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A panel (ENVA-1) of well-defined blinded samples containing wild-type and mutant human immunodefi-
ciency virus type 1 (HIV-1) reverse transcriptase was analyzed by automated DNA sequencing in 23 labora-
tories worldwide. Drug resistance mutations at codons 41, 215, and 184 were present in the panel samples at
different ratios to the wild type. The presence of mutant genotypes was determined qualitatively and quanti-
tatively. All laboratories reported the presence of sequence heterogeneities at codons 41, 215, and 184 in one
or more of the panel samples, though not all reported the correct codon genotypes. Two laboratories reported
a mutant genotype in samples containing only the wild type, whereas two and three laboratories failed to detect
the mutant genotypes at codons 41 and 215, respectively, in a completely mutant DNA population. Mutations
present at relative concentrations of 25% of the total DNA population were successfully identified by 13 of 23,
10 of 23, and 16 of 23 labs for codons 41, 215, and 184Val, respectively. For more than 80% of those laboratories
that qualitatively detected the presence of a mutation correctly, the estimated wild type/mutant ratio was less
than 25% different from the input ratio in those samples containing 25 to 50% or 75% mutant input. This first
multicenter study on the quality of DNA sequencing approaches for identifying HIV-1 drug resistance muta-
tions revealed large interlaboratory differences in the quality of the results. The application of these procedures
in their current state would in several cases lead to inaccurate or even incorrect diagnostic results. Therefore,
proper quality control and standardization are urgently needed.

The incomplete inhibition of human immunodeficiency virus
type 1 (HIV-1) replication may result in the emergence of viral
isolates with reduced susceptibility (resistance) to an antiviral
drug. For most drugs used in the treatment of HIV-1-infected
individuals to date, specific resistance-conferring mutations
have been identified (16). The determination of these muta-
tions in clinical isolates may serve as a surrogate for laborious
and time-consuming classical biological drug susceptibility de-
terminations (2, 6, 13, 17).

DNA sequencing, using various automated technologies, is
widely applied to identify drug resistance mutations (17). In
addition to enzymatic sequencing approaches used with most
methodologies, an innovative technology involving the differ-
ential hybridization of nucleic acid sequences with short oligo-
nucleotide arrays present on microchips is currently under
evaluation (9).

The high mutation rate of HIV results in continuous changes
in the composition of the viral population and the presence of
sequence heterogeneities (sequence mixtures) along the viral
genome (3, 11, 12). Population-based sequencing approaches
enable the genotypic characterization of the predominant viral
species in a patient. On the other hand, analysis of multiple
(individual) cloned genes provides a detailed insight into the

interactions of mutations present on the same genome and also
allows for a more reliable detection of minority species. In
general the sensitivities of various sequencing approaches in
the detection of minority virus populations are highly variable
(4).

At present, genotypic resistance determinations are per-
formed mainly by research laboratories, without any systematic
interlaboratory standardization or quality control. However,
genotypic resistance determinations are of increasing diagnos-
tic value in a number of clinical settings, including monitoring
of patient resistance prior to therapy initiation or at the time of
therapy failure (1, 5, 14).

This study was conducted to investigate the quality and rel-
ative sensitivity of DNA sequence analysis procedures in a
large number of laboratories worldwide. Using their standard
laboratory methods and technologies, participants analyzed a
coded set of plasmid mixtures containing nucleotide mixtures
at several drug resistance codons and reported the results of
both qualitative and quantitative interpretation.

MATERIALS AND METHODS

ENVA-1 panel. A panel of nine plasmid mixtures at a concentration of 100
pg/ml of water (approximately 20 3 106 DNA copies/ml) was distributed among
participating research and commercial laboratories in Europe and the United
States. Four different plasmid constructs harboring HIV-1 HxB2 reverse tran-
scriptase (RT) genes (amino acids 1 to 563) without flanking HIV sequences
were used to prepare the panel: one containing a completely wild-type RT
sequence, one containing zidovudine resistance mutations at codons 41
(ATG3CTG) and 215 (ACC3TAC), and two containing either the 184Ile
(ATG3ATA) or 184Val (ATG3GTG) mutation, conferring resistance to lami-
vudine. Mutations had been introduced into the wild-type HxB2 sequence via
site-directed mutagenesis and confirmed by sequence analysis of the complete
RT genes (2). The concentration of the source plasmids was determined spec-
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trophotometrically, and subsequently mixtures containing 25, 50, and 75% of the
mutant genotype were prepared. The composition of these mixtures was checked
and confirmed by using a semiquantitative point mutation assay (data not shown)
(7, 19). Thereafter, the source plasmids were mixed at different ratios to create
a panel of nine samples with wild-type and resistant genotypes at various relative
concentrations between 0 and 100% (Table 1). It should be noted that the
mutations at codons 41 and 215 are present on the same source plasmid. There-
fore, the amount of mutant codon 41 in a sample is always identical to the
amount of mutant codon 215 in that sample.

Genotypic analysis of the panel samples. The panel samples (ENVA-1 panel)
were coded and sent to the participants at room temperature. Participants
treated the material as purified DNA and performed the genotypic analysis
starting from amplification, by using their standard in-house sequencing proce-
dures. In addition, participants filled out a questionnaire requesting information
on the technologies and analysis procedures applied.

Panel samples consisted of complete wild-type or mutant genotypes or a
mixture of these. In all samples containing a mixed genotype the minority ge-
notype was always present at a concentration of least 5% (Table 1). Participants
were requested to perform sequence analysis on all the samples and report the
interpreted nucleotide sequence between nucleotides 30 and 800 of RT (amino
acids 10 to 265) for each of the samples. In addition, laboratories were requested
to provide semiquantitative information (percentages) on the heterogeneic po-
sitions, based on the sequencing results for each of the mixed nucleotide posi-
tions.

Data analysis. Data were collected on standard report forms and entered into
a central database at the European Network for the Evaluation of New Antiviral
Treatments (ENVA) headquarters. Information was collected on the sequence
analysis procedures and technology, i.e., sequencing hardware, DNA labelling
technology, and analysis of one or both strands. In addition, the obtained qual-
itative and quantitative results for each of the heterogeneous positions in the
panel were collected, as well as all additional mutations reported by the partic-
ipants. After being entered into the database, the blinded results were reviewed
for data entry errors by each of the participants.

For each of the participants we calculated the so-called mutation score (M). M
is the total number of positions at which the presence of a mutation was re-
ported, irrespective of its concentration relative to that of the wild type. The total
(cumulative) number of mutations present in the panel (i.e., codons harboring

between 5 and 100% of the mutations) was 25, indicating that the maximal M
that could be achieved was 25.

Subsequent analyses focused on the determination of the sensitivities and
accuracies of the methodologies in relation to the input mutant or wild-type
concentration.

RESULTS
Participating laboratories and technologies used. Sequence

analysis. A total of 23 laboratories participated on a voluntary
basis in the study: 11 European and 12 U.S. labs. The Euro-
pean labs were ENVA collaborating laboratories studying
HIV-1 drug resistance (eight), independent research labs
(two), or commercial DNA sequencing laboratories (one). The
U.S.-based laboratories were ACTG laboratories (ten), a bio-
technology company laboratory (one), and a laboratory that
performed sequence analysis on a contract basis for clinical
trials (one).

As shown in Table 2, none of the labs used manual sequenc-
ing technologies for the analysis of the panel. Seventeen of 23
labs (74%) used Applied Biosystems International (ABI) (Fos-
ter City, Calif.) automated fluorescent sequencing technology
(ABI models 310, 373, and 377). The remaining six laborato-
ries used one of the other automated platforms, i.e., ALF or
ALF-express (Pharmacia Upjohn, Uppsala, Sweden), Amer-
sham Vistra (Amersham, Little Chalfont, United Kingdom), or
Affymetrix gene chip technology (Santa Clara, Calif.). This
distribution of sequencing hardware and sequencing technol-
ogies allowed a comparison of individual laboratory perfor-
mance but did not provide sufficient data to assess the relative
performance of the different technologies.

Detection of resistance mutations. The drug resistance-con-
ferring mutations were located at three amino acid and four
independent nucleotide positions, i.e., codon 41 (ATG3
CTG), 184Val (ATG3GTG), 184Ile (ATG3ATA), and 215
(ACC3TAC). The nine panel samples encoded a complete
wild-type genotype at 11 of these nucleotide positions and a
total of 25 positions at which a mutant (drug-resistant) geno-
type was present in at least 5% of the RT population. For each
of the participating laboratories the total number of positions
was scored at which a mutant (resistant) genotype was re-
ported irrespective of its relative concentration (M) (Table 2).
The maximum M was 25. The highest score obtained was 22,
whereas one of the participants failed to detect a correct mu-
tant genotype at any of the 25 positions. No differences in M
were observed between labs that based the results on sequence
analysis of one strand compared to those which analyzed both
strands.

A summary of the qualitative results for each of the panel
samples is shown in Tables 3 and 4. Twenty of 23 laboratories
reported the presence of mutant codons 41 and 215 in the

TABLE 1. Composition of ENVA-1 panel

Panel
sample

% of codon(s)a

41 1 215
WT

41 1 215
MT

184 Met
WT

184 Ile
MT

184 Val
MT

S-1 100 0 50b 25 25
S-2 95 5 95 0 5
S-3 90 10 10 0 90
S-4 75 25 50 50 0
S-5 50 50 50 0 50
S-6 25 75 75 0 25
S-7 10 90 90 0 10
S-8 5 95 95 0 5
S-9 0 100 100 0 0

a WT, wild type; MT, mutant.
b A mixture of 50% wild-type codon 184Met (ATG) plus 25% 184Val (GTG)

plus 25% 184Ile (ATA) results in a net 75% wild-type nucleotide at both the first
and last nucleotides of the codon.

TABLE 2. Technologies used and M for ENVA-1a

Technology Total no. of labs Strands analyzed M (per lab) Mean M

ABI dye primer 11 Single 18 15.6
Both 19, 19, 18, 18, 16, 16, 15, 14, 12, 7

ABY dye terminator 6 Single 16, 13, 0 14.4 (excluding 0 score)
Both 17, 17, 9 12.0 (including 0 score)

ALF 3 Single 19 13.7
Both 12, 10

Affymetrix 2 Single ND 20
Both 22, 18

Vistra 1 Single 13 ND
Both ND

a ND, not determined.
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sample containing a complete mutant population. Seventeen
and 18 of these 20 labs reported the presence of only the
mutant genotype at codons 41 and 215, respectively. The re-
maining three and two laboratories reported the presence of
wild-type and mutant mixtures. In addition, two laboratories
reported the presence of only wild-type codons 41 and 215 in
these completely mutant-encoding samples. A third participant
reported the mutant codon 41 but not 215 in this sample. In
two cases at two different laboratories, a mixture of wild-type
and mutant genotypes at codon 41 or 215 was reported in
samples containing only wild-type DNA.

Two of the participants reported incorrect codon calls,
codons not reflecting the wild-type or mutant genotype, in
several samples at both resistance codons (Table 3). The in-
correct mutant genotypes reported by these laboratories were
for codon 41 (AAG, GTG, or TTG instead of CTG) and codon
215 (TCC instead of TAC). In eleven cases from three labo-
ratories and three cases from two laboratories, respectively,
codons 41 and 215 were not determined, i.e., no sequence
results were reported for these codons.

For codon 184 the frequency of incorrect codon calls, i.e.,

reported codons that did not reflect the wild type (ATG) or
mutants (ATA and GTG), was higher than for codons 41 and
215 (Tables 3 and 4). All codon 184 incorrect calls reported in
the samples originated from three participants. The incorrect
mutant genotypes reported by these laboratories for codon 184
were ACG, ATC, or GTC instead of GTG.

In sample S-1 containing the 184 wild-type codon (ATG) in
combination with both codon 184 mutants (ATA and GTG),
population sequencing could not distinguish between the mu-
tant nucleotides being present on one codon (resulting in
GTA) or two codons (resulting in ATA and GTG). Therefore,
the detection of GTA alone or the combination of ATA and
GTG together in sample S-1 were both considered correct.

Only a minority of laboratories reported the presence of a
mutant when it was present in less than 25% of the population.
About half of the laboratories reported a mutation at codon 41
or 215 when the mutant genotype was present in at least 25%
of the DNA population (Table 3). The proportion of labs
detecting the mutant genotypes steadily increased with a fur-
ther increase in the relative concentration of the mutant ge-
notype. The presence of 5% mutant codon 41 was detected by
only a single participant. However, this was the same partici-
pant who incorrectly reported the presence of a mutant geno-
type in the sample containing a complete wild-type DNA pop-
ulation.

When the first nucleotide of codon 184 encoded the mutant
valine genotype (ATG3GTG) in 25% of the DNA popula-
tion, its presence was reported by 16 of the laboratories when
in a background of 75% wild-type methionine (ATG) and by
14 of the laboratories when present in a background of 50%
wild-type (ATG) and 25% codon 184 isoleucine mutants
(ATA; Table 4). The presence of a third nucleotide change
(ATG3ATA) in the sample harboring the three codon 184
genotypes (sample S-1) was detected by only nine laboratories,
suggesting that the sensitivities for the detection of different
mutations may not be equal for each of the mutations.

Mutations present in the panel at codons 41 and 215 origi-
nated from a single plasmid. Therefore, by definition the input
concentrations for both mutations within a sample were iden-
tical. Concordance of the results for these codons was checked
for each of the participants that had analyzed both codons and
reported the correct wild-type and mutant codons. For each
panel sample, concordant results were obtained by 74 to 95%
of the laboratories, with the lowest level of concordance (79%)
in the panel sample containing 25% mutant genotypes (Table
3). Even in the samples containing a complete wild-type or

TABLE 3. Frequency of mutant detection in relation to sample composition

% Mutant
input

No. of laboratories that reported for:

Concordance (%)aCodon 41 Codon 215

Mutant No
mutant

Incorrect
codon call

Codon not
determined Mutant No

mutant
Incorrect
codon call

Codon not
determined

0 1 20 1 1 1 22 0 0 19/21 (90)
5 1 20 0 2 0 22 0 1 20/21 (95)
10 4 16 2 1 4 19 0 0 18/20 (90)
25 13 8 1 1 10 11 2 0 15/19 (79)
50 18 3 1 1 19 3 0 1 18/21 (86)
75 20 0 1 2 21 2 0 0 18/20 (90)
90 20 2 0 1 20 2 1 0 19/21 (90)
95 20 1 1 1 20 2 0 1 19/21 (90)
100 20 2 0 1 20 3 0 0 21/22 (95)

a Results are given as a ratio of the number of laboratories with concordant results for both codon 41 and 215 to the total number of laboratories without incorrect
codon calls and with both codons analyzed.

TABLE 4. Frequency of mutant detection in relation to
sample composition

% Mutant input

No. of laboratories that reported
for codon 184

Mutant No
mutant

Incorrect
codon call

Codon not
determined

184 Val
0 0 21 2 0
5 3 19 1 0
10 5 15 3 0
25 16 5 2 0
50 20 2 1 0
75
90 22 0 1 0
95
100

50 (184 Met/Ile) 19a 3 1 0
25 (Met/Ile) 1 25 (Met/Val) 15b 5 2 1

a In all 19 cases 184Ile reported.
b In six cases (ATG3GTG), only first nucleotide change detected. In eight

cases (ATG3GTA), both first and third nucleotide changes detected. In one
case (ATG3ATA), only third nucleotide change detected.
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mutant DNA population, an incomplete concordance was ob-
served at 90 and 95%, respectively.

Quantitative detection of sequence heterogeneities. In addi-
tion to the qualitative detection of the mutations in the panel
samples, laboratories also reported their best estimates for the
relative proportions of wild-type and mutant genotypes at the
four mutation positions in each panel sample. The majority of
laboratories that reported the presence of a sequence hetero-

geneity also estimated its proportion, in most cases based on
the double-peak spectra at these nucleotide positions in the
electropherograms. These results, as shown in Fig. 1, demon-
strated extensive interlaboratory differences in the estimated
proportions. For those laboratories that did detect the pres-
ence of the mutation and reported a quantitative estimate, we
analyzed the variation in estimated output concentrations for
samples containing mixed RT populations at an input of 25 to

FIG. 1. Reported percentage of mutant per panel sample and per individual laboratory. The percentage mutant input is indicated above each graph and also is
shown graphically on the far left end of each graph. Individual laboratories are indicated by numbers along the horizontal axes. The bars indicate the reported
percentage mutant genotype estimated upon sequence analysis. Shown are the results for codon 41 (black bars) and 215 (white bars) (A) and for codon 184-valine (B).
Negative percentages indicate that a codon was not determined (25%), an incorrect mutant codon was reported (210%), and a mutant was detected but no quantitative
information was reported (220%).
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75% mutant genotype (Table 5). The estimated proportions
were less than 25% different from the input concentration for
83 to 100% of the laboratories. For 47 to 100% of the labora-
tories the accuracy of the estimated proportion mutant geno-
type in the samples was less than 10% different from the input
concentration (Table 5).

DISCUSSION

This is the first large-scale study evaluating the quality of
sequence analysis approaches for the identification of drug
resistance mutations in the HIV-1 RT gene. Recent develop-
ments and improvements in genotyping technologies (9, 15,
17), a rapidly evolving understanding of the effects of resis-
tance mutations on viral drug susceptibility, and the fact that
biological drug susceptibility assays are costly, difficult to stan-
dardize, and extremely time-consuming (2, 6, 13) have led to
an increasing use of genotypic drug resistance methods for
HIV. At present these methods are mainly applied by research
laboratories but are beginning to be implemented diagnosti-
cally. Most importantly, genotyping to determine the resis-
tance profile in patients virologically showing treatment failure
has recently been shown to be beneficial in selecting a salvage
regimen (1, 5), and as such, sequencing results become of
increasing importance in the clinical care of HIV-1-infected
patients.

This first study evaluating the quality of HIV drug resistance
genotyping protocols was based on the use of recombinant RT
genes derived from a reference virus, into which mutations had
been introduced via site-directed mutagenesis. This approach
enabled a direct comparison of the reliability of DNA sequenc-
ing protocols in the absence of factors such as variation intro-
duced by viral quasispecies, the nucleic acid extraction proce-
dure, or the cDNA synthesis reactions. Participants used their
standard sequencing hardware, procedures, and protocols to
analyze the panel samples. Most of the participants used an
ABI sequencer (17 of 23 labs); the remaining six labs used the
additional available sequencing technologies. This distribution
of technologies therefore did not allow the comparison of the
results for each hardware technology. Moreover, the qualita-

tive interpretation of the results demonstrated highly variable
scores even between laboratories using the same sequencing
technology, indicating that interlaboratory differences are ex-
tensive and may affect the results more than the differences
between the technologies. The striking differences in the M
values show that large differences exist in the quality of DNA
sequencing results of laboratories dedicated to performing
these types of analyses routinely on a research or even diag-
nostic basis.

The qualitative interpretation of the laboratory results for
each of the panel samples demonstrated that none of the panel
samples, including those containing only wild-type or mutant
genotypes, was scored correctly by all of the laboratories. In-
correct codon calls, i.e., the detection of a codon sequence that
did not reflect the wild-type or the mutant sequence, were
reported for several of the panel samples, in particular for
codons 41 and 184, independent of the mutant concentration.
However, all these calls originated from three (13%) of the
participants. No incorrect codons at the mutation sites were
reported by any of the other participants.

In addition, the results for codons 41 and 215 demonstrated
that some laboratories missed the presence of a resistance
mutation, even in samples with a homogeneous genetic
makeup, or in the opposite situation, the presence of a muta-
tion was reported in samples containing a complete wild-type
input. It is of note that the participant detecting the codon 41
mutation, when it was present at the level of 5%, also reported
the presence of this mutation in the purely wild-type specimen.
This suggests that the reported detection of the 5% minority
species might result from a nonspecific sequencing reaction or
sample contamination and does not necessarily reflect a highly
sensitive and specific procedure.

Upon entry of the data into the database all participants
reviewed the blinded results for data entry errors. It cannot be
excluded that some errors may have been introduced some-
where in the entire multistep laboratory process or at the steps
of data analysis, data reporting, and data entry into the central
database. Since, except for data entry into a central database,
all these procedures are part of the standard sample manipu-
lation process in HIV-1 genotyping, the results may be a good
reflection of the actual overall quality of these procedures in
daily practice.

The analysis of the results did not include an evaluation of
the quality of the sequence reaction, e.g., signal strength or
peak heights, and its effect on the sequence interpretation.
Since the decision to use the sequence results for interpreta-
tion was in the hands of the participants, without any pre-
defined quality criteria, differences in the quality of the se-
quence reactions itself may partially explain the observed
interlaboratory differences.

The results of this study indicate that before applying DNA
sequencing diagnostically for the detection of drug resistance
mutations, considerable improvements need to be made in the
quality of the results and procedures. In order to achieve this
and monitor the quality of these procedures on a continuous
basis, the installation of proper quality control programs and
the standardization of protocols are essential. A significant
improvement in the overall quality may also come from the use
of dedicated kits and procedures to perform HIV-1 drug re-
sistance genotyping, as recently introduced by ABI and Visible
Genetics (Toronto, Canada).

The sensitivity of detecting a mutant genotype when this was
present at a relative concentration of 25% was comparable for
the mutations at codons 41 and 215 and for the 184-valine
mutation. Interestingly, a much lower frequency was observed
for the 184-isoleucine mutation. This might be due to differ-

TABLE 5. Accuracy of estimated mutant concentrations

% Mutant
input

Laboratories reporting estimates different from
input concn by:

,25% ,10%

Ratioa % Ratio %

Codon 41
25 11/11 100 9/11 82
50 14/15 93 9/15 60
75 19/19 100 9/19 47

Codon 215
25 7/8 88 7/8 88
50 16/16 100 16/16 100
75 20/20 100 13/20 65

Codon 184
25 13/15 100 11/15 73
50 15/18 83 14/18 78
75

a Number of labs for which the estimated mutant concentration was less than
25% or less than 10% different from the input percentage (numerator), as a
function of the total number of labs that reported a quantitative estimate (de-
nominator).
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ences in the sensitivities of the sequencing procedures to detect
each of the nucleotide changes. The 184-isoleucine mutation is
the result of a G3A mutation, whereas for all three other
codons at least one of the base changes is due to a mutation in
which the wild-type A nucleotide is replaced (codon 41, A3G;
codon 215, A3T; and C3A, codon 184Val A3G). The rel-
atively low sensitivity for codon 184-isoleucine was specifically
observed in a combination with both the wild type and valine
variant, indicating that the high level of variation in the codon
might have affected the interpretation of the analyzed nucle-
otide sequence. Another explanation might be that the codon
184-isoleucine mutation was unexpected by the participants,
since the mutation is rather infrequent in clinical isolates from
extensively lamivudine-treated patients (8, 10, 18).

As mentioned before, the inputs for codons 41 and 215 were
identical, as the mutations were coupled on the source plas-
mid. The concordance of results for codons 41 and 215, based
on the qualitative results, was high, though it was complete in
none of the samples. The maximum variation, i.e., a 50%
wild-type and mutant mixture, resulted in only 79% concor-
dance, again suggesting mutation-specific differences in muta-
tion detection sensitivities. Apart from possible explanations
mentioned before, this difference might also be due to other
factors such as the distance of the mutation from the sequenc-
ing primer, resulting in divergent signal strengths at the loca-
tion of the mutations.

The quantitative determination of the mutations demon-
strated that laboratories capable of detecting a mutation qual-
itatively generally estimated its relative concentration with
25% accuracy from the input concentration. This indicates that
laboratories performing good quality sequencing should be
able to differentiate relative mutant concentrations in strata of
25%.

This study demonstrates that extensive differences exist in
the quality of DNA sequence analysis for the identification of
HIV-1 drug resistance mutations. Although the capacity to
determine mutations was analyzed only for the HIV-1 RT
gene, there is no reason to assume that the quality of results
would be different for the protease gene or other target genes
and organisms. In summary, this first multicenter evaluation of
DNA sequence analysis procedures for HIV-1 drug resistance
demonstrates large differences in the overall quality of the
results. Many of the laboratories generated moderate to good
results, while none of the labs were perfect. A small number of
laboratories demonstrated poor performance. Therefore, the
clinical application of DNA sequencing results should be con-
sidered with care, and clinicians should be clearly educated
about the current limitations of sequencing technology for
HIV-1 drug resistance genotyping.

As an important step towards the improvement of the qual-
ity of the results, the development of quality control programs
for genotyping is essential.
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