and entirely new, redesigned 

primers. Amino acid positions are marked for drug-resistance mutations within the protease, 

reverse transcriptase and integrase regions of the pol gene (Stanford HIV-1 drug resistance 

database). 
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Figure 8. Direct-sequencing primer protocol including UMIs for HIV-1 drug resistance 

testing. Illumina adaptor (P5/P7; green) and PCR primer sites (red) are attached along with a 

unique molecular identifier (UMI; orange) and a spacer (GG; grey) to the reverse primer used in 

cDNA synthesis. The 2nd round PCR primer includes a spacer and random four-nucleotide 

sequence (N4; yellow) to add diversity to the samples' initial sequence reads. Illumina single-index 

sequences (six nucleotides; purple) are included in the 2nd round of PCR and are used for all 20 

singleplex primer reactions per HIV sample. 
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3.6 Sequencing data analyses and UMI correction 

We utilized UMIs in our protocol as a means to mitigate PCR biases common to nested 

and hemi-nested PCR protocols with a high number of cycles.  For example, coverage plots before 

and after deduplication are shown in Figure 9B. There were a total number of 700,467 mapped 

reads (Figure 9A), decreasing to 17,736 following deduplication. The frequency of sequencing 

errors in barcode reads, as well as barcode swapping, was estimated by inputting artificial barcode 

sequences into Illumina run software that contained single nucleotide substitutions from our real 

experimental barcodes. Base pairs substitutions were simulated at all barcode positions for a total 

of six artificial barcodes sequences. For example, false reads from a change in the third base pair 

position of the barcode produced approximately 16 reads, as shown in Figure A.3. From this work, 

we estimated the error rate at each position within the barcode sequence to be approximately 1-

6%, which should be considered in barcode design. As all barcodes differed at two or more base 

locations, we therefore expect crossover events of <0.1%, which should be taken into consideration 

when calling ultra-low prevalence DRMs.  

The optimized protocol in full was tested on six clinical serum samples positive for HIV. 

The results of implementing the protocol on clinical HIV-1 subtype B samples are shown in Figure 

10. Several of the samples were stored from 2013. In total, 9,510,158 reads were obtained across 

all samples, with 5,702,364 aligning and 58,867 surviving deduplication (Table 8). This resulted 

in a coverage of 99.87%. Average percent loss of NGS reads after collapsing reads from a given 

sample’s templates was about 90%. Complete amplification of the pol gene was obtained in a 

single pass of the protocol for 4/6 of the clinical samples (66%). Complete coverage was obtained 

for the remaining two samples following a second pass of the protocol targeting regions of failed 

amplification, beginning with stored cDNA. Together, this represented a successful execution of 
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the optimized protocol which is functional for clinical use. In particular, this may be useful for 

HIVDR testing of degraded or archival clinical samples.  

Template utilization (or the percent of input genomes sequenced) when using clinical 

specimens has been observed to be anywhere from 5-10% [87]. When determining the minimum 

number of raw reads needed for each sample an average number of 30 raw sequence reads per 

unique Primer ID are needed to ensure the majority of sequenced templates appear in the data set 

[87]. While the viral loads of all clinical HIV-1 samples we tested were not exactly known, they 

were estimated to be at least 1,000 copies/mL at the time of collection. If we assume an input RNA 

template number of 450 copies and 10% template utilization (i.e. 45 templates are getting 

sequenced by independent UMIs), and 20 amplicon regions being sequenced, we need 270,000 

raw reads according to Zhou et al [87]. Taking into consideration that 40-50% of raw reads are 

either of low quality, or will be discarded as “offspring” sequences of independent UMIs [87], we 

would need 450,000 raw sequence reads per sample. In our MiSeq runs (with a 10% PhiX control 

to increase quality), we have observed around 10 million raw sequence reads being produced, 

which is concordant with what has been observed by Zhou et al [87]. With these results, we would 

be able to pool 22 samples for each MiSeq run and should recover enough template sequences for 

each region and specimen (which would be 45 template sequences per amplicon region).  

Using a quick formula based on the Clopper-Pearson method (300/N), one can estimate the 

sampling sensitivity (in %) of detecting a variant with 95% confidence [87]. With this formula, 

300 sequenced genomes are needed to have 95% confidence that a drug resistance mutation present 

at a true abundance of 1% is detected. Likewise, 60 sequenced templates would need to be 

sequenced in order to have 95% confidence that a drug resistance mutation present at a true 

abundance of 5% is detected.  
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Figure 9. Coverage depth of an HIV-1 subtype B DBS sample before (A) and after (B) 

deduplication. Input was an HIV-1 subtype B DBS sample which had been previously contrived 

from an EQAPOL plasma sample designated as DEMB11US01.11. (A) All reads, including PCR 

duplicates, have been included in the coverage analysis of the entire pol gene. (B) PCR duplicates 

have been removed with only unique reads shown in the coverage plot analysis.  
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Figure 10. Coverage plot of gag/pol and pol gene of six individually archived clinical HIV-1 samples after deduplication (A-F). 

Sequenced samples were clinical HIV-1 subtype B serum samples archived at the JC Wilt Infectious Diseases Research Centre since 

2013. Exact viral loads of each samples were not known, but were estimated at >1,000 copies/mL at the time of collection. Two samples 

(B and E) required a second pass through the protocol to obtain 100% coverage over all clinically-relevant DRMs.   Coverage for each 

of these samples is reflected above after a second pass through of the protocol. The gag region is shown above from genome base pair 

positions 1879 to 2252. 
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Table 8. Unique read counts and depth of coverage for archived clinical HIV-1 samples 

Sample Name 
Raw reads per 

sample 

Reads per 

sample 

(deduplicated) 

Average depth 

per sample 

(mean) 

Depth per 

million reads 

SDR-3 1,683,245 8,391 331.47 196.92 

SDR-4 1,530,095 2,551 103.21 67.45 

SDR-5 1,771,120 17,347 711.65 401.81 

SDR-6 1,774,020 18,061 738.57 416.33 

SDR-7 1,318,254 4,489 182.152 138.18 

SDR-8 1,433,424 8,028 331.09 230.98 
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3.7 Dried Blood Spot degradation experiment with utility of protocol with degraded samples 

 Ideally, an optimized amplicon tiling protocol should be compatible with DBS samples, 

even those that have been moderately degraded through improper shipment or storage. Therefore, 

we tested our protocol using progressively degraded DBS samples. To simulate poor storage 

conditions, samples were degraded from 1-28 days in an incubator at 37°C and 91% humidity. 

Any sample that initially did not achieve 100% coverage of the entire pol gene was reprocessed 

through the sequencing protocol targeting non-amplified regions. With this approach, all notable 

DRMs were covered by sequencing (Figure 11).  

Partially degraded samples following 1-14 days of humidity and heat treatment still demonstrated 

a high level of coverage. Coverage achieved through this approach was 95% at day 1, 94.4% at 

day 7, 94% at day 14, and 99% at day 28 (Figure 12). Any comparison of day 28 to the other 

samples is not a direct comparison of degradation as we conducted a second-pass of the original 

cDNA for this sample, but not the others due to time constraints. We also compared our optimized 

protocol to the long-range PCR currently used for routine surveillance in the NMLB National 

Laboratory for HIV Genetics, a WHO-accredited, internationally-recognized, HIVDR reference 

lab. The comparator long-range PCR protocol amplifies ~1000 base pair amplicons covering the 

entire protease (PR) and reverse transcriptase (RT) regions of the pol gene. The long-range PCR 

protocols were able to amplify target regions up to 14 days of degradation, after which the template 

failed to amplify (Table 9).  
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Figure 11. Coverage plot of deduplicated reads from non-degraded DBS on (A) first and 

(B) second pass through with our developed protocol. Known locations of common clinically-

relevant DRMs are highlighted below coverage plots as indicated by vertical blue lines. Input 

was an HIV-1 subtype B DBS sample contrived from EQAPOL DEMB11US01.11 plasma. The 

NML in-house, long-range protocol amplicon locations for PRRT and IN are portrayed above the 

coverage plots. With our protocol, a portion of the gag/pol gene overlap is covered, increasing 

the number of potential DRMs we can capture.   
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Figure 12. Coverage plots following amplicon-tiling sequencing of degraded DBS samples after deduplication. Coverage displayed 

is after a second pass with samples through our direct sequencing protocol. Samples were incubated at 37°C and 91% humidity and 

assessed at the following time points: (A) time zero, (B) 1-day, (C) 7-days, (D) 14-days, and (E) 28-days. Degradation was measured 

using Agilent High Sensitivity RNA Screentapes (Table 9).  DBS samples were contrived in 2018 from an EQAPOL HIV-1 subtype B 

plasma sample dried onto DBS cards and stored at -80°C.  
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Table 9. Comparison of our amplicon-tiling approach to long-range PCR for amplicons of 

the PRRT region using degraded DBS samples.  

PCR Protocol 

Target 

Amplicon 

Length (bp) 

Incubation Time  
RNA Integrity 

Number (RINe)a 

Coverage of pol 

region 

Direct-

Sequencing 

Primers w/ 

UMIs 

~400-500 

0 days 5.1 100% 

1-day 4.5 95% 

7-days 3.2 94.4% 

14-days 2.8 94.1% 

28-days nd 99%b 

In-house  

long-range   
~1000 

0 days 5.1 100% 

1-day 4.5 100% 

7-days 3.2 100% 

14-days 2.8 0% 

28-days nd 0% 

aRINe values were measured using Agilent High Sensitivity RNA Screentapes. nd; not determined. 
bCoverage observed at 28-days of degradation incubation is not a direct comparison to the 

coverage of other degradation incubation times.  
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Chapter 4: Discussion 

According to the latest World Health Organization HIV Drug Resistance Report, 10% of 

adults initiating antiretroviral treatment have HIVDR to NNRTIs, with incidence rates tripled 

when individuals have previously used antiretroviral drugs [88]. With the prevalence of HIVDR, 

future research priorities include the development of innovative surveillance methods for 

identifying drug-resistance mutations within the HIV-1 genome [89]. 

Depending on the use case scenario, samples may be collected as either whole blood, 

plasma, serum, or as DBS. Regardless of the sample type, there is always a risk of HIV degradation 

during sample transport and storage [90]. In particular, highly accessible sample types, such as 

DBS, can be difficult to sequence – especially if improperly stored or shipped [91]. Because of 

this, there is a need for sequencing strategies that are compatible with degraded samples, 

particularly for downstream detection of HIVDR.  

Sanger sequencing is still utilized heavily in clinical settings for HIVDR testing [38,92,93], 

with sequencing accuracy as high as 99.99% [94]. However, detection of minority HIVDR 

mutations (frequencies below 20%) can be challenging with traditional Sanger approaches [40]. 

Alternatively, NGS has the unique ability to capture these minority HIVDR mutations, which may 

have significant clinical implications. A number of studies have investigated the potential benefits 

of detecting low prevalence DRMs [95–98]. For example, Derache et al [95] examined the 

relationship between minority DRMs and pretreatment drug resistance in HIV-positive individuals 

who reported no prior antiretroviral treatment. The authors showed that they were able to detect 

more DRMs at a lower threshold, with 12% of patients having any observable minority resistance 

variant at the 5% threshold compared to 9.5% of patients having detectable DRMs at the higher 

20% threshold [95]. These findings support transitioning routine HIVDR testing to NGS platforms, 
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as many of these DRMs at lower thresholds would be missed, due to the 20% threshold being the 

conventional limit for Sanger sequencing [99]. 

Although they can be challenging to detect clinically, low frequency DRMs can have a 

meaningful impact on patient response to treatment [100–102]. For example, Maruapula et al [102] 

demonstrated that individuals with NNRTI low-frequency mutations (<20% threshold) were 2.68 

times more likely to experience virological failure compared to individuals without NNRTI low-

frequency DRMs. Milne et al [101] also determined that the detection of low-frequency variants 

alone were associated with shorter times to virological failure, with 17 of the 30 individuals having 

experienced virological failure by month 8 of antiretroviral therapy. The use of NGS has been 

shown already to improve test sensitivity for these minority DRMs. For example, Moreno et al 

[103] utilized the Illumina MiSeq to identify low-frequency DRMs in individuals experiencing 

virological failure. Of the 22 participants identified with virological failure, the authors were able 

to identify minority DRMs in 11 (50%) of the individuals. Similarly, Inzuale et al [96] investigated 

HIVDR assessments at 1% vs. 20% thresholds. At the 1% threshold, test sensitivity to predict 

treatment failure at 12 months increased to 17% from 12%, albeit with a notable decrease in test 

specificity to 92% from 98%  [96]. However, with full genome sequencing, and a building body 

of clinical data, HIVDR test accuracy can be expected to improve over time. As the cost of 

sequencing continues to decline, and through the development of user-friendly, efficient protocols 

for clinical drug resistance testing, it is becoming the new standard for identifying both major and 

minor drug resistance variants [104].  

Previous protocols by Worobey et al [42] and Gryseels et al [41] have developed strategies 

for sequencing highly degraded HIV samples; however, these protocols are not conducive for high-

throughput clinical testing. Namely, both involve extensive, time-consuming multiday procedures 
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and costly library preparation. Here, using the validated HIV primers of Worobey et al [42] as our 

foundation, we were able to develop a protocol to support HIVDR surveillance from degraded 

HIV-1 samples. We validated this protocol by successfully amplifying the HIV-1 subtype B pol 

gene from archived clinical HIV-1 subtype B serum samples from 2013, as well as with heavily 

degraded DBS samples.  

The compatibility of our approach with degraded sample types is important as it allows 

data recovery from improperly stored or archival samples that may otherwise be unusable. The 

protocol can also be adapted further by expanding to other portions of the HIV genome, such as 

the gag or env gene regions, that also contain clinically relevant HIVDR mutations [21]. While 

this protocol may still be considered resource intensive for frontline testing, it provides an 

alternative solution in situations where routine surveillance methods fail, or for use cases where 

precious samples are suspected of degradation. For example, it may be of utility where archival 

HIV samples have been stored for several years and phylogenetic testing is desired. Additionally, 

this approach may prevent the need for follow up sample collection, which may be difficult or 

impossible, when dealing with clinical populations that are difficult to track, or international 

samples. Based on the data from this study, our direct sequencing protocol could be proactively 

used when samples have been incorrectly stored for two or more weeks, or with archival samples 

that have been in long-term storage.  

Our initial efforts focused on amplifying the entire HIV-1 genome and examining genome 

coverage as an objective measure of protocol performance. We initially obtained 63%  HIV-1 

genome coverage, which was consistent, albeit slightly lower, than the 75% coverage observed by 

Worobey et al [42] as described in personal communications with authors. To cover remaining 

gaps, Worobey et al conducted additional passes of remnant sample through the protocol, often 
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with a primer walking approach. As we adapted this protocol for HIVDR surveillance, we 

attempted to multiplex each reaction of the entire protocol, from reverse transcription through to 

library preparation. Towards this objective, we utilized an exhaustive approach by evaluating 

various PCR techniques and parameters [105,106], including the use of hemi-nested PCR. Hemi-

nested PCR (or semi-nested PCR) and nested PCR are common techniques used in HIV 

sequencing to achieve greater reaction specificity [107–113]. Similarly, nested or hemi-nested 

PCR approaches were shown to increase specificity in other amplicon-based sequencing protocols, 

including for HPV [114] and HCV [115]. 

Various other HIV sequencing protocols have achieved a near-full length genome of HIV-

1, utilizing either Sanger sequencing [108,111] or NGS approaches [116–119]. Aralaguppe et al 

[116] developed a near full-length genome NGS protocol for HIV using clinical plasma specimens 

with viral loads greater than 3000 copies/mL. The protocol entailed targeting two large amplicons 

(approximately 5000 base pairs in length) and preparing libraries with the Nextera DNA Sample 

Prep Kit, with authors obtaining 100% Illumina sequencing coverage across HXB2 positions 790-

9417 (gag-to-nef). Another NGS protocol developed by Ode et al [117] utilized nested RT-PCR 

targeting four large amplicons within gag-to-nef from clinical plasma, subsequently using the 

NEBNext® UltraTM DNA Library Prep Kit for Illumina. Using their protocol, they obtained 

>5000-fold coverage throughout the gag to nef regions of the HIV-1 genome and identified an 

additional 1069 minority bases in 18 samples using their deep sequencing method compared to 

Sanger sequencing [117]. The authors also noted differences in read mapping accuracy and 

coverage based on the reference sequence used, which they overcame by estimating a consensus 

sequence followed by iterative mapping [117].  Although both of these protocols provided 

excellent coverage, targeting larger amplicons likely renders them inefficient for degraded 
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samples, and both relied on expensive commercial library preparation kits – issues that are 

addressed in our current protocol.  

After we had determined that utilizing this protocol for HIV-1 full-length genome 

sequencing was not going to be feasible, we focused our efforts on improving the protocols ability 

to sequence the full HIV-1 pol gene. By doing so, we would increase the feasibility of the protocol 

for clinical surveillance of HIV-1 subtype B by targeting a gene region that contains the majority 

of clinically relevant DRMs.  

Recently, and simultaneously to this work, Hull et al [119] adapted an existing commercial 

amplicon-based NGS assay, Illumina COVIDSeq, for HIV-1 subtype B sequencing and drug-

resistance analyses. Primal Scheme [46] was used for primer design and, similar to our protocol, 

primer pairs were divided into multiple primer pools. While the whole protocol was not entirely 

multiplexed, Hull et al [119] were able to conduct two separate highly multiplexed PCRs covering 

the entire HIV-1 subtype B genome. In their study, amplicons were sequenced using 150 base pair, 

paired-end sequencing on the Illumina MiSeq, resulting in >80% coverage for the full-length HIV-

1 genome in positive control samples with viral loads as low as 488 copies/µL [119]. When 

identifying DRMs within pol, including NRTIs, NNRTIs, PIs, and INSTIs regions, analytical 

sensitivity of the assay on the positive control drug-resistance profile was 94%, with 64 out of the 

68 DRMs correctly being identified in their dilution series [119]. However, it should be noted that 

all samples tested in this work were HIV-1 subtype B positive control cultures, and the authors did 

not evaluate performance against clinical HIV-1 plasma or serum samples, or with other subtypes. 

The authors acknowledge this limitation and the importance of designing future primer sets to be 

inclusive of the prevailing HIV-1 subtypes circulating within the testing region.  
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Unlike our direct sequencing protocol, the method of Hull et al necessitates extra library 

preparation steps after target amplification with the COVIDSeq assay. This arguably renders the 

protocol less suitable for routine clinical use due to its demanding workflow and higher costs.  

Future studies may investigate a combined approach, evaluating the primers of Hull et al [119] 

with the addition of UMIs and direct sequencing primers that were utilized in this study. Therefore, 

it may be possible to cover the entire HIV-1 genome in a manner that is feasible for high-

throughput clinical testing. Further, with high DRM detection rates within pol, there is the potential 

to utilize these primers to increase coverage in the low-amplification regions identified in our 

study. However, this would require examination of primer compatibility characteristics such as 

dimer formation, melting temperature, and target site overlap before implementation would be 

possible.  

Many HIV-1 sequencing protocols utilizing the Illumina MiSeq involve the use of 

traditional library preparation kits, such as Nextera XT, for the addition of sequencing components 

such as P5/P7 adaptors and i5/i7 barcodes [70,120]. To avoid these steps, all adapters and barcodes 

required for sequencing were incorporated into our primer sets. A similar approach [77] is 

commonly applied in 16S-based microbiome profiling [121–123]. In this study, we utilized single 

indices (barcodes) with our direct sequencing primers to minimize primer length. We took steps 

to assess the overall error rate within these indices, which ranged between 1-6%. With at least two 

unique bases between barcodes applied in this study, this equated to primer crosstalk of <<1%. 

However, if future studies are attempting to detect very low prevalence DRMs or aggressively 

multiplexing, the use of dual indices may be useful in eliminating cross-talk while facilitating 

larger pool sizes [124].  
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UMIs were also included in our study design as they are an innovative solution for 

mitigating PCR biases and identifying PCR errors. This is particularly useful in clinical approaches 

that rely heavily on excessive amplification, such as HIV testing, where more than 80 cycles of 

amplification may occur across some protocols [41,125]. However, UMIs themselves are 

susceptible to PCR error following excessive amplification. Recently, a study by Sun et al [126] 

utilized Illumina and Oxford Nanopore sequencing technologies in parallel with unique and 

common molecular identifiers to determine sources of error and bias. The authors concluded that 

PCR cycling and polymerase error rate, not sequencing read errors, were primarily responsible for 

error introduction into UMIs. To solve this issue, the authors designed a demultiplexing strategy 

that incorporated homotrimers and a set coverage approach, which exponentially reduces UMI 

error and outperformed standard UMI protocols [126]. With respect to our research, further 

examination of UMI design and error rate corrections is an important next step, especially 

considering the high number of PCR cycles utilized in this protocol. Applying a homotrimer-based 

demultiplexing method will mitigate errors in UMIs, however, this will substantially increase 

primer length and may affect assay performance.  

Zhou et al [76] also examined the benefits of implementing UMIs (described as Primer ID 

in their work) into NGS workflows for HIV. By constructing their MiSeq amplicon library directly 

from the cDNA product through two rounds of PCR, the authors were able to accurately obtain 

information about initial template sampling, such as an estimate of how many input templates are 

converted into final consensus sequences. The authors noted that around 10% to 30% of RNA 

templates used in the cDNA reaction are converted to consensus sequences, with template recovery 

increasing as the number of raw reads increases until all available template sequences have been 

utilized [76]. As well, the authors determined the nucleotide substitution error rate when using the 
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Primer ID approach with viral RNA to be 0.01% (1 in 10,000 nucleotides sequenced), which 

allowed them to calculate the expected number of random errors within a reaction to define 

detection cutoffs for low abundance mutations [76]. With this error rate, the authors were able to 

determine positions with two or more mutations (>0.06% abundance) as likely to be real sequence 

variants within the viral sequence population [76]. With respect to our work, the implementation 

of UMIs allows for further examination into the sensitivity of our direct sequencing protocol and 

our ability to determine true sequence variants within an HIV sequence population. 

In HIVDR testing, UMIs may improve the ability to accurately measure DRM frequency, 

which is important because low-frequency DRMs are associated with an increased risk of 

treatment failure [97,98]. Keys et al [127] conducted a study identifying DRMs within the HIV-1 

reverse transcriptase coding domain. Using the Primer ID approach as well, they were able to 

reduce Illumina MiSeq errors from 24 to 1.2 errors per 10,000 nucleotides and produced less biased 

estimates of low-frequency DRMs [127]. Recently, Faraci et al [128] designed an HIVDR protocol 

for the entire HIV-1 pol gene using UMIs and droplet digital PCR. Using this protocol, they were 

able to detect 14 different minority DRMs with frequencies ranging from 3.2% to 19% for all four 

drug classes: PI, NRTI, NNRTI, and INSTI.  

Zhou et al have extensively covered the importance of using UMIs for detection of low-

frequency DRMs in HIV-1 samples [74–76,87]. One important point that the authors mention is 

that although protocols may claim to be able to detect 1% frequency DRMs, it does not mean they 

are necessarily identifying these low-frequency variants in every sample tested [87]. Utilizing 

UMIs to improve the detection of low-frequency DRMs, Zhou et al [74] developed an HIVDR 

protocol called Multiplexed Primer ID (MPID) to amplify three distinct regions (gag, pol, and env 

genes) of the HIV-1 genome, implementing UMIs during reverse transcription, as in our work. 
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While Zhou et al [74]  consistently detected minor DRMs, they noted sampling biases for low 

input template samples resulted in high variance and low sensitivity. Therefore, for accurate and 

reliable detection of DRMs higher inputs of template input are required [40,87]. When using the 

Primer ID approach,  Zhou et al [74] determined that having a coverage of at least 10 raw reads 

per Primer ID largely eliminates PCR recombinants from a typical data set. While this was not 

extensively examined within our work, it would be beneficial in the future to confirm that we are 

generating enough reads to largely eliminate PCR bias, which would further increase confidence 

in our protocol to accurately detect DRMs. Zhou et al [74] also noted poor generation of consensus 

sequences when attempting to multiplex steps of their protocol. For example, when all three 

primers targeting the pol gene (PR, RT, and IN) were multiplexed, a 20-40% reduction in 

amplification was observed [74]. Likewise, in our protocol we identified a similar trade off when 

multiplexing our protocol, with uneven coverage within close-proximity genome regions likely 

the result of competitive interactions during amplification.  

To demonstrate feasibility, we validated our finalized protocol on degraded DBS samples 

and directly compared its performance for long-range PCR approaches. For Northern, remote and 

isolated communities, plasma and serum samples may not always be the most accessible sample 

type to use for HIVDR. As a result, DBS have become increasingly popular in resource-limited 

settings, such as Northern, remote, and isolated communities [33]. In Canada, the NML houses a 

WHO-accredited HIVDR reference lab with strong international collaborations, with DBS 

samples often shipped from areas of Africa with high HIV prevalence rates. Unfortunately, 

samples received frequently arrive in a degraded state due to long transportation times and sub-

optimal storage conditions. In our study, simulated degradation of DBS samples and assessed our 
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coverage across HIV-1 pol. With our direct sequencing protocol, we were able to obtain near full 

coverage of the pol gene in all heavily degraded samples when primary testing failed.  

Consistent with this work, previous studies have shown improper sample storage leads to 

poor amplification in long-range PCR. For example, Garcia-Lerma et al [31] were unable to 

perform HIV-1 genotyping on DBS samples stored beyond two weeks at 37°C and 91% humidity, 

in agreement with the recommended short-term storage guidelines from the World Health 

Organization [34]. The authors did note that only one 50 µL DBS was extracted per sample instead 

of the conventional two spots per sample, which may have improved amplification rates.  

DBS samples provide a small volume of blood and thus a limited amount of template for 

testing. By multiplexing both our reverse transcription and pre-amplification steps we facilitate 

DBS testing by reducing the amount of template required. In addition, this preserves enough 

genetic material so that a second pass through of the protocol can be conducted if needed, 

beginning with reverse transcribed cDNA, facilitating incredibly high coverage (up to 100%) even 

in degraded DBS samples.   

Probe capture presents another approach to HIV-1 genome sequencing and HIVDR 

genotyping, reviewed extensively by Munyuza et al [67]. Using probe capture enrichment methods 

for HIV, Yamaguchi et al [69] achieved full genome coverage at 10-100 fold lower input 

concentrations when applying probe capture to their amplicon tiling protocol [69,70]. Likewise, 

Miyazato et al [129] used target enrichment for next-generation sequencing of proviral DNA. The 

authors found that 99.5% of reads mapped back to the proviral genome with libraries prepared 

using enrichment methods, compared to just 1.9% when prepared without enrichment [129].  

Together, the above studies demonstrate that implementing target-enrichment methods can greatly 

increase on-target reads; however, there are notable drawbacks to the technique. Library 



76 

 

preparation steps are still time consuming and costly, which much be performed ahead of probe 

capture [66], as well as the development and optimization of effective probes sets can be 

challenging. In addition, it possesses many of the same challenges as amplicon tiling, including 

uneven coverage between enrichment sites and complex, multilayered protocols.  

Oxford nanopore sequencing is another promising solution for HIV-1 genome sequencing, 

for both HIVDR testing and phylogenetics. As a low-cost and low barrier solution [130], nanopore 

sequencing has the potential to generate large amounts of data and incredibly long reads. While 

this technology can be applied to total extracted DNA/RNA without amplification [130], a low 

number of on-target reads would be expected. A possible solution for this issue is adaptive 

sampling, a process that allows for the selective expulsion of off-target reads from the sequencing 

porin. A recent study by Martin et al [68] showed up to a 5-fold increases in on-target reads of 

low-abundance organisms using this approach; however, they determined approximately 40% of 

on-target reads were being falsely rejected by the GridION [68]. As an additional limitation, 

nanopore sequencing has historically shown lower accuracy as compared to Illumina; however 

there have been recent and significant advances to the technology. Minei et al [131] demonstrated 

that the MinION boasts an accuracy of 87.4%, as demonstrated by compared to previous accuracies 

of 64.3% for template reads [132].  The latest flow cell released by Nanopore, R10.4.1, with the 

ligation sequencing kit V14 now boasts a raw read accuracy of 99% with a Q20 score [133], 

demonstrating the rapid evolution of the technology. Although nanopore sequencing is still limited 

by accuracy and sequencing depth, the notable progress on these fronts, along with its inherent 

benefits including long reads, a simplified workflow, and affordability, make it an excellent future 

candidate for HIV whole genome sequencing.  



77 

 

With increasing success of nanopore sequencing for viruses such as Ebola [134], Zika [46], 

influenza [135], and SARS-CoV-2 [47,136], other studies have evaluated nanopore sequencing for 

HIV genotyping [137–139]. Mori et al [137] used nanopore sequencing to examine recombinant 

forms of HIV-1, successfully identifying recombinant forms and assigning subtype information. 

The authors did note two major limitations with using the technique. First, sequencing errors can 

occur in homopolymer or tandem repeat regions, which are frequent within the HIV-1 genome, 

especially within the pol gene [137]. Second, any minority reads obtained by nanopore sequencing 

are masked by major sequences during consensus sequence construction, leading to sequence 

diversities that did not reflect the source and inaccurate measurement of HIV-1 minority variants 

[137]. Ng et al [138] also examined the use of nanopore sequencing, using the approach for the 

identification of mixed HIV quasi-species from clinical plasma samples collected from 2002 to 

2014. The authors first used target amplification of the 1413-7363 base pair genome region of 

HIV-1 (reference NC_001802.1), before PCR cleanup and sequencing with either nanopore-, 

Illumina-, or Sanger-based approaches. The researchers noted the precision and recall of the 

Oxford nanopore was 93.8% and 99.2% respectively, as compared to the other technologies [138]. 

With these findings, we could potentially utilize Nanopore instead of Illumina after our amplicon-

tiling protocol. This could allow us to shorten our primers by eliminating the need for Illumina 

adapters or sequencing sites. This option becomes more feasible as Oxford nanopore chemistries 

continue to improve.   

There are several potential advantages of our newly developed protocol. One advantage is 

our ability to cover multiple genes, both the pol gene and the gag-pol gene overlap, within a single 

experiment to obtain more sequence information, including DRMs, from a given HIV-1 viral RNA 

sample. Another advantage is the utilization of UMIs to enable accountable quantification of all 
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DRMs that may be present within the pol or gag-pol gene regions, including LADRVs. Lastly, our 

design and development of direct sequencing primers allows us to bypass using the Nextera XT 

DNA kit for library preparation, which comprises two-thirds of the reagent cost of regular NGS 

HIVDR assays [26]. 

While there are several potential advantages, there are limitations with our proposed 

method. According to the IAS-USA [21] and the Stanford University HIV Drug Resistance 

Database [19], the majority of clinically relevant DRMs are found within the HIV-1 pol gene 

region. However, DRMs found within the gag [22] and env [23] regions can also play a role in 

drug-resistance. With our direct sequencing protocol, there is the potential to identify DRMs within 

the gag-pol and pol gene regions that may be interact to confer drug-resistance. However, due to 

our limited range across the genome, we may fail to capture some atypical HIV mutations that 

may, through cross genome interactions, influence resistance profiles [140,141]. In addition, the 

protocol design is fairly complex compared to conventional long-range PCR requiring multiple 

bead purification steps, management of multiple primer pools, and individual singleplex final 

amplification reactions. There may also be a need to reprocess cDNA when working with low 

quality or low input samples to obtain 100% coverage across clinically relevant DRMs. Taken 

together, this protocol in its current state is likely not be suitable to replace high-throughput long-

range PCR protocols for routine testing [138]. However, the proposed method could be utilized as 

an adjunctive protocol for samples that fail to amplify during first line testing, or for those that are 

suspected of having undergone heavy degradation.  

Conclusion and Future Directions: 

In this study, we have presented a comprehensive protocol for HIVDR testing, which has 

been extensively optimized and streamlined for clinical use. The steps outlined in our protocol are 
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highly adaptable for common laboratory robotics, and were already largely automated in this study 

on the Eppendorf epMotion 5075 (Hamburg, Germany). This developed protocol covers the 

majority of clinically relevant DRMs; however, future work could expand the target sites to cover 

other genome regions or potentially the entire genome. For example, the protocol can be extended 

and further adapted to cover the upstream capsid gene targeted by a new category of ART drugs.  

Enhancing the protocol in this way would facilitate more robust phylogenetic analyses from 

sequencing data, and future-proof the assay against novel or emerging DRMs. Although this 

protocol may be too cumbersome for routine HIVDR surveillance, it provides utility for HIVDR 

testing and phylogenetics when samples are difficult to amplify.  

We were able to validate our approach with the most commonly used sample types for HIV 

testing, including plasma, serum, and DBS. This includes compatibility studies on degraded DBS 

samples, and comparison to long-range PCR. However, the subtypes evaluated in this study were 

limited to only HIV-1 subtype B. Due to mutations, insertions, deletions, and other genetic 

differences between HIV-1 subtypes, there are still questions about how the protocol will perform 

with other subtypes, such as A,C, or D. It is an important next step to challenge this assay with a 

diverse panel of HIV clinical specimens to screen for potential primer dropouts. In this instances, 

it may be important to revisit the design of specific primer sets, potentially incorporating additional 

degenerate bases to accommodate a broad range of subtypes.  

The development of this protocol contributes novel findings to the ever growing body of 

NGS-based HIVDR assays. Among these findings include the ability to design and implement 

direct sequencing primers (including UMIs) to sequence the entire HIV-1 subtype B pol gene, 

including overlapping regions, in archival clinical samples. In doing so, further studies focused 

towards phylogenetics, HIVDR contact-tracing, and transmission of DRMs can potentially utilize 
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this protocol for further analysis of HIVDR within a given population. As well, our protocol has 

utility for processing degraded sample types, such as DBS samples, while still being able to 

identify DRMs found within the sample. This finding could potentially improve the diagnostics 

landscape and accessibility for HIVDR testing. It could be particularly useful for molecular 

epidemiology of HIV circulating within remote Canadian communities or internationally, or in 

situations where samples received by the NML from resource-limited settings are difficult to 

amplify. Ultimately, this serves as a critical addition to the diagnostic toolkit that ensures HIV 

clinical testing for drug resistance is as accurate and informative as possible, even under 

challenging circumstances. 
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Appendix 

 

Figure A.1. Increased target amplicon yield and specificity using SuperScript IV with a hemi-nested approach. Positive 

amplification rates of 75-80% are shown targeting the entire pol region. Target amplicons were found within the 200-300 bp range (red). 

Primer names are shown above each respective lane. Gel image was generated using the Agilent TapeStation 4200 and D1000 

screentapes. 

 

 

 

 

 

 

 

 



82 

 

Figure A.2.  Determination of optimal reverse primer concentration for reverse transcription. Individual reverse primer 

concentrations of 0.06µM within a multiplex reaction showed the highest number of target amplicon generation compared to other 

concentrations, such as 0.105 µM per primer. Target amplicons were found within the 200-300 bp range (red). Primer names are shown 

above each respective lane. Gel image was generated using the Agilent TapeStation 4200 and D1000 screentapes.
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Figure A.3. Mapping deduplicated reads with a false Illumina barcode with the third barcode 

base swapped. Reads mapping to the HXB2 region would have been added to the original barcode 

but due to slight errors with Illumina sequencing, the barcode was swapped and caused a small 

amount of reads to be grouped into a non-existing barcode.  
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Table A.1. Original HIVM panel primers from Worobey et al.  

Forward Primer Sequence (5’  3’)  Target / Gene 

HIVM1F CCTCAGACCMTTTTAGTCA 5’ LTR-gag 

HIVM2F GYTAAGGCCAGGRGGAA gag 

HIVM3F RCCCTCTATTGTGTRCATC gag 

HIVM4F ARGCMATATCACCTAGAAC gag 

HIVM5F TCAATGARGAAGCTGCA gag 

HIVM6F CACCTATCCCAGTAGGAGA gag 

HIVM7F GGATGACAGAAACCTTGTTG gag 

HIVM8F TGTCAGGGAGTRGGRGGA pol 

HIVM9F WTGYACTGAGAGACAGGCTA pol 

HIVM10F CAGRTCACTCTTTGGCAA pol 

HIVM11F ATAGGGGGAATTGGAGGKT pol 

HIVM12F AAAGCCAGGAATGGATG pol 

HIVM13F TGGGCCTGAAAAYCCAT pol 

HIVM14F GTAYTGGATGTRGGTGATG pol 

HIVM15F AGGATCACCAGCAATATTCC pol 

HIVM16F TCAGAARGAACCYCCATTCC pol 

HIVM17F CCTTAGRGGARCCAAAGCA pol 

HIVM18F GGAGTGTATTATGACCCATC pol 

HIVM19F TTAACAGAGGCAGTGCA pol 

HIVM20F GARAAAGAACCCATARTAGG pol 

HIVM21F CAGGATTCRGGAYTAGAAG pol 

HIVM22F RCTGGAATCAGGAAAGTAC pol 

HIVM23F YCCAGGAATATGGCAAYTAG pol 

HIVM24F GCAGGAAGATGGCCAGT pol 

HIVM25F AAAGAAAAGGGGGGATTGG pol 

HIVM26F AGGGGCAGTAGTAATACAAG pol-vif 

HIVM27F GCAGGTGATGATWGTGTG vif 

HIVM28F TAGRGGATGCTARATTGGT vif 

HIVM29F AGTCKCCRTAGAATGGAGGA vif 

HIVM30F AAAGCCRCCTTTGCCTA vif-vpr 

HIVM31F GAGGAGCTTAAGARTGAAGC vpr 

HIVM32F TGYCRACATAGCAGAATAGG vpr 
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HIVM33F SCTTAGGCATCTCCYATGG vpu 

HIVM34F GCAATAGTTGTGTGGWCYA env 

HIVM35F AAWTGTGGGTCACAGTC env 

HIVM36F RAYATGGTAGAACAGATGC env 

HIVM37F YTAACCCCACTCTGTGT env 

HIVM38F MTTACACARGCCTGTCCA env 

HIVM39F CASCACAGTACAATGTACAC env 

HIVM40F GTAYAAGACCCAACAAC env 

HIVM41F GGACCCAGAARTTGTAAYG env 

HIVM42F ACATGTGGCAGAAAGTAGG env 

HIVM43F GGGACAATTGGAGAAGTGA env 

HIVM44F GACGGTACAGRCCAGA env 

HIVM45F AGARTCCTGGCTGTRGAA env 

HIVM46F ATCGCARAACCARCAAG env 

HIVM47F GACAGGCCCGAAGGAA env 

HIVM48F GAGGAYTGTGGAAMTTCTG env 

HIVM49F GACAGGGCYTRGAAAGG nef 

HIVM50F TGGCTAGAAGCACAAGAG nef-3’ LTR 

Reverse Primer Sequence (5’  3’)  Target / Gene 

HIVM1R YTCCCTGCTTGCCCAT 5’ LTR-gag 

HIVM2R CTAARGCTTCCTTGGTGTC gag 

HIVM3R CTGAAAGCCTTYTCTTCTAC gag 

HIVM4R AAYAGGCCCTGCATGCA gag 

HIVM5R GTTCYTTTGGTCCTTGTYT gag 

HIVM6R TCTGGGTTYGCATTTTGG gag 

HIVM7R TGYCCTTCTTTGCCACA gag 

HIVM8R AAGGCCAGATYTTCCCTA pol 

HIVM9R CYTTTAGTTGCCCYCCTA pol 

HIVM10R TTGACAGGTGTAGGTCCT pol 

HIVM11R CTTCTGTYAATGGCCAT pol 

HIVM12R TGAACTTCCCAGAARYC pol 

HIVM13R GCAGTATACTTYCTRAAGTC pol 

HIVM14R TGYYGCCCTATTTCTAAGTC pol 

HIVM15R GGATGGAGTTCATAACCCAT pol 
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HIVM16R CYAGTTCTAGCTCTGCTTC pol 

HIVM17R CACCCCTCRTYCTTGCAT pol 

HIVM18R TCCMCCATGYTTCCCATG pol 

HIVM19R CTRTTRGCTGCCCCATC pol 

HIVM20R TKATCTGGYTGTGCTTG pol 

HIVM21R TCTTGGGCCTTATCTATYCC pol 

HIVM22R GCTACCAGRATAAYTTTTCC pol 

HIVM23R GATYCCYGCCCACCAA pol 

HIVM24R TTCCCCTGCACTGTAYC pol 

HIVM25R ACCTGCCRTCTGTTTTCC pol 

HIVM26R GTGGGAYRTGTACTTCTGA pol-vif 

HIVM27R RCCCAAATGCCAGTCYCT vif 

HIVM28R CCTAGGACTAACTMTAYGTC vif 

HIVM29R CTTGTTCCATCTATCCTCTG vif 

HIVM30R TTATGGCYTCCACTCCT vif-vpr 

HIVM31R GGCTCTARTYTAGGATCTAC vpr 

HIVM32R MTCTKCGTCGCTGTCTC vpr 

HIVM33R TGCCACTGTCTTCTGCT vpu 

HIVM34R CTTCYTTCCACACAGGTAC env 

HIVM35R CACATGGCTTTARGCTT env 

HIVM36R CTGAGGTRTTACAAYTTATC env 

HIVM37R GTATGGGAATTGGCTSA env 

HIVM38R CAGATTYRTTCAGCTGTAC env 

HIVM39R ATGCTCTCCCTGGTCCT env 

HIVM40R YTTCTGGGTCCCCYCCT env 

HIVM41R CTRATGGGAGGRGCAT env 

HIVM42R TYTGCACCACTCTTCTCT env 

HIVM43R TGTTGCGCYTCAATAGC env 

HIVM44R CCAAGGCACAGYAGTG env 

HIVM45R TCCACAAACTTGCCCAT env 

HIVM46R CTCTCTCTCCACCTTCTYC env 

HIVM47R CTRTCTGTCCCCTCAGYT env 

HIVM48R ACCAYTTGCCACCCAT env 

HIVM49R TGGTCTTAAAGGWACCTGRG nef 

HIVM50R GWAGCACCAYCCAAAGGT nef-3’ LTR 
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Table A.2. Original HIVL panel primers from Worobey et al. 

Forward Primer Sequence (5’  3’)  Target / Gene 

HIVL1F TCACTCCCARMRAAGACA 5’ LTR 

HIVL2F CCAGGGATCAGRTWYCCA gag 

HIVL3F GAGGCCAAMDAAGGAGAGA gag 

HIVL4F TTTGACTAGCGGAGGCTA gag 

HIVL5F CTTTCAGCCCAGAAGTRA gag 

HIVL6F GGACATAARACAAGGRCCAA gag 

HIVL7F CCCACCAGMRGARAGCTT pol 

HIVL8F CCTATTGARACTGTACCAGT pol 

HIVL9F GACTTAGAAATAGGGCRRCA pol 

HIVL10F GARCCAGTACRTGGRGTGT pol 

HIVL11F GCAGCYAAYAGGGARACT pol 

HIVL12F GTAGTCCAGGAATATGGCAA pol 

HIVL13F GAAAGGACCAGCAAARCT pol-vif 

HIVL14F TACTTGGCACTARYARCA vif-vpr 

HIVL15F GCATCTCCTATGGCAGGA vpu-env 

HIVL16F CWGTRTGGAAAGAAGCAA env 

HIVL17F CACCACAAGCRTRRGAGAT env 

HIVL18F GTCTAGCAGWAGARGAGRTA env 

HIVL19F AATGTATGCYCCTCCCAT env 

HIVL20F AAGARTCCTRGCTGTGGA env 

HIVL21F MGAAGRAGAMGGTGGAGAGA env 

HIVL22F CKCTTGAGAGACTTACTMT env 

HIVL23F AGTAGCTGRGGGGACAGA env-nef 

HIVL24F GGDTGGTGCTWCAAGCTAG nef 

HIVL25F TYKCWACAAGGGACTTTCC 3’ LTR 

Reverse Primer Sequence (5’  3’)  Target / Gene 

HIVL1R CTGGYTYTACTTTCGCTT 5’ LTR 

HIVL2R TTTGGCGTACTCACCAGT gag 

HIVL3R GCACCCATCTCTCTCCTT gag 

HIVL4R CATTCTGCAGCYTCCTCA gag 

HIVL5R TCCTCCYACTCCCTGRCA gag 

HIVL6R CCCYCCTAYCTTTATTGTGA gag 
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HIVL7R CTTCCCAGAARTCTTGAGT pol 

HIVL8R ARATGYTGTCTCAGYTCCT pol 

HIVL9R RTCCMCCATGYTTCCCAT pol 

HIVL10R TCTRATCCYGAATCYTGCA pol 

HIVL11R GCTACATGRACTGCTACYA pol 

HIVL12R CCTGCCATCTGTTTTCCA pol 

HIVL13R GCTTGTTCCATCTATCYTCT pol-vif 

HIVL14R GAGAARCYTGATGAGTCTBA vif-vpr 

HIVL15R RCTRACACAGAGTGGGGTT vpu-env 

HIVL16R CTGGYCTAATTCCATGTGT env 

HIVL17R CCCYCCTGAGGAKTGMTT env 

HIVL18R CTTCTCCAATTGTCCMTCA env 

HIVL19R GYAGTGGTGCARATGAGT env 

HIVL20R CCAGAAKTTCCACARTCCT env 

HIVL21R CYYCYTCCTCTTGTGCTT env 

HIVL22R GTRAAYTAGCCCWTCCAGT env 

HIVL23R CTCTCCTTYATTGGCCTYT env-nef 

HIVL24R CAGCTGCTTATATGCAGSA nef 

HIVL25R CACACTGACTAAAAKGGTCT 3’ LTR 
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Table A.3. Original HIVR panel primers from Worobey et al.  

Forward Primer Sequence (5’  3’)  Target / Gene 

HIVR1F CAGAGGAGMTCTCTCGA gag 

HIVR2F GTGCGAGAGCGTCRGT gag 

HIVR3F TCAGACAGGATCAGAAGARC gag 

HIVR4F MARGTCAGCCAAAATTACC gag 

HIVR5F CACCATGYTAAACACAGTG gag 

HIVR6F CCARATGAGAGAACCAAG gag 

HIVR7F ACAAGGACCAAARGAACC gag 

HIVR8F ACCAGCRGCYACACTAG gag 

HIVR9F AATTGCARGGCCCCTAG gag-pol 

HIVR10F ACARCTCCCYCTCAGAAG pol 

HIVR11F CAGGAGCAGATGATACAGT pol 

HIVR12F YCCTATTGARACTGTACCA pol 

HIVR13F RAACTCAAGAYTTCTGGGAA pol 

HIVR14F AYAATGAGACACCAGGGAT pol 

HIVR15F GAAAYAGGGCRGCATAGAAC pol 

HIVR16F CCAGAAAARGACAGCTGGA pol 

HIVR17F GAACTGGCAGAAAACRGRG pol 

HIVR18F ACTACCYATACAAAARG pol 

HIVR19F GTAGGAGCAGAAACYTT pol 

HIVR20F CAGAAGACTGARTTACAAGC pol 

HIVR21F CAGCACACAAAGGAATTGG pol 

HIVR22F CCAGCTGTGATAAATGYCAG pol 

HIVR23F AGGRCAGGAAACAGCA pol 

HIVR24F CCAAAGTCAAGGAGTAGTAG pol 

HIVR25F CAGGGGAAAGAATARTAGAC pol 

HIVR26F GTGCCAAGAAGAAAAGC pol 

HIVR27F GGATGAGGATTARMACATGG vif 

HIVR28F GTCTCCRTAGAATGGAGGAA vif 

HIVR29F ATGGAACAAGCCCCAGA vpr 

HIVR30F TCAGAATTGGGTGTCGA vpr-vpu 

HIVR31F AGGAAGAAGCGGAGACA vpu-env 

HIVR32F GAAARAGCAGAAGACAGTG env 



90 

 

HIVR33F CACACATGCCTGTGTACC env 

HIVR34F TGGGATCAAAGCCTAAAGC env 

HIVR35F GTCATTACACARGCCTGT env 

HIVR36F GGACCATGTACAAMTGTCAG env 

HIVR37F CACRRACAATGCTAAAACC env 

HIVR38F GGAGGGGAATTTTTCTACTG env 

HIVR39F CAGGGCTGMTATTAACAAG env 

HIVR40F CAGCAGGAAGCACYATGG env 

HIVR41F CAACAGCTCCTRGGGAT env 

HIVR42F GGCAAGTTTGTGGAATTGG env 

HIVR43F AGGCAGGGATAYTCACCAT env 

HIVR44F GATCTGMGGARCCTGT env 

HIVR45F GAGGGGACAGATAGGRTT nef 

HIVR46F GTGGGAGCAGYATCTC nef-3’ LTR 

Reverse Primer Sequence (5’  3’)  Target / Gene 

HIVR1R CAGGATTRACTGCGAATCG gag 

HIVR2R YACACAATAGAGGGTTGCT gag 

HIVR3R TTCTAGGTGATATGGCYTGA gag 

HIVR4R CATTTGCATRGCTGCTT gag 

HIVR5R TTTCTCCTACTGGGATAGGT gag 

HIVR6R TTACCTCYTGTGAAGCT gag 

HIVR7R GGTTCCTAAAATTGCCTYTC gag 

HIVR8R CCTTCCYTTCCACATYTCC gag 

HIVR9R GTGACGAGGGGTCGTT gag-pol 

HIVR10R GGTCCTACTARTACTGTACC pol 

HIVR11R TAACTYTTGGGCCATCC pol 

HIVR12R CCTGCRGGATGTGGTA pol 

HIVR13R GGAATATTGCTGGTGATCC pol 

HIVR14R TTGTCTGGTGTGGTAAAYC pol 

HIVR15R CTGSRTAAATCTGACTTGC pol 

HIVR16R GGGTCATAATAYACTCCAYG pol 

HIVR17R CCAATACTCYRTCCACCAT pol 

HIVR18R CCGAATCCTGCAARGCT pol 

HIVR19R TKATCTGGTTGTGCYTG pol 
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HIVR20R CTGATTCCAGYACTGACT pol 

HIVR21R CATGCATGGCTTCTCCTT pol 

HIVR22R TTGCTGCCATTGTCWGT pol 

HIVR23R AGATGTTCAGCCTGATC pol 

HIVR24R GCTGTCYCTGTAATAAACC pol 

HIVR25R CTGTCTACTTGCCACACA pol 

HIVR26R CTGTATGCAGACCCCAA pol 

HIVR27R AGGGTCTACTTGTGTGCT vif 

HIVR28R TCCCTCTGYGGCCCTT vif 

HIVR29R GCTCTAGTCTAGGATCTACTG vpr 

HIVR30R GAGAARCTTGATGAGTCTGA vpr-vpu 

HIVR31R CTYTCATTGCCACTGTCT vpu-env 

HIVR32R GTGGGTTGGGGTCTGT env 

HIVR33R CCTTAYCTCTTATKCTTGTG env 

HIVR34R ATGGGAATTGGCTCAAAKG env 

HIVR35R GTTGTTGGGTCTTRTAC env 

HIVR36R ACAAATGCTCTCCCTGGT env 

HIVR37R CCCCTCCACAATTAAAACTG env 

HIVR38R CTTCTCCAATTGTCCCTCA env 

HIVR39R TGGYCTGTACCGTCAG env 

HIVR40R TGAGTTTTCCAGAGCAACC env 

HIVR41R TAAACCTAYCAAGCCTCCT env 

HIVR42R GGATCTGTCTCTGTCTCTC env 

HIVR43R GCGTCCCAGAAGTTCCA env 

HIVR44R CTTTCCAAGCCCTGTCT env 

HIVR45R TAGCCAGGCACAAKCA nef 

HIVR46R GTRAAYTAGCCCTTCCAGT nef-3’ LTR 
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Table A.4. Primers designed using PrimerDesign-M to amplify areas with low-coverage within pol.  

Forward Primer Sequence (5’  3’)  

A3_Set4_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGTATGATCARATASYYATAGAAATYTG 

A3_Set5_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGTATGATCARATASYYATAGAAATYTG 

B3_Set4_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGCTGTACCAGTAAAATTRAAGCCAG 

B3_Set5_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGACTGTACCAGTAAAATTRAAGCC 

B4_Set1_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGCTGGACTGTCAATGAYATACAG 

B4_Set4_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGCTGGACTGTCAATGAYATAC 

C2_Set2_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGAGAAGARATGATGACAGCATG 

C2_Set3_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGGAAGARATGATGACAGCATG 

C4_Set2_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGTATGACCCATCAAAAGAYTTRATAG 

C4_Set5_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGGACCCATCAAAAGAYTTRATAGC 

C5_Set1_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGACTGYAGTCCAGGRATATGGC 

C5_Set5_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGCTGYAGTCCAGGRATATGGC 

D5_Set1_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGTAGCAGGAAGATGGCCAG 

D5_Set4_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGTAGCAGGAAGATGGCCAG 

E2-1_Set1_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 
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NNNNGGTCACTCTTTGGCARCGACC 

E2-1_Set4_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGTCACTCTTTGGCARCGACC 

E2-2_Set1_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGACAGGAGCAGATGATACAG 

E2-2_Set3_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGACAGGAGCAGATGATACAG 

E4_Set1_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGARTTTGTYAAYACCCCTC 

E4_Set4_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGGGARTTTGTYAAYACCCCTCC 

E5_Set1_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGGCTGARCAYCTYAARACAG 

E5_Set2_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGCTGARCAYCTYAARACAGC 

A3_Set4_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTTTTCAGGCCCAATTYTTG 

A3_Set5_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTTTCAGGCCCAATTYTTG 

B3_Set4_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGGGTATYCCTARYTGAACTTCCC 

B3_Set5_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGGGTATYCCTARYTGAACTTCCC 

B4_Set1_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGAATGGYTCYTGRTAAATTTG 

B4_Set4_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGAATGGYTCYTGRTAAATTTG 

C2_Set2_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGGGAAGGCCARATYYTCCC 

C2_Set3_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGGGAAGGCCARATYYTCCC 

C4_Set2_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGACAAAYTCCCAYTCAGGAATYC 
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C4_Set5_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGACAAAYTCCCAYTCAGGAATYC 

C5_Set1_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGGACTTTGGGGATTGTAGGG 

C5_Set5_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTGACTTTGGGGATTGTAGGG 

D5_Set1_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTCTAYTATTCTTTCCCCTGC 

D5_Set4_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTGCTATTATRTCTAYTATTCTTTCC 

E2-1_Set1_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTATGTTGACAGGTGTAGGTC 

E2-1_Set4_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGATGTTGACAGGTGTAGGTCC 

E2-2_Set1_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGCTGGCTTYAATTTTACTGGTACAG 

E2-2_Set3_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTGGCTTYAATTTTACTGGTACAG 

E4_Set1_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTRACTAWYTCTGATTCAC 

E4_Set4_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGATTTGRYTRACTAWYTCTGATTCAC 

E5_Set1_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTAATCYTCATCCTGTCTAC 

E5_Set2_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTAATCYTCATCCTGTCTAC 

D5.1_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGTAGCAGGRRGATGGCCAG 

D5.2_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGTAGCAGGRRGATGGCCAG 

B5.1_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGATTGGRGGAAATGAAMARGTRG 

B5.3_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 
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NNNNGGATTGGRGGAAATGAAMARGTRG 

D5.1_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTCTGCTGTCYCTGTAAYARACC 

D5.2_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTGCTGTCYCTGTAAYARACCCG 

B5.1_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTKACTGGCCATCYYCCTGC 

B5.3_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGTKACTGGCCATCYYCCTG 

E3.2_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGCCACARGGRTGGAAAGG 

E3.3_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGCCACARGGRTGGAAAGG 

A5.3_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGAYTCMCARTATGCATTAGG 

A5.5_Forward_NGS AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

NNNNGGACAGAYTCMCARTATGCATTAGG 

E3.2_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGACTGTCCAYTTRTCAGGATG 

E3.3_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGCTGTCCAYTTRTCAGGATG 

A5.3_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGGCTACTATTTCYTTKGS 

A5.5_Reverse_NGS GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

NNNNNNNNNNGGCARCWRGCTACTATTTCYTTKG 
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Table A.5. List of primers used in the finalized pol gene direct-sequencing primer protocol. 

Primer 5’ – 3’ Sequence  Comment 

HIVM_A3.4R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

TTTTCAGGCCCAATTYTTG 
cDNA primer with UMI for PR 

HIVM_A4R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

CYAGTTCTAGCTCTGCTTC 
cDNA primer with UMI for RT 

HIVM_A5R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

TCTTGGGCCTTATCTATYCC 
cDNA primer with UMI for RT 

HIVM_A6R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

GTGGGAYRTGTACTTCTGA 
cDNA primer with UMI for IN 

HIVM_B3R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

TGAACTTCCCAGAARYC 
cDNA primer with UMI for PR 

HIVM_B4.1R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

AATGGYTCYTGRTAAATTTG 
cDNA primer with UMI for RT 

HIVM_B5R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

GCTACCAGRATAAYTTTTCC 
cDNA primer with UMI for RT 

HIVM_B6R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

RCCCAAATGCCAGTCYCT 
cDNA primer with UMI for IN 

HIVM_C2R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

AAGGCCAGATYTTCCCTA 
cDNA primer with UMI for PR 
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HIVM_C3R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

GCAGTATACTTYCTRAAGTC 
cDNA primer with UMI for RT 

HIVM_C4.2R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

ACAAAYTCCCAYTCAGGAATYC 
cDNA primer with UMI for RT 

HIVM_C5R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

GATYCCYGCCCACCAA 
cDNA primer with UMI for IN 

HIVM_D2R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

CYTTTAGTTGCCCYCCTA 
cDNA primer with UMI for PR 

HIVM_D3R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

TGYYGCCCTATTTCTAAGTC 
cDNA primer with UMI for RT 

HIVM_D4R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

CTRTTRGCTGCCCCATC 
cDNA primer with UMI for RT 

HIVM_D5.4R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

TGCTATTATRTCTAYTATTCTTTCC 
cDNA primer with UMI for IN 

HIVM_E2-

1.1R 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

TATGTTGACAGGTGTAGGTC 
cDNA primer with UMI for PR 

HIVM_E3R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

GGATGGAGTTCATAACCCAT 
cDNA primer with UMI for RT 

HIVM_E4R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

TKATCTGGYTGTGCTTG 
cDNA primer with UMI for RT 

HIVM_E5R 
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGG 

ACCTGCCRTCTGTTTTCC 
cDNA primer with UMI for IN 
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HIVM_A3F ATAGGGGGAATTGGAGGKT 
1st round PCR forward primer 

for PR 

HIVM_A4F TCAGAARGAACCYCCATTCC 
1st round PCR forward primer 

for RT 

HIVM_A5F CAGGATTCRGGAYTAGAAG 
1st round PCR forward primer 

for RT 

HIVM_A6F AGGGGCAGTAGTAATACAAG 
1st round PCR forward primer 

for IN 

HIVM_B2F GGATGACAGAAACCTTGTTG 
1st round PCR forward primer 

for PR 

HIVM_B3F AAAGCCAGGAATGGATG 
1st round PCR forward primer 

for RT 

HIVM_B4F CCTTAGRGGARCCAAAGCA 
1st round PCR forward primer 

for RT 

HIVM_B5F RCTGGAATCAGGAAAGTAC 
1st round PCR forward primer 

for IN 

HIVM_C2F TGTCAGGGAGTRGGRGGA 
1st round PCR forward primer 

for PR 

HIVM_C3F TGGGCCTGAAAAYCCAT 
1st round PCR forward primer 

for RT 

HIVM_C4F GGAGTGTATTATGACCCATC 
1st round PCR forward primer 

for RT 
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HIVM_C5F YCCAGGAATATGGCAAYTAG 
1st round PCR forward primer 

for IN 

HIVM_D2F WTGYACTGAGAGACAGGCTA 
1st round PCR forward primer 

for PR 

HIVM_D3F GTAYTGGATGTRGGTGATG 
1st round PCR forward primer 

for RT 

HIVM_D4F TTAACAGAGGCAGTGCA 
1st round PCR forward primer 

for RT 

HIVM_D5F GCAGGAAGATGGCCAGT 
1st round PCR forward primer 

for IN 

HIVM_E2F CAGRTCACTCTTTGGCAA 
1st round PCR forward primer 

for PR 

HIVM_E3F AGGATCACCAGCAATATTCC 
1st round PCR forward primer 

for RT 

HIVM_E4F GARAAAGAACCCATARTAGG 
1st round PCR forward primer 

for RT 

HIVM_E5F AAAGAAAAGGGGGGATTGG 
1st round PCR forward primer 

for IN 

Universal 

Adapter 

Reverse  

GTGACTGGAGTTCAGACGTGTGCTC 1st round PCR reverse primer 

HIVM_A3.4F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGTATGATCARATASYYATAGAAATYTG 

2nd round PCR forward primer 

for PR w/ Illumina adapter 

sequence 
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HIVM_A4F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGTCAGAARGAACCYCCATTCC 

2nd round PCR forward primer 

for RT w/ Illumina adapter 

sequence 

HIVM_A5F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGCAGGATTCRGGAYTAGAAG 

2nd round PCR forward primer 

for RT w/ Illumina adapter 

sequence 

HIVM_A6F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGAGGGGCAGTAGTAATACAAG 

2nd round PCR forward primer 

for IN w/ Illumina adapter 

sequence 

HIVM_B3F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGAAAGCCAGGAATGGATG 

2nd round PCR forward primer 

for PR w/ Illumina adapter 

sequence 

HIVM_B4.1F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGCTGGACTGTCAATGAYATACAG 

2nd round PCR forward primer 

for RT w/ Illumina adapter 

sequence 

HIVM_B5F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGRCTGGAATCAGGAAAGTAC 

2nd round PCR forward primer 

for RT w/ Illumina adapter 

sequence 

HIVM_B6F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGGCAGGTGATGATWGTGTG 

2nd round PCR forward primer 

for IN w/ Illumina adapter 

sequence 

HIVM_C2F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGTGTCAGGGAGTRGGRGGA 

2nd round PCR forward primer 

for PR w/ Illumina adapter 

sequence 

HIVM_C3F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGTGGGCCTGAAAAYCCAT 

2nd round PCR forward primer 

for RT w/ Illumina adapter 

sequence 

HIVM_C4.2F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGTATGACCCATCAAAAGAYTTRATAG 

2nd round PCR forward primer 

for RT w/ Illumina adapter 

sequence 

HIVM_C5F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGYCCAGGAATATGGCAAYTAG 

2nd round PCR forward primer 

for IN w/ Illumina adapter 

sequence 
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HIVM_D2F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGWTGYACTGAGAGACAGGCTA 

2nd round PCR forward primer 

for PR w/ Illumina adapter 

sequence 

HIVM_D3F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGGTAYTGGATGTRGGTGATG 

2nd round PCR forward primer 

for RT w/ Illumina adapter 

sequence 

HIVM_D4F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGTTAACAGAGGCAGTGCA 

2nd round PCR forward primer 

for RT w/ Illumina adapter 

sequence 

HIVM_D5.4F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGTAGCAGGAAGATGGCCAG 

2nd round PCR forward primer 

for IN w/ Illumina adapter 

sequence 

HIVM_E2-

1.1F 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGTCACTCTTTGGCARCGACC 

2nd round PCR forward primer 

for PR w/ Illumina adapter 

sequence 

HIVM_E3F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGAGGATCACCAGCAATATTCC 

2nd round PCR forward primer 

for RT w/ Illumina adapter 

sequence 

HIVM_E4F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGGARAAAGAACCCATARTAGG 

2nd round PCR forward primer 

for RT w/ Illumina adapter 

sequence 

HIVM_E5F 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG 

CTCTTCCGATCTNNNNGGAAAGAAAAGGGGGGATTGG 

2nd round PCR forward primer 

for IN w/ Illumina adapter 

sequence 

Indexed 

Adapterc 

CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCAG 

ACGTGTGCTC 

2nd round PCR reverse primer w/ 

Illumina adapter sequence and 

barcodes 
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Table A.6. Complete list of HIVM panel Option #1 designed direct sequencing primers for reverse transcription.  

Primer Name Sequence (5’  3’)  
Target 

gene 

HIVM_A1R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGYTCCCTGCTTGCCCAT gag 

HIVM_A2R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTCTGGGTTYGCATTTTGG gag 

HIVM_A3R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCTTCTGTYAATGGCCAT pol 

HIVM_A4R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCYAGTTCTAGCTCTGCTTC pol 

HIVM_A5R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTCTTGGGCCTTATCTATYCC pol 

HIVM_A6R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGGTGGGAYRTGTACTTCTGA pol 

HIVM_A7R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGGGCTCTARTYTAGGATCTAC vpr 

HIVM_A8R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCTGAGGTRTTACAAYTTATC env 

HIVM_A9R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCTRATGGGAGGRGCAT env 

HIVM_A10R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCTCTCTCTCCACCTTCTYC env 

HIVM_B1R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCTAARGCTTCCTTGGTGTC gag 

HIVM_B2R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTGYCCTTCTTTGCCACA gag 

HIVM_B3R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTGAACTTCCCAGAARYC pol 

HIVM_B4R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCACCCCTCRTYCTTGCAT pol 

HIVM_B5R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGGCTACCAGRATAAYTTTTCC pol 

HIVM_B6R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGRCCCAAATGCCAGTCYCT pol 

HIVM_B7R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGMTCTKCGTCGCTGTCTC vpr 

HIVM_B8R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGGTATGGGAATTGGCTSA env 

HIVM_B9R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTYTGCACCACTCTTCTCT env 

HIVM_B10R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCTRTCTGTCCCCTCAGYT env 

HIVM_C1R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCTGAAAGCCTTYTCTTCTAC gag 

HIVM_C2R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGAAGGCCAGATYTTCCCTA pol 

HIVM_C3R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGGCAGTATACTTYCTRAAGTC pol 

HIVM_C4R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTCCMCCATGYTTCCCATG pol 

HIVM_C5R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGGATYCCYGCCCACCAA pol 

HIVM_C6R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCCTAGGACTAACTMTAYGTC vif 

HIVM_C7R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTGCCACTGTCTTCTGCT vpu 
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HIVM_C8R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCAGATTYRTTCAGCTGTAC env 

HIVM_C9R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTGTTGCGCYTCAATAGC env 

HIVM_C10R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGACCAYTTGCCACCCAT env 

HIVM_D1R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGAAYAGGCCCTGCATGCA gag 

HIVM_D2R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCYTTTAGTTGCCCYCCTA pol 

HIVM_D3R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTGYYGCCCTATTTCTAAGTC pol 

HIVM_D4R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCTRTTRGCTGCCCCATC pol 

HIVM_D5R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTTCCCCTGCACTGTAYC pol 

HIVM_D6R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCTTGTTCCATCTATCCTCTG vif 

HIVM_D7R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCTTCYTTCCACACAGGTAC env 

HIVM_D8R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGATGCTCTCCCTGGTCCT env 

HIVM_D9R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCCAAGGCACAGYAGTG env 

HIVM_D10R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTGGTCTTAAAGGWACCTGRG nef 

HIVM_E1R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGGTTCYTTTGGTCCTTGTYT gag 

HIVM_E2R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTTGACAGGTGTAGGTCCT pol 

HIVM_E3R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGGGATGGAGTTCATAACCCAT pol 

HIVM_E4R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTKATCTGGYTGTGCTTG pol 

HIVM_E5R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGACCTGCCRTCTGTTTTCC pol 

HIVM_E6R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTTATGGCYTCCACTCCT vpr 

HIVM_E7R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGCACATGGCTTTARGCTT env 

HIVM_E8R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGYTTCTGGGTCCCCYCCT env 

HIVM_E9R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGTCCACAAACTTGCCCAT env 

HIVM_E10R GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNNNNNNNNNNGGGWAGCACCAYCCAAAGGT nef 
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Table A.7. Complete list of HIVM panel Option #1 designed direct sequencing primers for final amplification (2nd round PCR).  

Primer Name Sequence (5’  3’)  Target gene 

HIVM_A1F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGCCTCAGACCMTTTTAGTCA gag 

HIVM_A2F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGCACCTATCCCAGTAGGAGA gag 

HIVM_A3F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGATAGGGGGAATTGGAGGKT pol 

HIVM_A4F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGTCAGAARGAACCYCCATTCC pol 

HIVM_A5F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGCAGGATTCRGGAYTAGAAG pol 

HIVM_A6F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGAGGGGCAGTAGTAATACAAG pol 

HIVM_A7F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGAGGAGCTTAAGARTGAAGC vpr 

HIVM_A8F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGRAYATGGTAGAACAGATGC env 

HIVM_A9F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGGACCCAGAARTTGTAAYG env 

HIVM_A10F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGATCGCARAACCARCAAG env 

HIVM_B1F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGYTAAGGCCAGGRGGAA gag 

HIVM_B2F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGGATGACAGAAACCTTGTTG gag 

HIVM_B3F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGAAAGCCAGGAATGGATG pol 

HIVM_B4F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGCCTTAGRGGARCCAAAGCA pol 

HIVM_B5F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGRCTGGAATCAGGAAAGTAC pol 
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HIVM_B6F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGCAGGTGATGATWGTGTG pol 

HIVM_B7F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGTGYCRACATAGCAGAATAGG vpr 

HIVM_B8F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGYTAACCCCACTCTGTGT env 

HIVM_B9F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGACATGTGGCAGAAAGTAGG env 

HIVM_B10F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGACAGGCCCGAAGGAA env 

HIVM_C1F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGRCCCTCTATTGTGTRCATC gag 

HIVM_C2F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGTGTCAGGGAGTRGGRGGA pol 

HIVM_C3F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGTGGGCCTGAAAAYCCAT pol 

HIVM_C4F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGGAGTGTATTATGACCCATC pol 

HIVM_C5F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGYCCAGGAATATGGCAAYTAG pol 

HIVM_C6F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGTAGRGGATGCTARATTGGT vif 

HIVM_C7F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGSCTTAGGCATCTCCYATGG vpu 

HIVM_C8F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGMTTACACARGCCTGTCCA env 

HIVM_C9F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGGGACAATTGGAGAAGTGA env 

HIVM_C10F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGAGGAYTGTGGAAMTTCTG env 

HIVM_D1F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGARGCMATATCACCTAGAAC gag 
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HIVM_D2F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGWTGYACTGAGAGACAGGCTA pol 

HIVM_D3F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGTAYTGGATGTRGGTGATG pol 

HIVM_D4F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGTTAACAGAGGCAGTGCA pol 

HIVM_D5F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGCAGGAAGATGGCCAGT pol 

HIVM_D6F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGAGTCKCCRTAGAATGGAGGA vif 

HIVM_D7F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGCAATAGTTGTGTGGWCYA env 

HIVM_D8F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGCASCACAGTACAATGTACAC env 

HIVM_D9F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGACGGTACAGRCCAGA env 

HIVM_D10F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGACAGGGCYTRGAAAGG nef 

HIVM_E1F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGTCAATGARGAAGCTGCA gag 

HIVM_E2F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGCAGRTCACTCTTTGGCAA pol 

HIVM_E3F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGAGGATCACCAGCAATATTCC pol 

HIVM_E4F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGARAAAGAACCCATARTAGG pol 

HIVM_E5F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGAAAGAAAAGGGGGGATTGG pol 

HIVM_E6F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGAAAGCCRCCTTTGCCTA vpr 

HIVM_E7F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGAAWTGTGGGTCACAGTC env 
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HIVM_E8F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGGTAYAAGACCCAACAAC env 

HIVM_E9F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGAGARTCCTGGCTGTRGAA env 

HIVM_E10F AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG 

ATCTNNNNGGTGGCTAGAAGCACAAGAG nef 
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Table A.8. List of single index barcode sequences used in the direct sequencing protocol final amplification (2nd round PCR).  

Primer Name Sequence (5’  3’)a 

Index 1 CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTGCTC 

Index 2 CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTGCTC 

Index 3 CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAGACGTGTGCTC 

Index 4 CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGACGTGTGCTC 

Index 5 CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGTGTGCTC 

Index 6  CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTGCTC 

Index 7  CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAGACGTGTGCTC 

Index 8  CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTTCAGACGTGTGCTC 

Index 9 CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGTTCAGACGTGTGCTC 

Index 10 CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACTGGAGTTCAGACGTGTGCTC 

Index 11 CAAGCAGAAGACGGCATACGAGATGTAGCCGTGACTGGAGTTCAGACGTGTGCTC 

Index 12 CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAGACGTGTGCTC 

Index 13 CAAGCAGAAGACGGCATACGAGATTTGACTGTGACTGGAGTTCAGACGTGTGCTC 

Index 14 CAAGCAGAAGACGGCATACGAGATGGAACTGTGACTGGAGTTCAGACGTGTGCTC 

Index 15 CAAGCAGAAGACGGCATACGAGATTGACATGTGACTGGAGTTCAGACGTGTGCTC 

Index 16 CAAGCAGAAGACGGCATACGAGATGGACGGGTGACTGGAGTTCAGACGTGTGCTC 

Index 18 CAAGCAGAAGACGGCATACGAGATGCGGACGTGACTGGAGTTCAGACGTGTGCTC 

Index 19 CAAGCAGAAGACGGCATACGAGATTTTCACGTGACTGGAGTTCAGACGTGTGCTC 

Index 20 CAAGCAGAAGACGGCATACGAGATGGCCACGTGACTGGAGTTCAGACGTGTGCTC 

Index 21 CAAGCAGAAGACGGCATACGAGATCGAAACGTGACTGGAGTTCAGACGTGTGCTC 

Index 22 CAAGCAGAAGACGGCATACGAGATCGTACGGTGACTGGAGTTCAGACGTGTGCTC 

Index 23 CAAGCAGAAGACGGCATACGAGATCCACTCGTGACTGGAGTTCAGACGTGTGCTC 

Index 25 CAAGCAGAAGACGGCATACGAGATATCAGTGTGACTGGAGTTCAGACGTGTGCTC 

Index 27 CAAGCAGAAGACGGCATACGAGATAGGAATGTGACTGGAGTTCAGACGTGTGCTC 

Index 150 CAAGCAGAAGACGGCATACGAGATTAGTTCGTGACTGGAGTTCAGACGTGTGCTC 

Index 151 CAAGCAGAAGACGGCATACGAGATTTAATGGTGACTGGAGTTCAGACGTGTGCTC 

Index 152 CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTTCAGACGTGTGCTC 

Index 153 CAAGCAGAAGACGGCATACGAGATCACACAGTGACTGGAGTTCAGACGTGTGCTC 
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Index 154 CAAGCAGAAGACGGCATACGAGATGTCAGGGTGACTGGAGTTCAGACGTGTGCTC 

Index 155 CAAGCAGAAGACGGCATACGAGATTTGAACGTGACTGGAGTTCAGACGTGTGCTC 

Index 156 CAAGCAGAAGACGGCATACGAGATATATGTGTGACTGGAGTTCAGACGTGTGCTC 

Index 157 CAAGCAGAAGACGGCATACGAGATATGTGCGTGACTGGAGTTCAGACGTGTGCTC 

Index 158 CAAGCAGAAGACGGCATACGAGATCCGATAGTGACTGGAGTTCAGACGTGTGCTC 

Index 159 CAAGCAGAAGACGGCATACGAGATCAGGAAGTGACTGGAGTTCAGACGTGTGCTC 

Index 160 CAAGCAGAAGACGGCATACGAGATGCATAAGTGACTGGAGTTCAGACGTGTGCTC 

Index 161 CAAGCAGAAGACGGCATACGAGATATCGTAGTGACTGGAGTTCAGACGTGTGCTC 

Index 162 CAAGCAGAAGACGGCATACGAGATACTAAAGTGACTGGAGTTCAGACGTGTGCTC 

Index 163 CAAGCAGAAGACGGCATACGAGATTAGGAAGTGACTGGAGTTCAGACGTGTGCTC 

Index 164 CAAGCAGAAGACGGCATACGAGATGTCCGTGTGACTGGAGTTCAGACGTGTGCTC 

Index 165 CAAGCAGAAGACGGCATACGAGATCGAGGCGTGACTGGAGTTCAGACGTGTGCTC 

Index 166 CAAGCAGAAGACGGCATACGAGATTTCCAAGTGACTGGAGTTCAGACGTGTGCTC 

Index 167 CAAGCAGAAGACGGCATACGAGATAACTCAGTGACTGGAGTTCAGACGTGTGCTC 

Index 168 CAAGCAGAAGACGGCATACGAGATTCAGACGTGACTGGAGTTCAGACGTGTGCTC 

Index 169 CAAGCAGAAGACGGCATACGAGATCCACGAGTGACTGGAGTTCAGACGTGTGCTC 

Index 170 CAAGCAGAAGACGGCATACGAGATGCGTGCGTGACTGGAGTTCAGACGTGTGCTC 

Index 171 CAAGCAGAAGACGGCATACGAGATCAAAGGGTGACTGGAGTTCAGACGTGTGCTC 

Index 172 CAAGCAGAAGACGGCATACGAGATTGCGGCGTGACTGGAGTTCAGACGTGTGCTC 

Index 173 CAAGCAGAAGACGGCATACGAGATCGCTGTGTGACTGGAGTTCAGACGTGTGCTC 
aBarcode sequence is a string of six-nucleotides that differ from one another by 1 or more bases. 
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