
Phylogenetic and Geospatial Evaluation of HIV-1 Subtype 
Diversity at the Largest HIV Center in Rhode Island

Philip A. Chan, MD1,†, Marissa B. Reitsma1, Allison DeLong, MS2, Bruce Boucek, MA3, Amy 
Nunn, ScD1, Marco Salemi, PhD4, and Rami Kantor, MD1

1Division of Infectious Diseases, Department of Medicine, Alpert Medical School of Brown 
University, Providence, Rhode Island, USA

2Center for Statistical Sciences, Brown University, Providence, Rhode Island, USA

3Brown University, Providence, Rhode Island, USA

4Department of Pathology, University of Florida, Gainesville, Florida, USA

Abstract

Individuals infected with HIV-1 non-B subtypes are understudied in the United States. Their 

characterization may augment prevention and treatment interventions. We examined the regional 

molecular epidemiology of non-B subtypes using a combined phylogenetic and geospatial 

approach. HIV-1 pol sequences and clinical data obtained for routine clinical care were aggregated 

from 2004–2011 at the largest HIV center in Rhode Island. Subtyping was performed by neighbor-

joining and maximum-likelihood phylogeny and compared across eight commonly used tools 

(HIVdb, REGA, RIP, NCBI, Geno2Pheno, EuResist, jpHMM and STAR) using proportional odds 

ordinal regression. Individuals with non-B subtypes were characterized according to demographics 

and risk factors for infection, intra-subtype clustering by maximum-likelihood phylogeny, and 

geospatial hotspot analysis using Getis-Ord Gi* statistics. Of 1,277 unique sequences, 

phylogenetic subtyping demonstrated 8.3% (N=106, 95% CI 6.8%–10%) non-B subtypes and 

circulating recombinant forms (CRFs): CRF02_AG=46; A=15; C=15; CRF01_AE=6; 

CRF06_CPX=5; CRF14_BG=5; G=3; CRF43_02G=3; D=3; CRF24_BG=3; CRF11_CPX=1; 

F1=1. Compared to phylogeny, Geno2Pheno was the most concordant (86% exact match) 

followed by REGA (85%), EuResist (85%) and STAR (82%). Of 106 individuals with non-B 

subtypes, 50% were male, 71% acquired infection through heterosexual transmission; 76%, were 

born in Africa, 6% Southeast Asia, 5% the United States, 3% Central America, 1% Europe, and 

9% unknown. Eighty percent of CRF02_AG, 93% of A and 87% of C sequences were from 
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African-born individuals. Twenty-two percent of non-B subtypes formed transmission clusters, 

including a significant number of younger individuals with perinatally-acquired infection. 

Geospatial analyses revealed hotspots of B and non-B subtypes in the state capital with a more 

concentrated focus among non-B subtypes. Molecular examination of regional HIV diversity 

revealed a larger than expected non-subtype B infected population, mostly born in Africa, with 

low ongoing regional transmission. Phylogenetic and geospatial characterization of infection 

clusters is helpful to identify targets for treatment and prevention interventions.
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1. INTRODUCTION

The HIV epidemic continues to affect diverse racial and ethnic populations across the world, 

including the United States (US) (Johnson et al., 2013). HIV is broadly classified as type 1 

or 2, of which type 1 forms several groups (M, N, O, P) (Robertson et al., 2000). Most 

infections worldwide are caused by HIV type 1 group M which is further divided into 

discrete clades, or subtypes (A–D, F–H, J, K) and many circulating recombinant forms 

(CRFs) (Hemelaar et al., 2011). Subtype C is the most common worldwide and other 

subtypes are found across much of Africa and Asia. Greater than 95% of US infections are 

due to HIV-1 subtype B (Bennett, 2005; Pyne et al., 2013), which is also common in 

Europe, Australia, and Central/South America. HIV-1 diversity has important ramifications 

for clinical practice including diagnostics (Apetrei et al., 1996), viral load and drug 

resistance monitoring (Chan et al., 2008; Luft et al., 2011), blood donor screening (Delwart 

et al., 2012), antiretroviral (ARV) treatment (Kantor, 2006), clinical disease course (Pant Pai 

et al., 2012), and vaccine development (Taylor et al., 2008). Surveillance and investigation 

of HIV-1 subtype diversity is therefore important, especially since the prevalence of non-

subtype B strains in the US has been increasing over the last decade (Brennan et al., 2009; 

Carr et al., 2010; Delwart et al., 2012; Lin et al., 2006; Wheeler et al., 2010).

Previous studies in the US of individuals with non-B infection have been conducted among 

military personal (Brodine et al., 1999; Wegner et al., 2000), state public health departments 

(Sides et al., 2005), small case studies (Womack et al., 2001), urban centers (Achkar et al., 

2004; Carr et al., 2010), blood donors (Brennan et al., 2009; Delwart et al., 2012) and other 

molecular epidemiology based studies (Gonzales et al., 2001). Among US blood donors 

from 1999–2009, 2.5–4.7% had non-B infections (Brennan et al., 2009; Delwart et al., 

2012). Large reference laboratories have found a similar prevalence (Pyne et al., 2013). The 

Centers for Disease Control and Prevention (CDC) Variant, Atypical, and Resistant HIV 

Surveillance Group (VARHS), the major surveillance network in the US for HIV genetic 

diversity, demonstrated non-B subtypes in 3.8% of infections in 2006 (Wheeler et al., 2010). 

The VAHRS network encompasses a subset of states across the country (Colorado, Illinois, 

Louisiana, Michigan, Minnesota, Mississippi, North Carolina, Pennsylvania-excluding 

Philadelphia, Washington, South Carolina, Virginia), but does not include many of the 

major urban centers in the US Northeast.
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The gold-standard comprehensive classification of HIV-1 subtypes is based on phylogenetic 

analyses of whole genomes (Robertson et al., 2000), despite their rare availability. 

Conversely, HIV pol sequences, collected as routine clinical care to assess for drug 

resistance mutations, have enough phylogenetic signal to accurately determine the pol 

subtype (Hué et al., 2004; Pasquier et al., 2001; Snoeck et al., 2002; Yahi et al., 2001). Other 

subtyping methods include commonly used algorithms such as the Stanford HIV Database 

(Liu and Shafer, 2006), the REGA HIV Subtyping Tool (de Oliveira et al., 2005), Los 

Alamos Recombinant Identification Program (RIP) (Siepel et al., 1995), the National Center 

for Biotechnology Information (NCBI) tool (Rozanov et al., 2004), Geno2Pheno 

(Beerenwinkel et al., 2002), EuResist (Rosen-Zvi et al., 2008), Jumping Profile Hidden 

Markov Model (jpHMM) (Schultz et al., 2006), and Subtype Analyzer (STAR ) (Gale et al., 

2004). These approaches use a combination of similarity scores, statistical analyses and 

phylogenetic inference to determine subtype.

Subtype diversity may have important implications for HIV treatment and prevention in the 

US. Individuals with non-B infection are more likely to be foreign-born and have different 

risk factors for HIV acquisition than US-born individuals infected with HIV-1 subtype B 

(Prosser et al., 2012). Over 60% of new HIV infections in the US are among men who have 

sex with men (MSM) (Johnson et al., 2013). The major risk factor for HIV acquisition 

among foreign-born individuals with non-B infection is heterosexual contact (Prosser et al., 

2012). This discordance may be attributable to regional, discrete sub-epidemics with 

differing characteristics. In combination with other cultural and language barriers, especially 

stigma surrounding sex and HIV/AIDS, such differences might be relevant to the design and 

implementation of HIV treatment and prevention strategies. Common programs and 

interventions for education and testing that target the most affected HIV-infected US 

populations such as MSM and injection drug users (IDU) may need to be modified for other 

populations. Characterization of non-B infections may identify populations and regions that 

would benefit from HIV treatment and prevention interventions.

Two approaches to characterize HIV molecular epidemiology in a community include 

phylogenetic and geospatial cluster analyses, which attempt to identify groups of HIV-

infected individuals that share certain features. Phylogenetic characterization of HIV pol 

sequences can identify clusters of sequences with common ancestors that may be indicative 

of ongoing local HIV transmission in a community (Brenner et al., 2011; Chan et al., 2012, 

2011; Lewis et al., 2008). Lack of, or limited, clustering in a well-represented epidemic 

suggests unlinked infections and multiple, independent viral introductions. Geospatial 

analyses can identify “hotspots” of infection by a combination of geographic information 

system (GIS) and spatial statistical methods, which imply concentrated regions of HIV-

infected individuals living within a defined geographic area (Hixson et al., 2011; Shepard et 

al., 2011). Given that foreign-born populations tend to segregate by ethnicity and/or race 

(Fischer et al., 2004), determination of geospatial clusters may assist in targeting HIV 

testing, prevention, linkage to care and treatment interventions in these populations.

In this study, we characterize populations with diverse HIV-1 subtypes at the largest HIV 

center in Rhode Island, a state of 1.1 million people with approximately 4,000 individuals 

infected with HIV (Rhode Island Department of Health Surveillance Report). We use a 
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combined phylogenetic and geospatial approach to identify targets for future treatment and 

prevention interventions. We determine subtype diversity and associated features in our 

regional HIV epidemic and evaluate transmission networks in individuals infected with non-

B subtypes by assessing intra-subtype phylogenetic clustering and performing geospatial 

analyses to determine geographic concentrations of HIV infection.

2. MATERIAL AND METHODS

2. 1 Study Population

HIV-1 pol sequences (protease amino acids 4–99 and reverse transcriptase amino acids 38–

248) were collected from January 2004 to December 2011 at the Lifespan Hospital System, 

a Brown University teaching affiliate, encompassing several major academic hospitals and 

outpatient clinics in Rhode Island, which provide care for approximately 75% of the state’s 

HIV population (Gillani et al., 2009). Sequences were obtained as part of routine clinical 

care to evaluate for ARV drug resistance from individuals who were both ARV treatment-

naïve and treatment-experienced. Demographic and clinical data were reviewed from 

available records of all individuals with available sequences attending the clinic. These data 

included age, gender, biologic sex, race, ethnicity, address (street, city, state, and zip code of 

residence during 2011), risk factor(s) for HIV acquisition, date of HIV diagnosis, ARV 

treatment history, and country of origin. Risk factors for HIV acquisition included MSM, 

males who have sex with females (MSF), females who have sex with males (FSM), IDU, 

mother-to-child-transmission (MTCT), and other/unknown. Men who identified as MSM 

and MSF were categorized as MSM. IDUs who reported MSF or FSM were categorized as 

IDU as the likely route of HIV acquisition.

The study was approved by the Lifespan institutional review board.

2.2 HIV-1 Subtyping

Sequence quality control was performed using the sequence quality analysis tool (SQUAT) 

(Delong et al., 2011). Sequences were aligned by multiple sequence comparison by log-

expectation (MUSCLE) (Edgar, 2004), manually edited to remove gaps and trimmed to 

identical sequences lengths in BioEdit (Hall, 1999). To accommodate the large sequence 

number, phylogenetic trees were initially constructed using a Kimura 2-parameter model of 

evolution and neighbor-joining algorithm in MEGA v5.2 (Tamura et al., 2011). Drug-

resistance mutations were removed to minimize convergent evolution.

HIV-1 subtype was determined by phylogenetic analyses of pol sequences together with a 

comprehensive set of HIV-1 subtype reference sequences (Los Alamos HIV Reference 

Sequence Database, 2010) (Table S1). In cases where one individual had multiple 

sequences, only the earliest sequence was used. Branch support was evaluated with 

bootstrapping for 1000 replicates. Subtype was assigned as the clustering reference sequence 

with bootstrap support ≥70%, or as the reference sequence with the lowest genetic distance 

if bootstrap support was <70%. A separate tree was constructed for sequences with closest 

distance to a subtype A containing reference sequence and <70% bootstrap support, in an 

attempt to clearly differentiate between them, given their close similarity in pol (Los Alamos 

HIV Reference Sequence Database, 2010). Mutations associated with transmitted drug 
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resistance (TDR) based on the World Health Organization (WHO) surveillance drug 

resistance mutation list (Bennett et al., 2009) were determined in sequences from treatment-

naïve individuals using Stanford HIV Sequence Database tools (hivdb.stanford.edu).

To evaluate concordance among available tools, subtyping of sequences determined as non-

B by phylogeny was performed by eight commonly available algorithms: Stanford HIV 

Database (Liu and Shafer, 2006), REGA v3.0 (de Oliveira et al., 2005), Los Alamos RIP 

v3.0 (Siepel et al., 1995), NCBI (Rozanov et al., 2004), Geno2Pheno (Beerenwinkel et al., 

2002), EuResist (Rosen-Zvi et al., 2008), jpHMM (Schultz et al., 2006), and STAR (Gale et 

al., 2004). Variations between phylogeny and each tool’s subtype determination were 

assessed by a similarity score that was determined for each phylogeny-tool pair. An exact 

match of subtype determination between phylogeny and each tool was given 3 points, a 

minor variation 2 points (one subtype determination encompassed by the other, e.g. 

CRF01_AE by phylogeny, subtype A by tool), a moderate variation 1 point (incomplete 

overlap of subtype determination, e.g. CRF01_AE and CRF02_AG), and a major variation 0 

points (no subtype determination overlap, e.g. subtypes A and G). Scores for all non-B 

sequences were summarized by tool and the proportion of sequences with an exact match 

versus inexact match were compared among tools using methods for repeated measures of 

binomial data, fit with generalized estimating equations and assuming an unstructured 

correlation structure.

2.3 Phylogenetic Clustering

To characterize intra-subtype clusters among non-B sequences, JModeltest 2.1.4 (Darriba et 

al., 2012) was first used to determine the best model of evolution based on the Akaike 

Information Criterion (AIC). Phylogenetic trees were constructed using maximum 

likelihood and the GTR+I+G model of evolution with four discrete gamma categories plus 

proportion of invariable sites and subtree pruning resection (SPR) heuristics. Branch support 

was evaluated using bootstrapping with 1000 replicates. To overcome sequence clustering 

due only to subtype similarity, strict criteria were used to define intra-subtype clusters as 

sequences with branch support ≥95% and short genetic distances (≤1.5%). Maximum 

likelihood trees were constructed with all non-B sequences together, as well as for each 

subtype separately, with reference sequences and other sequences from regions in the US 

and across the world (Los Alamos HIV Sequence Database). Simian immunodeficiency 

viruses (SIV; Genbank accession numbers U42720, DQ373066, AF103818) were used as 

outgroup given their known divergence from HIV-1 group M sequences.

Statistical analyses were performed using SPSS (IBM SPSS Statistics for Windows, Version 

20.0, 2011) and the statistical package R (R foundation for statistical computing, 2013). 

Bivariate analyses included the use of the chi-square test for categorical variables to detect 

significant differences between different subtypes. Significance was defined as p-values less 

than 0.05.

2.4 Geospatial Clustering

ArcMap 10.0 (ESRI, 2010) was used for spatial data input, preparation, analyses and 

mapping. The last known street address of individuals with available sequences was mapped 
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within Rhode Island (geocoded). The spatial units of analysis used were the 2010 US Census 

Tract block groups (www.census.gov), small subdivisions of cities/towns with a population 

between 600–3,000 individuals. The total number of individuals with available HIV 

sequences living within each block group was calculated and Getis-Ord Gi* statistics (Getis 

et al., 1992) within ArcMap were used to identify concentrated areas where individuals with 

either subtype B or non-B infection live, i.e. geographical hotspots. The number of 

infections in a given block group was evaluated within the context of neighboring block 

groups. A statistically significant hotspot was defined as a block group with a high number 

of infections surrounded by other block groups with high values as well. The local sum of 

infections in a given block group and surrounding ones was compared proportionally to the 

sum of all infections in the city (subtype B or non-B). Statistical significance was 

determined based on whether the actual local sum differed from the expected local sum and 

was too large to be the result of random chance. The null hypothesis of random geographic 

distribution of infections was rejected when z-scores were high (>1.96), corresponding to 

low p-values (<0.05), which indicated significant spatial clustering. In order to protect 

confidentiality, only information on statistical outcomes is shown and not actual data.

3. RESULTS

3.1 Characteristics of Non-Subtype B Infection

A total of 1,277 individuals had at least one HIV-1 pol sequence available from 2004–2011. 

Based on phylogenetic analyses, 8.3% (106/1,277; 95% CI 6.8% to 10%) were infected with 

12 different HIV-1 non-B subtypes (TABLE 1; FIGURE S1). The most common non-B 

subtypes were CRF02_AG (43% of non-B subtypes), A (14%), and C (14%). Less common 

subtypes included CRF01_AE (6%), D (3%), F1 (1%), G (3%), CRF14_BG (5%), 

CRF06_CPX (6%), CRF24_BG (3%), CRF43_02G (3%), and CRF11_CPX (1%).

Of 106 non-B subtypes, 31% were defined by ≥70% bootstrap support on the neighbor-

joining phylogenetic tree, including subtypes C, F1, G (two of the three sequences), 

CRF01_AE, CRF11_CPX, CRF06_CPX, and CRF24_BG. Sixty-nine percent of non-B 

subtypes were defined by closest distance to a reference sequence. These included (i) 

Subtype A, closest distances to reference A1 (for four sequences, average distance 5.4%) 

and other A-containing recombinants (11 sequences, average distance 6.2%); (ii) Subtype D, 

closest distances to reference D (for two sequences, average distance 6.8%) and CRF10_CD 

(for one sequence, distance 6.3%; assigned as subtype D based on similarity to subtype D in 

pol) (Koulinska et al., 2001); (iii) subtype G (for one of the three sequences), closest 

distance to reference G (distance 5.5%); (iv) CRF14_BG, closest distances to reference 

CRF14_BG (average distance 3.3%); (v) CRF02_AG, closest distance to reference 

CRF02_AG (for 24 sequences, average distance 4.3%) and CRF36_CPX (for 22 sequences, 

average distance 4.1%); CRF36_CPX is a CRF01_AE and CRF02_AG recombinant, with 

CRF02_AG comprising the pol region (Powell et al., 2007); and (vi) CRF43_02G, closest 

distance to reference CRF43_02G (average distance 4.4%) (FIGURE 1).

Place of birth was known for 91% (96/106) of individuals infected with non-B subtypes. 

These individuals were much more likely to be born outside of North America compared to 

those with subtype B (95% versus 5%, p<0.01). Place of birth for individuals with non-B 
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subtypes included Africa (81%), Asia (6%), North America (5%), Central America (3%) and 

Europe (1%). Sixteen different countries in Africa were represented with Liberia (42%) and 

Cape Verde (10%) the most common. Compared to individuals infected with subtype B, 

individuals with non-B subtypes were more likely female (50% versus 27%, p<0.01), 

diagnosed less than 18 years of age (14% versus 3%, p<0.01), identified heterosexual 

transmission as the most likely route of HIV acquisition (MSF: 32% versus 11%; FSM: 29% 

versus 15%; p<0.01), and less likely to have TDR (0% versus 6%, p<0.01).

Comparison of examined characteristics across all non-B subtypes revealed no significant 

differences in gender or age at diagnosis (TABLE 1). The majority of individuals reported 

heterosexual transmission (71%) and there was no difference in sexual orientation across 

non-B subtypes with ≥5 available sequences. However, a subset of less common subtypes/

CRFs reported MSM as the main risk factor for HIV acquisition. These four individuals 

were infected with CRF24_BG (3) and subtype F1 (1), and were born in the US and Central 

America, respectively. Individuals with subtype C were more likely to have been infected 

perinatally (40%, 6/15) compared to other subtypes (p<0.01). Overall, the majority of 

individuals with non-B subtype (60%) lived in Providence, the State capital.

3.2 Subtyping Tool Concordance

Compared to phylogeny, the algorithm that was the most concordant for subtype 

determination was Geno2Pheno (86% exact matches), followed by REGA (85%), Euresist 

(85%), STAR (82%), HIVdb (70%), jpHMM (53%), RIP (32%), and NCBI (8%) (TABLE 

2). Exact matches were common for many of the pure subtypes including C (82% of subtype 

C sequences), F (75%), A (60%), G (58%), and D (50%). CRF01_AE and CRF02_AG also 

displayed high proportions of exact matches, 75% and 71% respectively. Exact matches 

were less common (24%), and minor (54%), moderate (18%) and major (4%) variations 

were more common, among the less prevalent non-AE/AG CRFs. Compared to the most 

phylogeny-concordant subtyping tool (Geno2Pheno), HIVdb, jpHMM, RIP, and NCBI were 

significantly more likely to assign a different subtype (HIVdb: OR 2.6, 95%CI[1.7–4.1]; 

jpHMM: OR 5.4, 95%CI[2.8–10.6]; RIP: OR 12.8, 95%CI[6.7–24.5]; NCBI: OR 65.4, 

95%CI[26.5–161.5]; all p-values <0.01).

3.3 Phylogenetic clustering

Twenty-percent (21/106) of non-subtype B sequences formed eight distinct phylogenetic 

clusters on a maximum-likelihood tree that contained all non-subtype B sequences (FIGURE 

1). All clusters were verified in single subtype phylogenetic trees that were created with 

study sequences as well as sequences from other areas of the US and countries across the 

world (Figure S2). The average cluster size included 2.6 individuals (range 2–5). Of 11 

individuals who acquired HIV through perinatal infection, six (64%) were part of 

transmission clusters. Fifty-three percent (8/15) of subtype C sequences formed clusters, 

40% (2/5) of CRF06_CPX, 40% (2/5) of CRF14_BG, 13% (2/15) of A, 9% (4/46) of 

CRF02_AG, 0% (0/6) of CRF01_AE, and 20% (3/14) of other less common subtypes/

recombinants (p<0.01 across all subtypes) (TABLE 1).
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Specific epidemiological linkage information was not available for cluster members. Both 

subtype C clusters included individuals from different African countries, the smaller one 

comprised of a male/female/child and the larger of four children and one female. The 

CRF06_CPX cluster was comprised of an African female/child pair. There was one 

individual from Africa and one from the US of Hispanic ethnicity in the CRF14_BG cluster. 

The subtype A cluster was comprised of an African male/female pair from the same country. 

The two CRF02_AG clusters comprised of a male/female and female/child pair, all from the 

same country in Africa. The CRF24_BG cluster contained only MSM (two born in the US, 

one with an unknown birth place). In comparison across all non-subtype B clusters, 

individuals who formed clusters were more likely to be younger than 18 years of age 

compared to those who did not form clusters (38% versus 8%, p<0.01) and more likely to 

have perinatal transmission as the most likely risk factor for acquisition of HIV (33% versus 

5%, p<0.01). Individuals with subtype C were more likely to have been infected through 

perinatal transmission compared to other subtypes. Individuals who formed clusters were 

less likely to identify MSF as the risk factor for HIV acquisition (10% versus 38%, p=0.02). 

There was no significant difference between individuals that were part of a transmission 

cluster and gender or place of birth.

3.4 Geospatial clustering

Ninety-nine percent (105/106) of individuals with non-B subtypes had addresses that were 

successfully geocoded. One individual lived outside Rhode Island and was not included in 

this analysis. Fifty-eight percent (60/104) of individuals with non-subtype B infection lived 

in Providence, the capital city. Spatial analyses revealed a cluster of 15 block groups that 

contained a higher likelihood of having individuals with non-subtype B infection compared 

to 11 block groups for subtype B (p<0.05; FIGURE 2). Six hotspot block groups overlapped 

between non-subtype B and subtype B maps. Block groups with non-subtype B infections 

demonstrated lower p-values compared to subtype B infections, indicating that non-subtype 

B infections are geographically more tightly clustered than subtype B infection (David 

O’Sullivan and David Unwin, 2010).

4. DISCUSSION

We report high prevalence (8.3%) of phylogenetically-defined, diverse non-subtype B 

infections at the largest HIV Center in Rhode Island, the most common being CRF02_AG, 

C, and A. Ninety-five percent of individuals with non-subtype B infections and known 

places of birth were born outside of North America. The majority of these individuals were 

from Africa (81%), specifically Liberia (42%) and Cape Verde (10%). The majority of non-

B infected individuals (71%) reported heterosexual transmission as the risk factor for HIV 

acquisition. Twenty-percent of non-subtype B sequences formed nine phylogenetic clusters 

with a high-degree of clustering among subtype C (53%) and less among CRF02_AG (9%). 

Geospatial analyses revealed a defined geographical region of individuals with non-subtype 

B infection that differed from those with subtype B. These results have important 

implications for the understanding of HIV-1 subtype diversity in our region, as well as for 

treatment, outreach and prevention strategies.
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The prevalence of non-subtype B infections in our community is approximately twice that of 

large-scale surveillance studies in the US (2.5–4.7%) (Brennan et al., 2009; Delwart et al., 

2012; Pyne et al., 2013; Wheeler et al., 2010). However, this estimate varies widely between 

urban centers (Carr et al., 2010; Karchava et al., 2006; Parker et al., 2007) and is largely 

dependent on immigration and racial/ethnic communities, given that most HIV-infected 

individuals with non-B subtypes are foreign-born. For example, investigation of 83 African-

born HIV-infected individuals in Minnesota revealed non-subtype B in 95% of individuals 

(Sides et al., 2005). Other studies have also documented the high prevalence of non-subtype 

B infection among immigrants in the US (Achkar et al., 2004; Carr et al., 2010; Karchava et 

al., 2006; Parker et al., 2007). The most common subtypes in these studies vary by 

population, but have been reported as subtypes A, C, or CRF02_AG (Achkar et al., 2004; 

Carr et al., 2010; Sides et al., 2005; Wheeler et al., 2010), which is a similar distribution to 

the common subtypes in our region, and suggests immigration from endemic countries. 

Other than one study with only two non-subtype B sequences in our state (Pyne et al., 2013), 

the current study is the first to provide a detailed analysis of subtype diversity in Rhode 

Island. The majority of individuals with non-subtype B infection (92%) were diagnosed after 

2000, and 69% after 2003, consistent with other surveillance studies suggesting recent 

increases in non-B subtypes in the US, likely due to rises in travel and immigration 

(Brennan et al., 2009; Carr et al., 2010; Delwart et al., 2012; Wheeler et al., 2010).

Rhode Island is a main immigration destination for refugees and other foreign born 

individuals from many African countries (Statistical Yearbook of the Immigration and 

Naturalization Service, www.dhs.gov), specifically West Africa and Liberia (Beckwith et 

al., 2009; Desjardins et al., 2007; Lacourse et al., 2013; Watts et al., 2012). Individuals from 

these regions may also be at increased risk for other endemic diseases which may potentiate 

HIV infection, such as tuberculosis (TB) or viral hepatitis. Given that HIV screening is no 

longer required for entry into the US, clinicians and public health officials should be aware 

of at-risk immigrant populations in their region and offer routine HIV testing to individuals 

from these high-prevalent regions, including testing and treatment for HIV-2 (Chan et al., 

2008; Hollenbeck and Beckwith, 2013). Notably, three non-B infected adults in our patient 

cohort were born in the US (one female and two MSM), and though time of infection could 

not be determined, this observation suggests that increased awareness of HIV-1 subtype and 

its impact should not be limited to foreign-born individuals. HIV treatment and prevention 

strategies should address behavioral risk factors that are more common in non-subtype B 

infection (e.g. heterosexual transmission), which are different from other common US risk 

groups (e.g. MSM). Based on the retrospective nature of our study, a limitation of most 

studies, it is impossible to determine whether HIV transmission occurred in the US or in the 

individual’s native country. Culturally competent care may be important for effective 

prevention and treatment strategies.

Phylogenetic investigation of non-subtype B infection provided insight on local HIV 

transmission. The overall low intra-subtype clustering across most of the non-subtype B 

sequences from unrelated individuals suggests either missing sequences from patients in 

care, or multiple, unlinked introductions of non-subtype B HIV-1 into our region. Since our 

HIV center is the largest in the state, representing approximately 75% of the state’s HIV 

infected individuals, the latter scenario is more likely. Alternatively, phylogenetic analyses 
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may be underpowered to detect transmission clusters (Stürmer et al., 2004). Ongoing 

regional transmission would have been expected to result in more observed transmission 

clusters, but could also be limited by the existence of undiagnosed infections, mandating 

intensified ongoing prevention efforts. The largest subtype group (CRF02_AG) only formed 

transmission clusters in 9% of individuals which is low compared to other population-based 

studies in our community (17–30% in subtype B) (Chan et al., 2012, 2011). Individuals with 

subtype C formed a high proportion of phylogenetically-linked transmission clusters, likely 

due to mother-to-child transmission. In Rhode Island, all pregnant females are screened for 

HIV and are started on ARVs if HIV positive, with resulting few cases of documented 

perinatal infection. Therefore, most perinatal transmission among foreign-born individuals 

likely occurs outside of the US. The absence of observed TDR in treatment-naïve 

individuals with non-B infections also suggests infection transmission outside of the US, 

since TDR in our community is estimated to be over 10% (Chan et al., 2012, 2011). TDR in 

many African countries is still less common due to later introduction of ARVs (Chan and 

Kantor, 2009).

GIS mapping, endorsed by the CDC as an effective tool for developing HIV testing and 

treatment interventions (www.AIDSVU.org), can help identify communities to target such 

interventions. In our cohort, geospatial analyses of HIV-1 subtypes identified a statistically 

significant concentration of individuals with subtype B and non-B infections in Providence, 

Rhode Island’s capital city. Although there was some overlap, individuals with non-subtype 

B infection were found to concentrate in 15 block groups, a racially diverse area of 

Providence with higher poverty rates than other sections of the city (profiles.provplan.org). 

This geospatial concentration of non-subtype B HIV infections, combined with major risk 

factor differences for HIV acquisition among B (MSM) and non-B (heterosexual) infections, 

as well as additional religious and cultural factors, can all help target HIV testing 

campaigns, improve access to support services, and provide insight on basic epidemiologic 

factors contributing to the epidemic in these populations (Hixson et al., 2011; Shepard et al., 

2011). Targeted HIV testing, treatment and prevention interventions have the potential to 

reach these geographic regions in our state with a high prevalence and density of infection.

Subtyping methodology is an important factor to consider in the interpretation and 

comparison of data from diverse HIV variants. Understanding limitations of available 

subtyping tools is important to avoid erroneous conclusions. Phylogenetic analyses of pol 

sequences was used in our study as the gold-standard for subtype determination, as is 

commonly reported (Holguín et al., 2008; Hué et al., 2004; Pineda-Peña et al., 2013). 

However, the observation that phylogenetic subtype assignment for the majority of 

sequences in this cohort was not supported by high bootstraps, and the use of the whole 

sequence for subtype determination, emphasize the limitations of this methodology. 

Understanding these limitations, phylogeny is used here only as a reference and its 

subtyping outcomes are only used for comparison across the tools examined.

Most automatic, publicly available subtyping tools are concordant in identifying pure 

subtypes (Gifford et al., 2006; Holguín et al., 2008; Pineda-Peña et al., 2013; Yebra et al., 

2011). Discordance is usually with closely related subtypes (such as B and D) and less well-

defined recombinant forms. Two major reasons for discordance among subtyping tools 
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include the reference datasets that are used, some of which do not include representative 

references from all recombinant forms (e.g. STAR and Stanford), and the method the tool is 

based on (e.g. phylogeny for REGA; scoring matrices for STAR; similarity-based 

algorithms for Geno2pheno, EuResist, Stanford, NCBI; and probability for jpHMM). 

Additional explanation for discordant subtyping includes current definitions of CRFs, 

atypical breakpoints and absence of breakpoints in pol (Pineda-Peña et al., 2013). In our 

cohort, despite these differences, exact matches or minor variations were seen for 96% of 

sequences. The remaining 4% produced varying results with some of the less common 

recombinant forms (55% of moderate or major variations were among CRF06_CPX or 

CRF11_CPX). The limitations of each methodology should be understood when performing 

subtyping across non-B subtypes, especially minor recombinant forms.

The current study was limited due to the retrospective nature of data collection and 

incomplete available data. Future studies should focus on prospective evaluation of 

individuals with non-subtype B infection to obtain accurate and detailed epidemiologic data, 

and on larger (beyond pol only) genomic regions to more accurately represent circulating 

HIV diversity. Second, timing of infection, important in order to determine if transmission 

occurs within or outside the US, was not examined here. Lastly, due to the small numbers of 

individual subtypes available, it is difficult to adequately evaluate characteristics of patients 

infected with specific subtypes. Our study did include a comprehensive, although not 

complete, subset of HIV-infected individuals in our state resulting in a large and detailed 

evaluation of non-subtype B infections.

5. CONCLUSION

In summary, evaluation of HIV diversity at the major HIV center in Rhode Island highlights 

the important need for continued surveillance, monitoring and characterization of non-

subtype B infections given that in our cohort: (1) Individuals with non-subtype B infection 

have different risk factors for HIV acquisition (heterosexual versus MSM transmission), 

suggesting the need for targeted or augmented approaches to HIV treatment and prevention; 

(2) Individuals with non-subtype B infection form less phylogenetic transmission clusters 

across subtypes hinting at less local transmission and more imported cases, though achieving 

complete representation of HIV infections is ideal to substantiate this statement; and (3) 

Non-subtype B infections form geospatial clusters in select urban neighborhoods, suggesting 

specific areas for outreach, treatment and prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research Highlights

• We evaluated HIV-1 non-B subtype epidemiology using a phylogenetic and 

geospatial approach.

• Individuals with non-B subtypes had different risk factors for infection than 

those with subtype B.

• Non-B subtypes formed fewer phylogenetic transmission clusters suggesting 

more imported cases.

• Non-B subtypes formed geospatial clusters in select urban neighborhoods.

• Epidemiology of non-B subtypes suggests specific areas for outreach, treatment, 

and prevention.
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Figure 1. Phylogenetic clustering of HIV-1 non-subtype B sequences
The shown maximum likelihood tree is based on the GTR+I+G4 model of evolution of 

HIV-1 non-subtype B pol sequences. Subtype assignments are shown by letters to the right 

of the tree and different branch colors. Subtype and circulating recombinant form (CRF) 

reference sequences are indicated by black diamonds (see Table S1 for details on specific 

sequences used). Transmission clusters are shown by red circles and are based on high 

bootstrap values (≥95%) and short genetic distances (<1.5%). Simian immunodeficiency 

virus (SIV) CPZ sequences (Genbank accession numbers U42720, DQ373066, AF103818) 

were used as an outgroup. A distance scale is shown at the bottom of the tree.
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Figure 2. Geospatial representation of HIV-infected individuals living in Providence, Rhode 
Island
The figure shows two maps of Providence, Rhode Island based on 2010 US Census tract 

block groups and representing the geographic location of individuals infected with HIV-1 

subtypes B (part A) and non-B (part B). Getis-Ord Gi* analysis of geocoded addresses 

reveals clusters of infections, which differs among subtypes, as represented by color 

shading.
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