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Due to high cost, availability of human immunodeficiency virus type 1 (HIV-1) drug resistance testing in
resource-poor settings is still limited. We therefore evaluated the usefulness of viral DNA extracted from either
whole blood or dried blood spots (DBS). Samples were collected from 50 patients receiving therapy and 10
therapy-naı̈ve patients. Amplification and sequencing of RNA and DNA was performed using an in-house
assay. Protease (PR) and reverse transcriptase (RT) sequences of plasma viral RNA were obtained for 96.6%
and 89.7%, respectively, of the 29 patients with a detectable viral load. For cellular viral DNA, useful PR and
RT sequences were obtained for 96.6% and 93.1% of the whole-blood-cell samples and for 93.1% and 93.1% of
the DBS samples, respectively. For the 31 patients with an undetectable viral load, PR and RT sequences were
obtained for 67.7% and 61.3% of the whole-blood-cell DNA preparations and for 54.8% and 58.1% of the DBS
DNA preparations, respectively. A good correlation between RNA and DNA sequences was found; most
discordances were caused by the detection of mixed amino acids. Of the RT drug-resistant mutations, 13
(38.2%) were seen in RNA only, 6 (17.6%) in DNA only, and 15 (44.1%) in both. Repeated amplification and
sequencing of DNA extracts revealed a lack of reproducibility for the detection of drug resistance mutations in
a number of samples, indicating a possible founder effect. In conclusion, this study shows the feasibility of
genotypic drug resistance testing on whole blood cells or DBS and its possible usefulness for HIV-1 subtyping
or examining the overall distribution of drug resistance in a population. For individual patients, RNA
sequencing was shown to be superior to DNA sequencing, especially for patients who experienced early
treatment failure. The use of DNA extracted from whole blood or DBS for the detection of archived drug
resistance mutations deserves further study.

Today, more than one million people in low- and middle-
income countries have access to antiretroviral treatment
(ART). Even though this is only 23% of the estimated 4.6
million human immunodeficiency virus type 1 (HIV-1)-in-
fected individuals who are in need of highly active ART
(HAART), it proves that the delivery of ART in resource-poor
settings is feasible (41). Experiences from Europe and the
United States, however, indicate that the emergence of HIV
drug resistance remains an important obstacle to the long-term
success of therapy. An adequate follow-up of patients on treat-
ment, in order to identify cases in which therapy has failed, is
essential to avoiding accumulation of drug resistance. Efforts
to lower the prices for CD4 and viral load testing are being
made, and alternative methods for measuring these parame-
ters in resource-poor settings are being developed and evalu-
ated (8, 12, 17). Unfortunately, genotypic resistance testing
remains almost inaccessible due to its high cost, the need for
specialized laboratories, and the logistical challenges, such as
the requirements for a cold chain to transport samples from

the field to reference laboratories. However, ART drug resis-
tance testing in patients in whom treatment is failing remains
very important, not only to guide a second line of treatment for
individuals but also to allow the monitoring of the emergence
and distribution of drug-resistant virus in the population.

In a previous study, we presented a sensitive method for
combined detection of the presence of HIV-1 in plasma and
subsequent sequencing of the protease (PR) and reverse trans-
criptase (RT) genes (36). Although this technique allows a
significant reduction in the price of follow-up testing, the need
for a proper infrastructure for collection and transportation of
blood samples remains.

The aim of the current study was to evaluate the possibility
of using cellular DNA instead of viral RNA for the detection
of drug resistance mutations. As DNA is more stable than
RNA, the use of DNA would eliminate the necessity for fast
processing of the blood samples after collection and reduce the
complexity of the manipulations. The fact that a reverse tran-
scription step is no longer needed for the amplification of the
genes of interest also reduces the overall cost of the procedure.
Blood spots collected on filter paper have been used for DNA
amplification purposes, but reports on the feasibility of per-
forming genotypic analysis for HIV-1 drug resistance remain
scarce (24, 33, 43). In resource-poor settings, dried blood spots
(DBS) are the preferred method of sample collection in the
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field, as they do not require electricity or a cold chain. More-
over, once the samples are air dried on the paper, they can be
handled as noninfectious and transported to the laboratory
without the risk of infection transmission (19).

Whether the same resistance information can be obtained
from DNA sequencing and RNA sequencing is still unclear.
Results of published reports in this regard are very inconsistent
(6, 10, 14, 21, 24, 34). The present study aims to investigate
both the possibility of DNA sequencing from whole blood cells
or from DBS and the usefulness of DNA sequencing for de-
termination of drug resistance in patients from a resource-poor
setting with a high level of HIV-1 subtype diversity.

MATERIALS AND METHODS

Patients and samples. In May 2006, a total of 50 patients on HAART and 10
ART-naı̈ve patients were randomly selected from the HIV Comprehensive Care
Centre at Coast Province General Hospital in Mombasa, Kenya. The patients
were seen during regular follow-up visits, and written informed consent for
participation in the study was obtained. The study was approved by the ethics
review committees of the University of Nairobi and the Ghent University. The
mean age of the patients was 36.9 years (standard deviation, �9.2 cells/mm3;
range, 21 to 65 years), 38 (63%) of the patients were women, and 66% of the
patients were in WHO clinical stage 3 or 4 (42). The mean CD4 count was 322
cells/mm3 (standard deviation, �166 cells/mm3; range, 41 to 757 cells/mm3).
Patients on HAART were treated with the current regimen for a median of 12
months (ranging from 1 week to 33 months). The current regimen of two
nucleoside RT inhibitors (NRTIs) (stavudine [d4T]/zidovudine [AZT] and lami-
vudine [3TC]), and one nonnucleoside RT inhibitor (NNRTI) (nevirapine [NVP]
or efavirenz [EFV]), was the first-line regimen for 48 patients. Two patients
received a second-line protease inhibitor (PI; lopinavir/ritonavir [LPV/r])-based
regimen.

Ten milliliters of EDTA blood was collected, and 50 �l of whole blood was
immediately spotted four times on filter paper (Schleicher and Schuell 903).
Filter papers were air dried overnight and stored at �20°C until processing. CD4
cell counts were performed (FACScount; Becton Dickinson Immunocytometry,
Oxford, United Kingdom), and the remainder of the EDTA blood was centri-
fuged to collect the plasma and the buffy coat cells. Plasma and whole blood cells
were stored at �80°C and �20°C, respectively. All samples were shipped to the
AIDS Reference Laboratory at the University Hospital in Ghent, Belgium.

RNA viral load testing. HIV RNA quantification was performed using the
ultrasensitive Cobas Amplicor HIV-1 Monitor test, version 1.5 (Roche Molec-
ular Systems, Branchburg, NJ), with a detection limit of 50 copies/ml.

DNA extraction. DNA was extracted from the blood cells by use of the
QIAamp DNA blood mini kit (QIAGEN, Venlo, The Netherlands), following
the instructions of the manufacturer, and eluted in 50 �l elution buffer.

The procedure to extract DNA from the DBS was adopted from that of Fisher
et al. (15). Briefly, one whole DBS was cut into small pieces and transferred to
a 2-ml tube. One milliliter of phosphate-buffered saline solution (Cambrex Bio
Science, Verviers, Belgium) with 0.1% Tween 20 (Sigma-Aldrich, Bornem, Bel-
gium) was added. The mixture was subjected to a vortex briefly, and after 10 min
of incubation at room temperature, the supernatant was removed. This wash step
was repeated twice. After the final wash step, 200 �l of 5% Chelex-100 resin
solution (Bio-Rad, Nazareth, Belgium) was added and the sample was incubated
for 30 min at 56°C and another 30 min at 95°C. The supernatant was then
transferred to a clean tube and stored at �20°C until processing.

Amplification of RNA and DNA extracts. Amplification of HIV RNA was
performed by nested RT-PCR as previously described (36). DNA extracts from
the blood cells and the DBS were amplified by nested PCR using the same
primer sets as the ones used for RNA amplification. The first round of amplifi-
cation was carried out using 5 U/�l of Taq polymerase (Applied Biosystems Inc.,
Foster City, CA) in a 25-�l reaction volume containing buffer II (Applied Bio-
systems) with 25 mM MgCl2, 1.25 mM deoxynucleoside triphosphates (Amer-
sham Biosciences, Buckinghamshire, United Kingdom), 0.1% bovine serum al-
bumin (Roche Diagnostics, GmbH Mannheim, Germany), and 0.05 �M each of
two forward primers (GAG2 [5�-GAGGAAGCTGCAGAATGGG-3�] and PR1
[5�-ATGATGCAGAGAGGCAATTT-3�]) and two reverse primers (RT137 [5�-
TTCTGTATGTCATTGACAGTCCAGC-3�] and RT3303 [5�-TAAYTTYTGT
ATRTCATTGAC-3�]). Primers were selected to have a broad specificity for
different HIV-1 subtypes.

Cycling conditions were 94°C for 5 min followed by 35 cycles at 94°C for 30 s,
50°C for 30 s, and 72°C for 2 min and a final extension for 7 min at 72°C.
Two-microliter volumes of the outer RT-PCR products were used in two sepa-
rate inner PCRs, one with nested PR primers (PR3 [5�-AGAGCCAACAGCC
CCACCA-3�] and PR4 [5�-GGGCCATCCATTCCTGGCTT-3�]) and one with
nested RT primers (RT1 [5�-CCAAAAGTTAAACAATGGCCATTGACAGA-
3�] and RT4 [5�-AGTTCATAACCCATCCAAAG-3�]). The second-round PCR
was carried out using Taq polymerase (Applied Biosystems Inc., Foster City, CA)
in a 50-�l reaction volume containing Taq buffer II with 5 U/�l of Taq polymer-
ase, 25 mM MgCl2, 1.25 mM deoxynucleoside triphosphates (Amersham Bio-
sciences, Buckinghamshire, United Kingdom), and 0.05 �M each of the specific
forward and reverse primers. The second-round PCR included an initial dena-
turation step at 94°C for 5 min followed by 35 cycles at 94°C for 30 s, 50°C for
30 s, and 72°C for 30 s and a final extension for 7 min at 72°C.

In each PCR run, a sample containing 10 copies of HIV-1 DNA (DNA
equivalent of 10 8E5 cells) was included as a positive control. Ultrapure water
was used as a negative control. Results were accepted only if the results of both
controls were correct.

The PR primers amplify a 458-bp fragment spanning the whole PR gene. The
RT primers amplify a 646-bp fragment spanning nucleotides corresponding to
amino acids 27 to 227 of the RT gene. The amplification products were visualized
after electrophoresis in a 1% agarose gel with ethidium bromide.

Genotyping of PR and RT genes. Genotyping was performed using a home-
made sequencing assay as described earlier (36). Direct sequencing of both sense
and antisense strands was done with the dRhodamine Terminator Cycle Se-
quencing Ready Reaction kit (Applied Biosystems Inc., Foster City, CA). Se-
quencing reaction products were analyzed on an ABI310 or ABI3130XL genetic
analyzer (Applied Biosystems Inc.). All validations and subsequent manipula-
tions of the sequencing results, as well as the interpretations of the genotyping
data and the subtyping, were performed using the Smartgene HIV software
packages (Integrated Database Network System; Smartgene, Zug, Switzerland).
The selection of drug resistance mutations was based on the Stanford algorithm
(http://hivdb.stanford.edu).

Phylogenetic analyses. Phylogenetic analyses were performed using version
3.6 of the PHYLIP package (http://evolution.genetics.washington.edu/phylip
.html) with a maximum-likelihood distance matrix and a transition-to-trans-
version ratio of 2.0. Tree diagrams were plotted with Treeview, version 1.4
(included in the PHYLIP package). Nucleotide differences were calculated
using the Emboss infoalign software (http://embossgui.sourceforge.net/demo
/infoalign.html).

Statistical analysis. All statistical analyses were performed using SPSS 15.0
(SPSS, IL). Pearson’s chi-square test was used to detect possible statistically
significant differences between two groups of samples.

RESULTS

Viral load determination and RNA sequencing. A detectable
viral load (�50 copies/ml) was found in all 10 treatment-naive
patients (mean, 35,555 copies/ml; range, 73 to �100,000 cop-
ies/ml) and in 19 of the 50 treated patients (mean, 20,377
copies/ml; range, 55 to �100,000 copies/ml).

Sequencing of the viral RNA was attempted on all 29 of
these samples and was successful for PR in 28 (96.6%) and for
RT in 26 (89.7%). The three patients for whom one or both
failed had very low viral loads (73, 74, and 81 copies/ml, re-
spectively). The viral load was undetectable in 31 patients, all
treated.

Efficiency of DNA sequencing on whole blood cells and DBS.
Sequencing of the PR and RT genes from whole-blood-cell
DNA was successful for 28 (96.6%) and 27 (93.1%), of the 29
blood-cell samples collected from patients with a detectable
viral load, respectively, and for 21 (67.7%) and 19 (61.3%) of
the 31 samples from patients with an undetectable viral load,
respectively. For the DBS, the success rate was slightly lower,
with 27 (93.1%) successful sequencing reactions for both PR
and RT from the patients with a detectable viral load and 17
(54.8%) PR and 18 (58.1%) RT sequences from the patients
with undetectable viral load. No statistically significant differ-
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ence between the efficiency of genotyping on whole blood
DNA and the efficiency of genotyping on DBS DNA was found
(P values of 0.2743 for PR and 0.8311 for RT [Pearson’s �2

test]).
Subtype distribution. For the 56 patients from whom PR

and RT sequences were available, from DNA, RNA, or both,

subtyping of the HIV-1 strains was performed by similarity
search using the Smartgene subtyping tool. Results showed
that the majority of patients was infected with a subtype A
virus (n � 31); in order of prevalence, subtype A was followed
by subtypes D (n � 7), CRF16_AD (n � 7), C (n � 6), and G
(n � 1). Discordances between the subtype determined from

FIG. 1. A phylogenetic tree was constructed based on 100 PR and RT gene sequences from 38 patients. Reference strains for subtypes A, C,
D, and CRF16_AD were included in the phylogenetic analysis. The tree was rooted with a subtype B strain. BC, blood cells.
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the PR sequence and the subtype determined from the RT
sequence were seen for four patients (PR/RT subtype combi-
nations D/C, A/C, CRF_AE/C, and C/A). The results of the
subtype determination were not influenced by the sample type.

Comparison of the nucleotide sequences from whole-blood
DNA, DBS DNA, and plasma RNA. A phylogenetic tree was
constructed using 100 PR and RT gene sequences from 38
patients (Fig. 1). The tree revealed a close clustering of the
DNA and RNA sequences from the same patients in all cases.
The mean nucleotide difference, expressed as the percentage
of the total nucleotide length (857 bp), between paired DNA
sequences of blood cells and DBS was 2.10% (range, 0.35% to
4.00%). The mean nucleotide difference between the se-
quences obtained from plasma RNA and blood-cell DNA and
the mean nucleotide difference between the sequences ob-
tained from plasma RNA and DBS DNA were 1.82% (range,
0.35% to 3.73%) and 1.90% (range, 0.58% to 3.50%), respec-
tively. Mixtures of nucleotides (International Union of Pure
and Applied Chemistry nomenclature) were considered differ-
ences. For comparison, the observed mean nucleotide differ-
ences between duplicate sequencing reactions on RNA and
DNA were 1.45% (range, 0% to 3.37%) and 1.61% (range, 0%
to 3.61%), respectively.

Drug resistance mutations in RNA and DNA. Selection of
drug resistance mutations was based on the recent update of
the International AIDS Society-USA list (20). Only two pa-
tients showed primary mutations in the PR gene (correspond-
ing to L33F and D30N).

The mutation resulting in L33F was detected consistently in
all three samples from the same treatment-naı̈ve patient
(BV021). The mutation resulting in D30N was detected as part
of a mixed population in one of the DNA sequences of patient
BV011 (Table 1).

Secondary PR mutations were observed in samples from all
patients. Most of these mutations (74 of the 83) were consis-
tently detected in the RNA and in both of the DNA sequences,
eight mutations were detected in DNA only, and one mutation
was detected in RNA only.

No LPV-related PI resistance-associated mutations were ob-
served in the two patients on a PI-based regimen (BV114 and
BV120) (Table 1).

No NRTI or NNRTI resistance-associated mutations were
observed in samples from the 10 treatment-naı̈ve patients. For
the 43 of 50 treated patients for whom at least one RT se-
quence (RNA and/or DNA) was available, NRTI or NNRTI
resistance-associated mutations were detected in 13 samples
(Table 2). A total of 34 nucleotide substitutions were seen; 10
of these were detected consistently in the RNA and in both
DNA sequences, 5 were detected in the RNA and in one of the
DNA sequences, 3 were detected only in the DNA from blood
cells, and 2 were detected only in the DBS DNA (Table 2).

Thirteen mutations were found exclusively in the RNA. Six
mutations were detected in one or both of the DNA sequences
but not in the RNA. A mutation resulting in a replacement
with residue 103N was seen in the DNA sequence of two
patients on an NNRTI-based regimen but with an undetect-
able viral load.

The number of resistance mutations detected in the DNA
samples of five treated patients with a viral load below 5,000
copies/ml (n � 4) was clearly lower than the number of resis-

tance mutations detected in the DNA samples of six treated
patients with a viral load of more than 5,000 copies/ml (n �
17), but the difference did not reach statistical significance
(Pearson’s chi-square P � 0.11). The numbers of resistance
mutations in the RNA in both groups, on the other hand, were
comparable, with 12 and 16 mutations found in the RNA from
patients with a viral load below 5,000 copies/ml and from
patients with a viral load above 5,000 copies/ml (Pearson’s
chi-square P � 0.83), respectively.

Reproducibility of the DNA sequencing. Replicate amplifi-
cation and sequencing reactions were performed on the DNA
extracts of all individuals listed in Table 2, with the exception
of one ART-naı̈ve patient. The results showed the inconsistent
detection of some mutations (Table 3). Five resistance muta-
tions that originally were not detected in the DNA but were
present in the RNA sample were picked up in at least one of
the replicate DNA-sequencing reactions. However, despite
replicate analysis, several important resistance mutations re-
mained undetectable even after triplicate sequencing of the
DNA: mutations resulting in the presence of 103N and 184V in
patient BV141, mutations resulting in the presence of 103N
and 184V in patient BV123, mutations resulting in the pres-
ence of 67N and 184V in patient BV113, and a mutation
resulting in the presence of 65R in patient BV106.

Replicate sequencing confirmed the presence of the muta-
tion resulting in the presence of 103N in the two patients with
an undetectable viral load while on an NNRTI-based HAART
regimen. The mutation resulting in the presence of 103N was
consistently detected in all replicates of patient BV117 and in
half of the replicates from patient BV112 (Table 3).

Reproducibility of the RNA-sequencing reactions. To eval-
uate the influence of sampling on RNA sequencing, replicate
reactions were performed on four RNA samples (from patients
BV113, BV123, BV132, and BV141). Results were much more
consistent than those for DNA. In samples from patients
BV123 and BV141, the same resistance mutations were de-
tected in all reactions. For patient BV113, the mutation result-
ing in a D67N substitution was detected in only two of the four
replicates. For patient BV132, the mutation resulting in a
K103N substitution was detected in only two of the five repli-
cates (results not shown).

DISCUSSION

In the last 25 years, DBS have been used for various pur-
poses, including detection of HIV antibodies (2, 5, 18, 23, 31),
detection of HIV antigen (22, 32), early diagnosis of perina-
tally infected infants (4, 15, 28, 30, 35), quantification of CD4�

T cells (26), and quantification of viral plasma RNA (1, 3, 7, 9,
16, 25, 29). Few studies examined the possibilities of perform-
ing drug resistance testing on dried blood, plasma, or serum on
filter paper (24, 33, 43). Because of the ease to collect, store,
and transport DBS, use of DBS is the ideal method for blood
sampling in resource-poor rural settings. This, combined with
the possibility of directly amplifying the genes of interest, with-
out the need for a reverse transcription step, therebyreducing
both complexity and cost of genotyping procedures (price re-
duction of 12 U.S. dollars/test), is an important advantage in
view of efforts to increase the accessibility of resistance testing
in resource-poor regions.
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TABLE 1. Overview of all patients with mutations at resistance-related positions in the PR gene

Patient ART (length of treatment) VL
(copies/ml)a

CD4
(cells/mm3) Sampleb

Residue encoded in place of indicated amino acid

10L 13I 16G 20K 30D 33L 36M 46M 63L 71A 73G 77V

BV021 None 73 474 DBS V E F I/T I
BC V E/G F T I/V
RNA V E F T I

BV016 None 5,330 233 DBS V E I
BC V E I
RNA V E I

BV010 None 9,790 702 DBS V/L I
BC V I
RNA V I

BV011 None 16,900 390 DBS V V I T
BC V V N/D I
RNA V V I

BV028 None 21,600 473 DBS I/V I
BC V I
RNA V I

BV018 None 35,400 246 DBS I V I I/M S
BC I V I
RNA I V I

BV030 None 66,300 109 DBS I
BC I
RNA I

BV002 None �100,000 136 DBS V E I I
BC V E I I
RNA V E I I

BV020 None �100,000 165 DBS I/V V I P/L
BC I/V V I L/V
RNA I/V V I L/V

BV107 d4T � 3TC � EFV (6 mo) 55 338 DBS V E R I T
BC V E R I T
RNA V E R I T

BV120 AZT � 3TC � NVP (41 mo), 81 226 DBS I P
d4T � 3TC � LPV/r (9 mo) BC I P

RNA I P
BV142 AZT � 3TC � NVP (2 mo) 128 236 DBS V R I P/L

BC V R I
RNA V R I

BV145 d4T � 3TC � EFV (33 mo) 294 206 DBS V I
BC V I
RNA V I

BV113 d4T � 3TC � EFV (32 mo) 1,030 467 DBS V V E I
BC I V E I
RNA V V E I

BV102 d4T � 3TC � NVP (1 wk) 1,250 111 DBS V V I
BC V/L V I
RNA V V I

BV127 d4T � 3TC � EFV (3 mo) 1,690 314 DBS V I
BC V I
RNA V I

BV132 d4T � 3TC � EFV (2 wk) 2,260 41 DBS R I
BC R I
RNA I/V R I

BV144 d4T � 3TC � NVP (2 mo) 2,520 182 DBS I
BC I
RNA I

BV123 d4T � 3TC � NVP (8 mo) 3,060 321 DBS V I P
BC V R I
RNA V R I

BV106 d4T � 3TC � NVP (23 mo) 3,520 300 DBS V I P
BC V I P
RNA V I P

BV141 d4T � 3TC � NVP (13 mo) 10,400 388 DBS I
BC I
RNA I

BV114 d4T � 3TC � EFV (34 mo), 15,300 217 DBS V E R I
AZT � 3TC � LPV/r (1 mo) BC V E R I

RNA V E R I
BV105 AZT � 3TC � EFV (9 mo) 21,000 276 DBS I P

BC I/M P
RNA I P

BV139 d4T � 3TC � EFV (1 wk) 26,300 556 DBS V I
BC V I
RNA V I

BV147 d4T � 3TC�EFV (13 mo) 98,200 218 DBS V E I
BC I V E I
RNA I/L V E I

BV116 d4T � 3TC � NVP (22 mo) �100,000 353 DBS V V R I
BC V V R I
RNA V V R T

BV133 d4T � 3TC�NVP (8 mo) �100,000 165 DBS NDc ND ND ND
BC I/V V E I
RNA V V E I

a VL, viral load.
b RNA, plasma RNA; BC, blood-cell DNA; DBS, dried blood spot DNA.
c NA, not applicable.
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TABLE 3. Results of replicate amplification and sequencing reactions performed on DNA extracts

Patient
ART (length of

treatment)
VL

(copies/ml)a
CD4

(cells/mm3)
Sampleb

Residue encoded in place of indicated amino acid

65K 67D 69T 70K 75V 101K 103K 108V 151Q 181Y 184M 188Y 190G 215T 219K 225P

BV145 d4T � 3TC � EFV 294 206 DBS1 N
(33 mo) DBS2 N/K

DBS3 N/K M/V
BC1 N
BC2 N V
BC3 N
RNA N I V

BV113 d4T � 3TC � EFV 1,030 467 DBS1
(32 mo) DBS2

DBS3
BC1
BC2
BC3
RNA N V

BV132 d4T � 3TC � EFV 2,260 41 DBS1 N
(2 wk) DBS2 N C

DBS3 R C
BC1 R C
BC2 R C
BC3 N C
RNA N/T K/N C/Y

BV123 d4T � 3TC � NVP 3,060 321 DBS1
(8 mo) DBS2

DBS3
BC1
BC2 K/R
BC3
RNA N V

BV106 d4T � 3TC � NVP 3,520 300 DBS1
(23 mo) DBS2 V

DBS3 H/D
BC1
BC2
BC3
RNA R/K V

BV141 d4T � 3TC � NVP 10,400 388 DBS1
(13 mo) DBS2

DBS3
BC1
BC2
BC3
RNA N V

BV114 d4T � 3TC � EFV 15,300 217 DBS1
(34 mo), AZT � DBS2 N I/V
3TC � LPV/r DBS3 N A/G
(1 mo) BC1 K/N

BC2 K/N T/A
BC3 N A H
RNA N H

BV105 AZT � 3TC � EFV 21,000 276 DBS1 N V
(9 mo) DBS2 N I V

DBS3
BC1 N/K V/M
BC2 N I/V V
BC3 N I/V V/M
RNA N V

BV147 d4T � 3TC � EFV 98,200 218 DBS1 I/V K/N I/V K/E
(13 mo) DBS2 N

DBS3
BC1 I/V N M/V H/P
BC2 N V F H
BC3 D N H
RNA N V F

BV116 d4T � 3TC � NVP �100,000 353 DBS1 R N V
(22 mo) DBS2 I/V N I/V V

DBS3 N V
BC1 N V
BC2 N V
BC3 N V
RNA N V

BV133 d4T � 3TC � NVP �100,000 165 DBS1 N M/Q/K/L V L A
(8 mo) DBS2 K/E V L A

DBS3
BC1 N/T M/V L A
BC2 V L/F A
BC3 N M V L A
RNA N/T M V L A

Continued on facing page
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The results of the study presented confirmed the feasibility
of extracting and subsequently sequencing HIV-1 DNA from
DBS as shown by others (24, 43). The sensitivity of our in-
house genotyping assay for sequencing DNA from DBS was
only slightly lower than the sensitivity for sequencing DNA
extracted from whole blood cells. Besides allowing the success-
ful sequencing of the PR and RT gene in 93.1% of the patients
with a detectable viral load, the DBS also allowed PR and RT
gene sequencing of samples from more than 50% of the pa-
tients with an undetectable viral load. The reduced sensitivity
compared to that of the patients with a detectable viral load
suggests a correlation between the viral DNA contributions in
DBS and the plasma viral load, as was reported by McNulty et
al. (24). Although one might expect that in patients with a low
CD4 count, the total number of HIV-infected cells per volume
of blood is limited, no relation was seen between low CD4
counts and failure to amplify viral DNA from DBS or failure to
detect resistant strains in the DNA (results not shown). The
possibility of obtaining sequence information from patients
with an undetectable viral load can be valuable for epidemio-
logical studies and subtype determination and might allow the
detection of mutations selected during previous suboptimal
treatment regimens, as is discussed below.

If all nucleotides are considered, irrespective of the impor-
tance of their position for drug resistance, good correlations
between the nucleotide sequences of DBS DNA, whole-blood-
cell DNA, and RNA were obtained, with differences that only
slightly exceeded the differences observed between replicate
sequencing reactions starting from the same DNA or RNA
extract. For the detection of mutations at positions associated
with drug resistance, however, superiority of RNA sequencing
over DNA sequencing was observed. Relying on only the DNA
sequence would lead to a misinterpretation of the assumed
phenotypic resistance in 6 of the 11 patients with significant
resistance in the virus in the plasma, irrespective of whether
blood cells or DBS sequences were considered.

The feasibility of using viral DNA for the establishment of
drug resistance is still controversial. Some studies reported
more mutations in the plasma RNA (6, 10, 21, 24), and others
reported more mutations in the cellular DNA (14, 34). Most of
these discordances may be attributed to differences in the
selection of the samples used for the evaluation. While plasma

RNA represents the population of short-lived actively replicat-
ing virus, viral DNA from infected cells is composed of a
heterogeneous mix of DNA from acutely infected, actively
virus-producing cells as well as quiescent cells that form the
viral reservoir (13, 27, 40). Due to the limited capacities of
current population-based sequencing genotyping methods, mi-
nor variants can remain undetectable (38). The virus replicat-
ing in plasma in the early stage of resistance development most
probably derives from a small number of cells in the reservoir,
and therefore, detection of resistant virus in plasma will pre-
cede detection in the cells. Since all patients in this study
initiated HAART very recently and about half of the 11 pa-
tients in whom drug resistance mutations were detected still
had a viral load of less than 5,000 copies/ml at the time of
sampling, they can be considered early treatment failures. Al-
though the number of patients is limited, a correlation between
low viral load and a reduced capacity for the detection of
resistance mutations in DNA compared to that of resistance
mutations in RNA was observed, further strengthening the
hypothesis of a relationship between duration of treatment
failure and the ability to detect drug resistance in DNA, as was
suggested by Bi et al. (6).

Despite a lack of sensitivity in the early phase of treatment
failure, sequencing of viral DNA can be valuable, especially for
patients with previous episodes of treatment failure that were
not documented by resistance analysis. Interruption of a failing
regimen or a failing drug will result in an overgrowth of the
drug-resistant variant by the more fit wild type (13, 27, 40). In
the cellular reservoir on the other hand, the resistant strains
will remain detectable for longer time. Venturi et al. (39)
demonstrated the kinetics of resistant and wild-type virus in
the RNA and DNA compartment very clearly. They found
more mutations in the RNA samples than in the DNA samples
in the patients on a failing treatment, while those undergoing
treatment interruption showed more mutations in the DNA
samples. The same higher level of sensitivity of DNA for the
detection of drug resistance mutations in a group of patients
undergoing treatment interruption was reported by Devereux
et al. (14). Previous exposure to EFV explains the mutation
resulting in the presence of 190A that was found in the DNA
but not in the RNA of patient BV114 one month after a switch
from EFV to LPV. All the other patients that were selected for

TABLE 3—Continued

Patient
ART (length of

treatment)
VL

(copies/ml)a
CD4

(cells/mm3)
Sampleb

Residue encoded in place of indicated amino acid

65K 67D 69T 70K 75V 101K 103K 108V 151Q 181Y 184M 188Y 190G 215T 219K 225P

BV112 AZT � 3TC � NVP 	50 242 DBS1 K
(1 mo) DBS2 K/N

DBS3 K
BC1 K/N
BC2 K
BC3 K/N
RNA

BV117 d4T � 3TC � NVP 	50 328 DBS1 K/N
(21 mo) DBS2 N

DBS3 N
BC1 K/N
BC2 N
BC3 N
RNA

a VL, viral load.
b DBS1 to DBS3, DBS samples 1 to 3, respectively; BC1 to BC3, blood-cell DNA samples 1 to 3, respectively; RNA, plasma RNA.
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this study were assumed to be on their first line of HAART.
Nevertheless, programs aimed at evaluating the influence of a
short course of NVP or AZT on mother-to-child HIV-1 trans-
mission have run in this region. Previous exposure to NVP
therefore seems the most plausible explanation for the ob-
served 103N mutation in the DNA of patient BV112. This,
however, cannot explain the resistance pattern for BV117, a
male patient. Surprisingly, both patients BV112 and BV117
showed undetectable viral loads while on NVP-based HAART.
The possibility of obtaining an undetectable viral load with an
NNRTI-based regimen despite the presence of the mutation
resulting in K103N has been observed before (11).

The mutation resulting in the presence of 65R seen in sam-
ples from patients BV106 and BV132 is typically known as a
tenofovir-associated mutation, but its selection by d4T, espe-
cially in patients infected with non-B subtypes, has been re-
ported (37). For patient BV132, the 65R variant was seen in
one of the DNA samples only. From the sequencing results for
the plasma RNA isolated from this patient, it appears that a
mixture of wild-type and mutant strains is present, and this may
be the cause for the mutation resulting in the presence of 65R
to be missed. The other NRTI or NNRTI resistance-associated
mutations that were detected in the DNA sequences only
(those resulting in the presence of 70R, 75I, 108I, 219E, and
225H) are considered to have only a minor impact on the drug
resistance (http://hivdb.stanford.edu).

The finding of PI-associated mutations in the DNA of two
patients who were not on a PI regimen was unexpected. Al-
though the occurrence of 33F in the absence of other PI re-
sistance mutations is rare, we assume that its presence in an
isolate from patient BV021 is due to a natural polymorphism.
The mutations resulting in the presence of 30N and 46I are
seen as part of a mixed population in one of the DNA se-
quences of patient BV011. We cannot exclude the possibility
that this was due to sequencing errors.

The discordances seen between the replicate DNA amplifi-
cation and sequencing reactions indicate that DNA genotyp-
ing, especially genotyping performed on DNA preparations
containing small amounts of viral DNA, is prone to a founder
effect.

In conclusion, the results of this study demonstrate that
whole-blood DNA or DBS DNA sequencing can be a very
useful tool for epidemiological studies aimed at analyzing the
HIV subtype distribution or the overall distribution of drug
resistance mutations in a population. For the follow-up of
individual patients, on the other hand, replacement of RNA
sequencing by DNA sequencing cannot be recommended, due
to the high number of missed mutations, especially in the early
phase of treatment failure. The use of DNA and DBS sequenc-
ing for the detection of drug resistance mutations selected
during previous drug exposure deserves further study.
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