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Abstract

Lack of a consistent and reliable genotyping system can critically impede HIV genomic research 

on pathogenesis, fitness, virulence, drug resistance, and genomic-based healthcare and treatment. 

At present, mis-genotyping, i.e., background noises in molecular genotyping, and its impact on 

epidemic surveillance is unknown. For the first time, we present a comprehensive assessment of 

HIV genotyping quality. HIV sequence data were retrieved from worldwide published records, and 

subjected to a systematic genotyping assessment pipeline. Results showed that mis-genotyped 

cases occurred at 4.6% globally, with some regional and high-risk population heterogeneities. 

Results also revealed a consistent mis-genotyping pattern in gp120 in all studied populations 

except the group of men who have sex with men. Our study also suggests novel virus diversities in 

the mis-genotyped cases. Finally, this study reemphasizes the importance of implementing a 

standardized genotyping pipeline to avoid genotyping disparity and to advance our understanding 

of virus evolution in various epidemiological settings.
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INTRODUCTION

The extraordinary diversity of HIV-1 is exemplified by nine subtypes and over seventy 

recombinant clades within the M group alone (1 and www.hiv.lanl.gov). In addition, elevated 

global epidemic surveillance and advances in biotechnology have immensely expanded our 

sampling and sequencing capability, leading to discoveries of more complex HIV-1 genomes 

(3–5). As much of the virus diversity information has been implemented in various aspects 

of HIV basic and translational research, epidemic surveillance, and genomic-based 

healthcare and prevention, a basic yet important question remains unanswered: to what 

degree are we sure of the virus genotyping information, a frontline reflection of the viral 

genetic diversity, is correct?

To address this question, a few small-scale retrospective studies have been performed. In one 

case, re-analysis of HIV isolates from Cyprus and Greece revealed that subtype I, rather than 

a pure subtype, actually was a mosaic clade that contains an unique complex A/G/H/K/? 

pattern (6). In another case, the absence of subtype E full-length genomes (7, 8) literally 

contradicts with the HIV subtype nomenclature (1), with which the subtype E was 

designated as a subtype, and subsequently has been utilized inappropriately as a full-genome 

genotyping reference.

In the past few years, we also have made notable progress in the investigation of HIV 

genotyping quality. Utilizing a stringent genotyping pipeline we have developed (3, 9–11), 

we re-examined several epidemiologically important clades (3, 10). For instance, the 

prevalence of CRF02, responsible for over 9 million HIV-1 infections worldwide (12), has 

entitled itself becoming one of most important clades considered in both global and regional 

vaccine design in West and West Central Africa (13). Of a total of 30 published, 

epidemiologically unlinked full-genome CRF02 strains, we found that 16 strains did not 

resemble the CRF02 prototype reference IBNG strain in neither genomic structure nor 

compositional sequences (3). In China, where BC recombinants are integral to studying 

local epidemics and development of regional antiviral therapies (14), we found that mis-

genotyping rate was as high as 60% among all published full-genome CRF08_BC strains 

(3).

Leveraged by these small-scale and regional studies, it is desirable to gauge the quality of 

HIV genotyping on a broader scale at the global level, and ideally, to provide improved 

clade references for global epidemiologic surveillance and genomic-based treatment and 

prevention. We thus applied interdisciplinary expertise and experience in bioinformatics and 

molecular epidemiology to systematically investigate the quality of HIV genotyping data 

published worldwide. Results of this study not only advance our understanding in HIV 

evolutionary patterns in different epidemiological settings, but also shed light on improved 

HIV genomic-based healthcare and treatment.

MATERIALS AND METHODS

HIV sequences included in this study were retrieved from the GenBank and Los Alamos 

HIV Sequence Database (15) as of Sept 2014. Sequences shorter than 400 nucleotides and 
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redundant sequences were filtered out according to the criteria described in our prior study 

(3).

All qualified sequences were subjected to genotyping firstly by using the jumping profile 

hidden Markov model (jpHMM) method (3, 9–11). The jpHMM algorithm combines both 

the profile hidden Markov model (16) and jumping alignment (17). In this method, distinct 

HIV-1 subtypes can be discerned based on hidden Markov model-based subtypes profiles, 

which are associated with estimated probabilities for staying within one subtype or jumping 

to different subtypes. Through a Viterbi path search (18), the jpHMM computes the most 

probable subtype pattern for a given query sequence. A prominent feature that distinguishes 

the jpHMM method from other HIV genotyping methods is its high accuracy in predicting 

parental subtypes of recombinants and locating breakpoint positions (3, 9–11). Therefore we 

are confident with the application of the jpHMM method in this study.

Following the jpHMM genotyping procedure, sequences with conflicting genotype 

definitions between their original documented assignments and the jpHMM genotyping 

result were further examined by phylogenetic analyses. This was performed by the F84-

based neighbor-joining method implemented in the PHYLIP program (version 3.69) (19). In 

brief, DNADIST and NEIGHBOR were used for constructing phylogenetic trees, followed 

by SEQBOOT, DNADIST, NEIGHBOR, and CONSENSE analyses to assess reliability of 

clade clustering. Five-hundred iterations of nonparametric bootstrapping were utilized to 

provide statistical supports of clade classification and we used bootstrap of 75% to 

determine if a sequence belongs to a cluster. HIV subtype references (20) were used to infer 

correct clade clustering. A mis-genotyped case was defined when the jpHMM and 

phylogenetic analyses produced a consensus result, while it was different from the original 

GenBank and/or publication genotype assignment. The genotyping algorithm is summarized 

in Figure 1.

To assess the global prevalence of HIV mis-genotyped cases, we selected mis-genotyped 

cases by using one sequence per individual, followed by stratifications based on information 

of transmission route and sampling geographic region as reported in the original report. To 

estimate the regional prevalence of mis-genotyped cases, all mis-genotyped sequences were 

normalized by a total number of available HIV-1 sequences in the same geographic region. 

Mis-genotyped cases at both global and regional levels were also stratified pertaining to 

sampling years, in order to assess the temporality of mis-genotyped cases.

To investigate the distribution of mis-genotyped occurrences across the viral genome, counts 

of mis-genotyped sequences were normalized by the total number of viral sequences in the 

same genomic region in order to avoid unequal sampling bias across the genome. The HXB2 

strain (K03455) was used as the genomic numbering reference when sequences were 

mapped on the HIV-1 genome.

RESULTS

We retrieved 459,881 global HIV-1 sequences from the GenBank and Los Alamos HIV 

Sequence Database as of Sept 2014. These sequences were filtered as described in the 
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Methods and Materials section. A total of 49,175 sequences were used for genotyping 

quality analyses, which revealed 2,236 mis-genotyped cases, each representing one patient 

source. As detailed in the Methods and Materials section, a mis-genotyped case was defined 

when the jpHMM and phylogenetic analyses produced a consensus result, while it was 

different from the original GenBank and/or publication genotype assignment. Collectively, 

we identified a total of 4.6% mis-genotyped cases from worldwide HIV-1 sequences 

analyzed in this study. Numbers of retrieved data and mis-genotyping cases are also 

summarized in Table 1.

We further assessed the global and regional prevalence of HIV mis-genotyping occurrences. 

As depicted in Figure 2A, West and West Central Africa, and South America, each bears a 

high level (>10%) of mis-genotyped HIV cases. A total of 965 mis-genotyped cases, 

representing one sequence per individual, were identified with confirmed transmission 

history based on literature curation. These cases were then stratified based on four mostly 

common routes of HIV transmission: heterosexual transmission, men who have sex with 

men (MSM), intravenous drug use (IDU), and children infected by mother-to-child 

transmission (MTCT, the data of the pairing mothers was inadequate for analysis). As shown 

in Fig. 2B, West Central Africa contained the highest count of mis-genotyped cases within 

the heterosexual population and MSM. In the IDU population, Argentina topped the mis-

genotyping list. And frequent mis-genotyping cases in the MTCT population were observed 

in East Africa, Argentina, and China.

We also investigated the distribution of mis-genotyped cases across the viral genome. Both 

raw count and normalized count are summarized in Figure 3. Overall, mis-genotyped cases 

occurred at a frequency of 3–6% across the genome, which was mostly contributed by the 

heterosexual population and the least by the MSM population. Mis-genotyped cases are 

more enriched in regions of gag, gp120 and nef. In the heterosexual population, mis-

genotyped cases in gag, pol, and gp120 regions were higher than the average. Similar trends 

were also observed in the gp120 region in populations of IDU and MTCT. Furthermore, a 

consistent pattern of mis-genotyped cases in the gp120 region was identified in all 

populations except MSM. This is not surprising, giving the extraordinary mutation capability 

of gp120 under influences of immunological selection. This result underscores a remaining 

challenge of accurate genotyping the gp120 region.

We further examined the temporality of mis-genotyped cases to determine the extent that the 

advanced sequencing technology and improved genotyping capability have contributed to 

improving genotyping accuracy since the beginning of HIV/AIDS epidemics. Our data spans 

across 25 years, from 1985 to 2009, during which we were able to obtain adequate sampling 

information. In general, the prevalence of mis-genotyped cases, each represent one sequence 

per individual, is approximately 4–5% over the time frame analyzed, with a short disruption 

during 1997–2002, for which a higher number (>5%) of mis-genotyped cases were 

identified (Fig. 4A). This temporary increase is likely attributed to elevated epidemic 

sampling efforts in the non Sub-Saharan Africa region (Fig. 4B) and to a larger number of 

heterosexual cases identified worldwide (Fig. 4C). Mis-genotyped cases in the IDU 

population were mostly from China, in particular a surge of such cases in 2004. Within the 

children infected by MTCT, the highest mis-genotyping portion was observed in 2008 and 
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that was mostly related to subtype B from Argentina. Brazil, a South American epicenter 

besides Argentina, was found to contribute to a high frequency of mis-genotyped subtype B 

in South America during 1992–1996. In addition, a mis-subtyping peak was noted in the 

Caribbean region during 1999, primarily associated with subtype D. These results indicate 

an inadequate genotyping accuracy remained over the past decades through 2009.

Discussion

The accuracy of HIV genotyping has plagued HIV research since the advent of HIV/AIDS 

epidemics. Historically, uncertainty of HIV genetic diversity, lack of genotyping tools, 

genetic similarity between viral clades, such as subtypes B vs. D, and subtypes A vs. G, all 

contributed to mis-genotyped cases prior to 2000, when the HIV nomenclature was 

established (1). In addition, a disparity in the genotyping procedure, result interpretation, 

and an increasing complexity of circulating strains together impose greater challenges on 

molecular genotyping. As shown in Figure 4, we have observed limited evidence supporting 

an improved genotyping accuracy along with advanced sequencing biotechnology and 

enhanced genotyping capability over the past decades through 2009. It might be the case that 

mis-genotyping will persist in future molecular HIV research, unless a standardized 

genotyping pipeline is developed to avoid the genotyping disparity and a much advanced 

understanding of virus evolution is gained to better inform clade references.

The consequence of mis-genotyped cases should not be overlooked. Here we showed that 

mis-genotyped cases occurred more frequently in West and West Central Africa, and South 

America (Figure 2A), more specifically, in populations of heterosexual and MSM in West 

Central Africa and the IDU population in Argentina (Figure 2B). HIV epidemics in these 

two geographic regions have been proven to be complex (3). Circulating strains in the 

regions are likely evolving toward more complicated decedents, thus making genotyping 

more challenging. It is also possible, as suggested in our prior studies (3), the diversity scope 

of HIV epidemics in these two regions has been underestimated. As a result, the genotyping 

accuracy could not be achieved due to lack of appropriate clade references representing 

epidemics in these two regions.

Our study also identified a consistent mis-genotyped pattern in the genomic region gp120 
(Figure 3). This occurs in all studied populations except MSM. Given the importance of 

gp120 in virus entry and neutralizing antibody escape (24–27), mis-genotyped cases 

identified in this report suggest a possible knowledge gap pertaining to the gp120 diversity, 

which might contribute to the incompetence of vaccine designs targeting gp120.

Globally speaking, we found mis-genotyped cases occurred at 4.6% level, with a much 

higher occurrence (>30% prevalence. Figure 2B) in the heterosexual population in West 

Central Africa, the intravenous drug use population in South America, the population of men 

who have sex with men from West Central Africa, and populations of children from mother-

to-child transmission in East Africa and China. Mis-genotyped cases may not simply suggest 

that a standardized genotyping procedure is desired, but also suggest a closer surveillance of 

regional epidemics is needed in the aforementioned populations.
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Of note, the patient epidemiological data, especially the risk factors, may subject to bias and 

errors. For example, in countries/regions where MSM and/or IDU is illegal, the patients 

often under-report their risk activity out of fear of prosecution or shame. Therefore, the 

results we presented here should be interpreted with caution.

Last but not least, the study method used in this study - the jpHMM and the genotyping gold 

standard phylogenetic analysis – was chosen based on our extensive experience in HIV 

genotyping (3, 10, 28, 29) and a careful consideration of HIV genotyping programs and 

tools. Some of the programs and tools include: i) Context-based Modeling for Expeditious 

Typing (COMET). It can be accessed via an on-line interface hosted at https://comet.lih.lu/. 

Unlike the jpHMM program, the COMET program does not provide the recombination 

breakpoint analysis (30). Additionally, COMET only provides an online version, making it 

difficult for large-scale data analyses, such as the one described in this study. ii) The 

SCUEAL program: It is accessible from http://www.datamonkey.org/dataupload_scueal.php. 

Currently only pol sequences can be subtyped by this program (noted in the above site), 

while the jpHMM has a broad application on other HIV genomic regions. iii) The European-

based Subtype Analyzer Program (STAR): It is available at http://www.vgb.ucl.ac.uk/

starn.shtml. Unlike the jpHMM program, the current version does not provide the 

recombination breakpoint predictions (30, 31). iv) The RIP program: It is available from 

https://www.hiv.lanl.gov/content/sequence/RIP/RIP.html. This tool is not feasible for large-

scale data analyses due to its online-only capability. Additionally, the recombinant 

breakpoints are based on manual check with no reliable support for breakpoint prediction. v) 

The REGA tool: It is available from regatools.med.kuleuven.be/typing/v3/hiv/typingtool. 

Behind this tool, it is a phylogenetic-based analysis, specifically, the NJ analysis with 

bootstrapping. Although this algorithm is different from the jpHMM, which is a 

probabilistic-based genotyping approach, we did capture its feature by utilizing the 

phylogenetic method as described in the Materials and Methods session. Comparisons 

between our jpHMM method, the phylogenetic analysis and some other genotyping tools are 

described by both our studies (9–11) and others (32, 33).

In summary, through the largest scale study of its kind, we investigated the HIV genotyping 

quality of HIV at both regional and global levels, as well as within high-risk infection 

populations and across the viral genome. Our results suggest that mis-genotyped cases, 

defined as noises in accurate viral genotyping, actually contain informative messages that 

can be used to refine clade references in epidemic surveillance and help improve HIV basic 

and translational research. Finally, our results reemphasize the importance of implementing 

a standardized genotyping pipeline to avoid genotyping disparity and to advance our 

understanding of virus evolution in various epidemiological settings.
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Figure 1. Algorithm of the genotyping process used in this study
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Figure 2. Global prevalence of HIV-1 mis-genotyped cases
Each case represents one sequence per individual. All mis-genotyped cases were normalized 

by a total number of available HIV-1 sequences in the same geographic region. (A) 

Worldwide overview of genotyping quality. (B) Genotyping quality within four high-risk 

infection groups. Color scale: percentage of mis-genotyped cases in individual geographic 

regions.
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Figure 3. Distribution of mis-genotyped cases across the HIV-1 genome
Each case represents one sequence per individual. To avoid unequal sampling bias across the 

viral genome, counts of mis-genotyped cases were normalized by the total number of viral 

sequences in the same genomic region. Both raw count (in blue shade) and normalized count 

(in black shade) are summarized. Genome map at the bottom: reference genome of HXB2 

strain (accession number: K03455).
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Figure 4. Temporality of mis-genotyped cases
Each case represents one sequence per individual. All cases were normalized by patient and 

geographic region as described in the Method section. The data spans across 25 years, from 

1985 to 2009, during which we were able to obtain adequate sampling information. (A) 

Worldwide prevalence of mis-genotyped cases during 1985 – 2009. (B) The prevalence of 

mis-genotyped cases in different geographic regions during 1985 – 2009. (C) The prevalence 

of mis-genotyped cases within four high-risk infection populations during 1985 – 2009.
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TABLE 1

Summary of Sequence Total Retrieved From The Public Domain And Mis-genotyped cases.

Number of sequences retrieved from the public domain 459,881

Number of sequences subject to genotyping 49,175

Number of identified mis-genotyped cases 2,236

Number of mis-genotyped case with transmission history info. 965

Number of mis-genotyped case with sampling country info. 2,234
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