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Background:  Current  HIV-1  sequencing-based  methods  for detecting  drug  resistance-associated  muta-
tions are  open  and  susceptible  to  contamination.  Informatic  identification  of  clinical  sequences  that
are  nearly  identical  to  one  another  may  indicate  specimen-to-specimen  contamination  or  another
laboratory-associated  issue.
Objectives:  To  design  an  informatic  tool  to  rapidly  identify  potential  contamination  in  the  clinical  lab-
oratory  using  sequence  analysis  and  to establish  reference  ranges  for sequence  variation  in  the  HIV-1
protease  and  reverse  transcriptase  regions  among  a U.S. patient  population.
Study  design:  We  developed  an open-source  tool named  HIV Contamination  Detection  (HIVCD).  HIVCD
was  utilized  to make  pairwise  comparisons  of  nearly  8000  partial  HIV-1  pol  gene  sequences  from  patients
across  the  United  States  and  to calculate  percent  identities  (PIDs)  for each  pair.  ROC  analysis  and  standard
deviations  of PID  data  were  used  to  determine  reference  ranges  for  between-patient  and  within-patient
comparisons  and  to guide  selection  of a threshold  for identifying  abnormally  high  PID  between  two
unrelated  sequences.
Results: The  PID  reference  range  for between-patient  comparisons  ranged  from  83.8  to 95.7%  while
within-patient  comparisons  ranged  from  96  to  100%.  Interestingly,  48%  of between-patient  sequence

pairs  with  a PID  >  96.5 were  geographically  related.  The  selected  threshold  for  abnormally  high  PIDs  was
96  (AUC  = 0.993,  sensitivity  =  0.980,  specificity  =  0.999).  During  routine  use,  HIVCD  identified  a  specimen
mix-up  and the  source  of  contamination  of a  negative  control.
Conclusions:  In our experience,  HIVCD  is  easily  incorporated  into  laboratory  workflow,  useful  for  iden-
tifying  potential  laboratory  errors,  and  contributes  to  quality  testing.  This  type  of analysis  should  be
incorporated  into  routine  laboratory  practice.
Abbreviations: HIV, human immunodeficiency virus; HIVCD, HIV Contamination
etection; PID, percent identity; ROC, Receiver Operator Characteristic; AUC, area
nder the curve; FDA, Food and Drug Administration; ABI, Applied Biosystems.
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1. Background

Identifying drug resistance-associated mutations in the human
immunodeficiency virus type 1 (HIV-1) protease and reverse trans-
criptase regions through sequence analysis is critical for disease
management.1,2 Many well-validated software are available for
mutation identification and interpretation.3–8 These programs also
assess sequence quality to assure accurate base calling. Beyond
resistance calling, other less recognized tools can have an important
role in assuring test quality. Current sequencing-based methods
require multiple capping and uncapping steps, introducing risk for
specimen-to-specimen contamination. Furthermore, some speci-

mens submitted for testing may  be below the limit of sequence
determination. Thus, there is a real risk for contamination of
negative or low-titer specimens by high-titer specimens tested
simultaneously or on previous runs. If such a contamination event
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oes undetected, a false-positive result may  be reported with
dverse consequences for clinical care.

The standard approach for contamination control in the
equencing laboratory includes spatial separation, unidirectional
orkflow,9,10 and use of uracil N-glycosylase11 for amplicon inac-

ivation. Informatics analysis provides an additional level of quality
ontrol to detect contamination by identifying highly similar
atient sequences. This type of analysis is possible because of
he extreme variability of HIV-1 sequence,12–19 which serves as

 unique barcode for each patient. Indeed, previous studies have
emonstrated the need for careful screening of HIV-1 sequence data
o rule out contamination20 and suggest that identifying a clinical
equence that is nearly identical to another clinical sequence is a
arker for contamination.21

The two principal informatics approaches for contamination
creening are phylogenetic analysis and sequence comparison
ased on percent identity or genetic distance.20–23 Tools for
onitoring HIV-1 inter-specimen sequence similarity include

he “genetic fingerprint” tool associated with the FDA-approved
ruGene HIV-1 analysis system (Siemens),5,24,25 DBCollHIV,22

QUAT,23 ViroBLAST,26,27 BioAfrica’s HIV-1 Sequence Qual-
ty Analysis Tool (http://bioafrica.mrc.ac.za/tools/pppweb.html)
nd the Los Alamos National Laboratory’s Quality Control
ool (http://www.hiv.lanl.gov/content/sequence/QC/index.html).
lthough useful, currently available tools are slow, closed source,

ncapable of batch analysis, or only available for use with a
articular commercial kit.7 Tools employing phylogenetic anal-
sis can be complex and time consuming and may  not be well
uited for routine use in the clinical laboratory.28 Furthermore,

 large-scale study exploring and validating such informat-
cs tools for contamination screening has not been previously
ndertaken.

. Objectives

The aims of this study were to (i) design an open-source tool
o rapidly detect potential contamination events for routine use
n the clinical laboratory; and (ii) establish reference ranges for
equence variation in the HIV-1 protease and reverse transcrip-
ase regions based on a large, unselected patient population from
cross the United States. In addition to contamination screening,
ther potential applications of the tool include detecting specimen
ix-ups, verifying results for patients tested repeatedly over time,

nd monitoring transmission.

. Study design

.1. Sequencing of HIV-1 pol region

A total of 7942 partial HIV-1 pol gene sequences were gen-
rated from 6842 patients in the infectious disease sequencing
aboratory at ARUP Laboratories from 2004 to 2008 using the
bbott ViroSeq HIV-1 Genotyping System (Alameda, CA). The
iroSeq HIV-1 Genotyping System generates a 1302 bp sequence
f the pol gene (protease amino acids 1–99 and reverse trans-
riptase amino acids 1–324). Sequences from patient specimens
ere generated according to the manufacturer’s recommendation
ith one modification: the specimen input volume for nucleic

cid extraction was increased from 500 �L to 1 mL.  Cycle sequenc-

ng was carried out using the ABI BigDye Terminator v1.1 Cycle
equence Kit (Foster City, CA) and sequencing products were elec-
rophoresed on an ABI Prism 3730 DNA analyzer (Foster City,
A).
al Virology 57 (2013) 249– 253

3.2. Sequence data

Patient sequences included in this study represent a broad geo-
graphic area of the United States; specimens used for sequencing
were collected from 360 unique ARUP client collection sites from
244 cities in 41 of the 50 United States. Patient ages ranged from 0
to 77 years with a mean of 41 years. Poor quality sequences were
excluded based on the presence of: (i) >50 ambiguous or mixed
bases and/or (ii) insertions or deletions.

Patient sequences were subdivided into two groups: sequences
from different patients (interpatient) and sequences obtained
from the same patient at various time points (intrapatient). The
interpatient dataset included 6842 sequences comprised of com-
parisons using one sequence from each patient. The intrapatient
dataset included 1960 sequences comprised of comparisons among
multiple sequences obtained from the same patient. If multiple
specimens from a single patient were collected on the same day,
only one sequence was included by random selection in the intra-
patient analysis to prevent sequence duplication. Of the 7942 total
sequences, 860 were used in both interpatient and intrapatient
sequence datasets.

3.3. HIVCD

To automate the process of contamination screening using
sequence data, a tool named HIV Contamination Detection (HIVCD)
was developed. HIVCD is a web-based application written mainly
in the Perl programming language as a Common Gateway Interface
(CGI) application. HIVCD consists of the multiple sequence align-
ment program MAFFT and a percent identity (PID) calculator,29–36

which are written in C and Java, respectively. HIVCD uses MAFFT’s
default settings to create a multiple sequence alignment by invok-
ing the ‘–auto’ command. HIVCD subsequently performs pairwise
comparisons of all sequences in the alignment and calculates a
PID for each pair. PID is defined as the total number of matches
divided by the total alignment length. Matches are determined
strictly based on the character of the nucleotides at a given location
even for mixed bases. For example, HIVCD’s PID calculator consid-
ers the bases a match if both sequences exhibit ‘M’, but does not
make special consideration for mixed bases that share a common
nucleotide such as ‘M’  (A or C) and ‘R’ (A or G). The total align-
ment length is decreased by one if a gap at a homologous location
is observed in both sequences.

3.4. Sequence and statistical analysis

To characterize inter- and intrapatient sequence variation, PIDs
for all sequence pairs in both datasets were generated using HIVCD.
Sequences were subtyped using the REGA HIV-1 Subtyping Tool
version 2.0.37,38 Receiver Operator Characteristic (ROC) curve anal-
ysis was used to determine whether the bimodal interpatient PID
distribution was associated with subtype and to guide selection
of an appropriate threshold for detecting contamination. All sta-
tistical analyses were performed in R.39 Geographic linkage was
determined by comparing the collection site zip code for each de-
identified patient in a sequence pair.

4. Results

4.1. Interpatient analysis

The interpatient dataset consisted of sequences from 6842

patients, where each patient was  represented by only one
sequence. A total of 23,403,061 PIDs were generated from pairwise
comparisons of all interpatient sequences. No two  sequences were
identical to one another. PIDs were distributed bimodally (Fig. 1).

http://bioafrica.mrc.ac.za/tools/pppweb.html
http://www.hiv.lanl.gov/content/sequence/QC/index.html
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Fig. 1. Distribution of 23,403,061 PIDs from pairwise comparisons of interpa-
tient sequences. The distribution is bimodal with no two  patients having identical
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Fig. 2. Proportion of geographically-linked sequence pairs increases with PID. Geo-
graphic linkage was determined using the zip code for each de-identified patient

the PID among sequences generated from the same patient may
reflect biological adaptations of the virus over time, sampling error
of quasispecies, therapy changes, and/or inherent inaccuracies of
the sequencing process itself.40 Indeed, when retesting replicates
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equences. ROC analysis suggests the bimodal distribution is a result of within-
ubtype comparisons (higher distribution) and across-subtype comparisons (lower
istribution) (AUC = 0.986, sensitivity = 0.979, specificity = 0.947).

ubtyping suggested the smaller distribution consisted of com-
arisons between sequences of different subtypes and the larger
istribution consisted of comparisons between sequences of the
ame subtype (AUC = 0.986). The mean and standard deviation of
cross-subtype comparisons were 87.7% and 1.3, respectively. The
ean and standard deviation of within-subtype comparisons were

2.4% and 1.1, respectively. Based on three standard deviations,
he normal PID range for across-subtype comparisons and within-
ubtype comparisons was 83.8–91.6 and 89.1–95.7, respectively.

.2. Geographic linkage

Although no two sequences originating from different patients
ere identical, the maximum PID observed for any pair was

9.85%. Furthermore, the proportion of geographically-linked pairs
ncreased with PID (Fig. 2). Approximately 48% (382 of 789) of pairs

ith a PID > 96.5 consisted of sequence data from specimens col-
ected at the same geographic location based on zip code. For pairs

ith a PID > 99, 93% (56 of 60) were geographically linked. The
eographic linkage among pairs with high identity implies an epi-
emiological relationship and further suggests HIVCD has potential
pplications in transmission surveillance. For the remaining four
airs at the 99% identity level, no clear geographic relationship
ould be established. These four specimens may  be epidemio-
ogically related to one another although no obvious geographic
elationship exists or their high identity could indicate other issues
uch as specimen-to-specimen contamination. In a previous study,
earn and colleagues20 indicated that although unexpectedly high
evels of similarity may  indicate an epidemiological relationship,
equence analysis alone cannot prove epidemiological linkage over

 laboratory-associated problem. Such cases merit further investi-
ation.
.3. Intrapatient analysis

A total of 1417 PIDs were generated from the data set of
960 sequences originating from 860 patients with sequence data
specimen’s collection site. Proportions of geographically-linked patient specimens
were calculated by binning within 0.5 increments. For example, all linked patient
pairs with a PID ≥ 90 and < 90.5 were binned at 90.

available from multiple time points (Fig. 3). Interestingly, only 0.7%
(10 of 1417) of sequence pairs were identical (i.e. PID = 100). The
mean PID was  98.4% with a standard deviation of 1.2. Variation in
Fig. 3. Distribution of 1417 PIDs from pairwise comparisons of intrapatient
sequences. The distribution is left skewed. Approximately 0.7% (10 of 1417) of
sequence pairs were identical (i.e. PID = 100), 0.8% (12 of 1417) had one mismatch
(PID = 99.92), and 1.4% (21 of 1417) had two mismatches (PID = 99.85).
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n a dilution series of the same specimen using the ViroSeq assay,
ID ranged from 98.4 to 99.4 for replicates with titers ≥250 IU/mL.
ther laboratories have reported similar levels of identity when

etesting the same specimen.40–42

The difference in days between specimen collections among
pecimens from the same patient varied significantly, ranging from

 to 1526 days with a mean and standard deviation of 251 and 220
ays, respectively. The difference in days between collections for
he 10 identical sequences also varied significantly, ranging from

 to 237 days with a mean and standard deviation of 58 and 75.5
ays, respectively. A comparison of PID with respect to difference

n collection date shows a weak downward trend over time with
 correlation coefficient of −0.33, implying that intrapatient PIDs
ary significantly but generally decrease over time.

.4. Threshold selection

Based on the observation that >99% of sequences originating
rom different patients were 83.8–95.7% identical when com-
ared to one another, a PID threshold of 96 was  designated.
pproximately 3.3% of intrapatient PIDs were <96, while 0.01% of

nterpatient PIDs were >96. These data support 96% as a reason-
ble threshold above which abnormally high interpatient PIDs can
e identified without excessive false alarms (AUC = 0.993, sensitiv-

ty = 0.980, specificity = 0.999). Results from geographic linkage also
upport this threshold selection considering that the proportion
f geographically-linked pairs remained consistently low at <0.05
s PID increased until approximately 96% identity where linkage
ncreased dramatically.

.5. Implementation in clinical laboratory

The HIVCD tool is currently used in ARUP’s diagnostic labora-
ory to compare 24 sequences from new runs to each other and
ll sequences generated during the previous six months (∼4500
equences). HIVCD then displays comparison results in a simple
able, flagging any sequences with PIDs ≥96. This process requires

inimal user interaction and takes about six minutes. Laboratory
echnologists then inspect patient names, specimen collection site,
un date and mutation pattern of flagged sequence pairs. If the
equence pair represents the same patient or is an example of
wo patients with a geographic relationship, results are reported in
he usual way. Again, although a geographic relationship strongly
mplies an epidemiological relationship, specimen-to-specimen
ontamination in the laboratory or at the collection site cannot be
ompletely ruled out in such cases. If the sequences in the pair
re identified in the same run or a recent run, contamination or a
pecimen mix-up is suspected and repeat testing is performed.

The utility of HIVCD has been demonstrated in various situa-
ions. For example, a specimen mix-up was detected during repeat
esting. On a separate run, HIVCD identified the specimen that was
he source of contamination of a negative control, demonstrat-
ng the tool’s ability to flag the worst-case scenario of reporting

 false positive. In our experience, HIVCD also accurately identi-
es multiple sequence examples from the same patient even when
ypographical errors in demographic data prevent other informat-
cs tools from doing so.

. Discussion

Although HIV resistance testing is widely performed by an
ncreasing number of laboratories, the implementation of informat-

cs quality checks beyond sequence accuracy (e.g. accuracy of base
alling) has received relatively little attention. Current sequenc-
ng methods are open and vulnerable to contamination potentially
eading to inaccurate reporting. Compounding the problem is the
al Virology 57 (2013) 249– 253

high frequency of submitted specimens with RNA levels near the
limit of sequence determination.

Given this vulnerability to contamination, a specialized
screening tool will help laboratories prevent misreporting. HIVCD
expands on the capabilities of currently available tools used for
contamination screening. For example, some tools may  process
large batches of sequences slowly because they were designed
primarily for other uses such as virus classification26 or assess-
ment of base calling and alignment accuracy.23 HIVCD, however,
was designed specifically for contamination screening and can
compare 24 sequences from a current run to each other and sev-
eral thousand previous sequences in just a few minutes. With
the advantage of this rapid analysis, HIVCD may  provide addi-
tional utility in establishing epidemiological relationships among
patients and transmission surveillance.23,43,44 The source code for
HIVCD is freely available at www.sourceforge.net/projects/hivcd/
and includes a user-friendly graphical interface. Because HIVCD
is web-based, the tool and all necessary components including a
database can be installed on a single computer, eliminating the
need for a network or external Internet connection, a useful feature
in resource-limited settings.

Using HIVCD, we identified 96 as a reasonable threshold above
which interpatient sequence identity is considered abnormally
high. For the region interrogated by the commonly-used ViroSeq
HIV-1 Genotyping System, 99% of sequences originating from
different patients from across the United States are 83.8–95.7%
identical. Additionally, 96.7% of intrapatient sequences were at
least 96% identical to one another. While other studies have sug-
gested PID thresholds as high as 98 or 99.5,20,23,45 we chose a
threshold of 96 not only based on empirical data, but also to avoid
situations involving a high PID that may lead to misreporting if
not thoroughly investigated. The exact PID threshold, however, is
selected arbitrarily and may  vary based on the particular population
analyzed or the needs of the researcher. For this reason, HIVCD’s PID
threshold can be modified by the user.

Although HIVCD is effective, identifying errors in the laboratory
process based solely on sequence information remains challeng-
ing. Laboratory-specific errors resulting in highly similar sequences
include specimen mix-ups and contamination; however, sequen-
tial testing of the same patient as well as transmission between
two patients can also produce sequences with high identity. Thus,
sequence analysis alone cannot differentiate between laboratory-
associated problems and naturally occurring similarity.20 Patient
history and clinical findings should also be considered. Despite lim-
itations of sequence analysis, by flagging highly similar sequences
HIVCD allows laboratories to make all reasonable efforts to correct
a laboratory error.

In our experience HIVCD is easily incorporated into laboratory
workflow and has proved useful for identifying situations that may
compromise patient care during HIV-1 resistance testing. This type
of analysis contributes to quality testing and should be incorpo-
rated into routine laboratory practice.
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