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Figure A. Scheme of the HIV-1 genotyping microarray and examples of the 

hybridization signals produced by wild type target DNA molecules. (a) Position of the 360 

spots printed on each of the four subarrays of the microarray. Discriminating probes are 

shown in black, positive HIV-1 internal hybridization controls (IHC-PR3, IHC-PR4, IHC-

RT3 and IHC-RT4) are depicted in green, negative controls (C-:FMDV-G142-15r and C-

:FMDV-E142-15r, corresponding to sequences of the foot-and-mouth disease virus VP1 

coding region) appear in red and additional negative controls including spotting solution (C-) 

are shown in grey. Yellow background highlights the probes complementary to wild type 

sequences for each queried codon. The highly performing probes that were maintained after 

the quality control protocol (see main text) are underlined. Further details on the probe 

sequences are given in Supp. Table S1. Rows 1-4 contain the PR-specific probes and rows 5-

15 the RT ones. (b) and (c) Examples of microarray images corresponding to the 

hybridization of PR and RT targets with wild type sequences, using ScanArray and GenePix 

microarray scanners (see Methods), respectively. 
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Figure B. Examples of the hybridization results of different PR and RT targets including 

drug resistance mutations and insertions. (a) Discrimination of mutants in the HIV-1 PR: 

I36, I46, L46, V48, V54, V71, T82, V84, M90+M90-2 (highlighted in red). (b) 

Discrimination of mutant and insert-containing targets of the HIV-1 RT: V62, S68, S69, 

Ins69a, Ins69b, Ins69c, Ins69d, I75, T75, I100, E101, I108, M151, M178, C181, I184, H188, 

K211, Y215, C215 and T238. The whole set of raw microarray hybridization data used in this study 

has been uploaded to Gene Expression Omnibus (GEO) repository 

(https://www.ncbi.nlm.nih.gov/geo/), with the accession number GSE90621. 
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Figure C. Examples of the hybridization results produced by different RT targets 

belonging to the clinical samples of the test set that contained majority and minority 

variants. Positive signals in the microarray are highlighted in red. The theoretical percentage 

of signals at each probe position, derived from the analysis of clonal sequences (13 to 34 

clones per sample) is shown below the hybridization signals. Different situations have been 

chosen to exemplify either concordant or discrepant results between the hybridization signals 

and their expected percentage derived from clonal analysis (discrepant percentages are 

depicted in grey). The sequencing electropherograms corresponding to the population 

sequence are also shown, together with the derived amino acid(s) assumed to be present at the 

interrogating codon. 

 



 

 

Figure D. Theoretical hybridization tables of the training set. Tables show the sequences 

of the pure clonal samples (rows in panel a, columns in b) that are complementary to the 

sequences of the spotted probes (columns and rows, respectively) belonging to the PR (a) and 

RT (b) regions. Color code: Green, expected hybridization; Red, not expected hybridization; 

Black, partial hybridization (one mismatch between probe and target is present at the 5’ or 3’ 

position of the hybridizing sequence). 
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Figure E. Density of the raw hybridization data for three key variables quantified by 

GenePix and ScanArray scanners. The threshold values are shown with dotted lines. Color 

code: Green, true positive (TP) signal; Red, false positive (FP); Blue, true negative (TN); 

Black, false negative (FN). 

 

 

 

 

 

 



 

 

Figure F. Test of the normalization performance of data from the training set. a) Density 

of positive and negative raw fluorescence data. b) Normalized fluorescence data using the 

mean positive signal of each array region (RT or RT): distributions of positive signals are 

centred in value 1 of normalized intensity, while distributions of negative signals are close to 

zero. Color code: Red, density of negative hybridization data; Blue, fit to a log-normal 

distribution of negative data; Black, density of positive hybridization data; Green, fit to a 

normal distribution of positive data. 
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Figure G. Probe-specific curves for the 124 spotted probes that passed the quality 

control. Density of normalized hybridization signals from the training set with their fitted 

distribution functions for positive and negative data. Color code: see Supp. Fig S6. 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 

 

 

 



 

 

Figure H. Classification accuracy for the pure clonal samples belonging to the training 

set. Columns, probes included in the final version of the microarray that passed the quality 

control; Rows, samples hybridized to successive versions of the microarray. a) Hybridization 

of the PR region of the samples; b) Hybridization of the RT region; c) Hybridization of 

amplicons including both the PR and RT regions. Color code: Dark green, correctly classified 

signal (TP or TN); Dark red, FN signal; Red, FP signal; Black, UD signal; Light green, no 

data (due to spots discarded during the quality control or to the absence of certain probes in 

different versions of the microarray).  
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Figure I. Accumulation of errors (FP+FN+UD) during classification of clinical samples. 

a) Errors per probe (bar: 11 to 20 errors); b) Errors per sample (bar: 10 to 22 errors). The 

remaining probes and hybridized samples showed a lower number of errors. 
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Figure J. Theoretical hybridization tables of binary mixtures of clonal samples 

belonging to the training set. a) Samples 1.95c9, 2.94c64 and their mixture; b) Samples 

pWT, pINS and their mixture. Color code: Green, expected hybridization; Red, not expected 

hybridization; Black, partial hybridization (one mismatch between probe and target is present 

at the 5’ or 3’ nucleotide of the hybridizing sequence). 
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Figure K. Proportion of variants present in the clinical samples of the test set, 

determined by clonal sequencing. a) Probes of the PR region (columns) vs. sequences of the 

53 target molecules that could be amplified out of the 57 clinical samples (rows). b) Probes of 

the RT region vs. sequences of the 51 amplified RT clinical samples. Bar: fraction of codons 

containing each queried codon within the quasispecies. c) Distribution of variant proportions 

among the target samples. 
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Figure L. Theoretical hybridization tables of the test set, using a preliminary detection 

threshold of 10% for minority sequences. Only perfect probe-target hybridizations are 

allowed. Columns, queried codons included in probes belonging to the PR (a) or RT (b) 

region; Rows, sequence of the quasispecies of each clinical sample (see legend of Supp. Fig. 

S11). Color code: Green, expected hybridization (>10% of the clonal sequences of the sample 

match with the probe); Black, residual hybridization (probe matching in 5-10% of the sample 

clones); Red, not expected hybridization. 
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Table A. Sequences of the oligonucleotide probes printed onto the microarray for the 

screening of HIV-1 PR and RT drug and multidrug-resistance mutations. Discriminating 

probes are shown in black, positive HIV-1 internal hybridization controls (IHC-PR3, IHC-

PR4, IHC-RT3 and IHC-RT4, spanning codons 25-29 and 94-99 of the PR, as well as 23-28 

and 167-171 of the RT, respectively) are depicted in green, and negative controls (FMDV-

G142-15r and FMDV-E142-15r, corresponding to sequences of the foot-and-mouth disease 

virus VP1 coding region) are shown in red. Yellow background highlights the probes 

complementary to wild type sequences at each queried codon. Two probes containing 

degenerated nucleotides (Ins69k and Ins69l) that could hybridize with a number of different 

targets showing 6 nt insertions between RT codons 69 and 70 have been included. The 124 

highly performing probes that were maintained after the quality control protocol (see main 

text and Supp. Fig. S7) are underlined. In the second column, the nucleotide mutation(s) with 

respect to the corresponding wild type sequence are marked in bold. The calculated, salt-

adjusted melting temperatures (quantified by means of the software available at 

http://www.basic.northwestern.edu/biotools/oligocalc.html) are shown. 

 

Oligo name Nucleotide sequence (5'-3') Tm (ºC) 

IHC-PR3 TTTTTTTTTTTTTTTGATACAGGAGCAGAT 54 

IHC-PR4 TTTTTTTTTTTTTTTGTTGCACTTTAAATTTT 51 

R8-PR-2 TTTTTTTTTTTTTTTGCAACGACCCCTC 55 

Q8-PR-2 TTTTTTTTTTTTTTTGCAACAACCCCTC 53 

D30-PR TTTTTTTTTTTTTTTAGCAGATGATACAGT 51 

N30-PR TTTTTTTTTTTTTTTAGCAGATAATACAGT 49 

M36-PR TTTTTTTTTTTTTTTAAGAAATGAGTTTGC 50 

I36-PR TTTTTTTTTTTTTTTAAGAAATAAGTTTGC 49 

M46b-PR TTTTTTTTTTTTTTTCAAAAATGATAGGGG 51 

M46c-PR TTTTTTTTTTTTTTTACCAAAAATGATAGG 49 

F46-PR TTTTTTTTTTTTTTTCCAAAATTCATAGGG 51 

I46-PR TTTTTTTTTTTTTTTCAAAAATAATAGGGG 49 

L46-PR TTTTTTTTTTTTTTTACCAAAATTGATAGG 49 

V46-PR TTTTTTTTTTTTTTTACCAAAAGTGATAGG 51 

G48-PR TTTTTTTTTTTTTTTATGATAGGGGGAATT 51 

V48-PR TTTTTTTTTTTTTTTATGATAGTGGGAATT 49 

I50-PR TTTTTTTTTTTTTTTGGGGAATTGGAG 49 

L50a-PR TTTTTTTTTTTTTTTGGGGATTAGGAG 49 

L50b-PR TTTTTTTTTTTTTTTGGGACTCGGAG 49 

V50-PR-2 TTTTTTTTTTTTTTTGGTGAGTTGGAG 49 

I54-PR TTTTTTTTTTTTTTTAGGTTTTATCAAAGTA 49 

V54-PR-2 TTTTTTTTTTTTTTTAGGTATTGTCAAAGTA 51 

A71-PR-2 TCCTCCTCCTCCTCCCATAAAGCTATAGGTA 51 

V71-PR-2 TCCTCCTCCTCCTCCCATAAAGTTATAGGTA 49 

V82b-PR-2 TCCTCCTCCTCCTCCTACACCTGTCAACAT 51 

A82-PR-2 TCCTCCTCCTCCTCCACACCTGCCAACAT 52 

F82-PR-2 TCCTCCTCCTCCTCCTACACCTTTCAACAT 49 

http://www.basic.northwestern.edu/biotools/oligocalc.html


 

 

I82-PR-2 TCCTCCTCCTCCTCCTACACCTATCAACAT 49 

S82-PR-2 TCCTCCTCCTCCTCCTACACCTTCCAACAT 51 

T82-PR-2 TCCTCCTCCTCCTCCTACACCTACCAACAT 51 

I84-PR-2 TCCTCCTCCTCCTCCTGTCAACATAATTGG 49 

A84-PR-2 TCCTCCTCCTCCTCCGTCAACGCAATTGG 52 

V84-PR-2 TCCTCCTCCTCCTCCGTCAACGTAATTGG 49 

L90a-PR TTTTTTTTTTTTTTTAATCTGTTGACTCAG 51 

L90a-PR-2 TTTTTTTTTTTTTTTAATCTGTTGACTCAGA 54 

I90-PR TTTTTTTTTTTTTTTAATCTGATAACTCAG 49 

I90-PR-2 TTTTTTTTTTTTTTTAATCTGATAACTCAGA 51 

M90-PR TTTTTTTTTTTTTTTAAATCTGATGACTCA 49 

M90-PR-2 TTTTTTTTTTTTTTTAATCTGATGACTCAGA 54 

IHC-RT3 TTTTTTTTTTTTTTTATGGCCATTGACAGA 54 

IHC-RT4 TTTTTTTTTTTTTTTATCTTAGAGCCTTTTA 51 

M41 TTTTTTTTTTTTTTTTACAGAGATGGAAAA 49 

L41a TTTTTTTTTTTTTTTTACAGAGTTGGAAAA 49 

L41b TTTTTTTTTTTTTTTTACAGAGCTGGAAAA 51 

A62 TTTTTTTTTTTTTTTAGTATTTGCCATAAAG 51 

V62 TTTTTTTTTTTTTTTAGTATTTGTCATAAAG 49 

K65-2 TCCTCCTCCTCCTCCCATAAAGAAAAAAGAC 49 

R65-3 TCCTCCTCCTCCTCCCATAAAGAGAATAGAC 51 

D67a-2 TCCTCCTCCTCCTCCAAAAAAGACAGTACTA 49 

D67b-2 TCCTCCTCCTCCTCCGAAAAAAGACAGTACT 51 

E67-2 TCCTCCTCCTCCTCCAAAAAAGAAAGTACTAA 49 

G67 TTTTTTTTTTTTTTTAAAAAAGGCAGTACTA 51 

G67-2 TCCTCCTCCTCCTCCAAAAAAGGCAGTACTA 51 

N67-2 TCCTCCTCCTCCTCCGAAAAAAAACAGTACT 49 

Del67 TTTTTTTTTTTTTTTAAGAAAAAAAGTACTAA 49 

S68 TTTTTTTTTTTTTTTAAAAGACAGTACTAAAT 51 

N68 TTTTTTTTTTTTTTTAAAAGACAATACTAAAT 49 

T69b TTTTTTTTTTTTTTTGACAGTACTAAATGG 51 

T69c TTTTTTTTTTTTTTTGACAGTACAAAATGG 51 

A69 TTTTTTTTTTTTTTTAGACAGTGCTAAATG 51 

D69 TTTTTTTTTTTTTTTGACAGTGATAAATGG 51 

G69 TTTTTTTTTTTTTTTGACAGTGGTAAATG 49 

S69a TTTTTTTTTTTTTTTGACAGTAGTAAATGG 51 

S69b TTTTTTTTTTTTTTTGACAGTAGAAAATGG 51 

S69R70 TTTTTTTTTTTTTTTACAGTTCTAGATGGA 51 

Ins69a TTTTTTTTTTTTTTTAGTAGTAGTAGTAAAT 49 

Ins69b TTTTTTTTTTTTTTTGTTCTAGTTCTAGAT 49 

Ins69c TTTTTTTTTTTTTTTTCGAGTAGTTCGAAA 51 

Ins69d TTTTTTTTTTTTTTTAGTAGTAGTGGTAAA 49 

Ins69e TTTTTTTTTTTTTTTTAGTGGTAGATGG 49 

Ins69f TTTTTTTTTTTTTTTAGTAGTAGCGCTAAA 51 

Ins69g TTTTTTTTTTTTTTTACTAGCAGCGCTA 51 

Ins69h TTTTTTTTTTTTTTTAGTAGTGAAGCAAAA 49 

Ins69i TTTTTTTTTTTTTTTAGTTCTACCTCTAGA 51 



 

 

Ins69j TTTTTTTTTTTTTTTAGTAGCGTGACTAAA 51 

Ins69k TTTTTTTTTTTTTTTAGTACTAGTDSTAAAT 49-51 

Ins69l TTTTTTTTTTTTTTTGTWSTAGTDSTARAT 46-51 

K70a TTTTTTTTTTTTTTTCAGTACTAAATGGAG 51 

K70b TTTTTTTTTTTTTTTGTACTAAATGGAGAA 49 

E70 TTTTTTTTTTTTTTTCAGTACTGAATGGA 49 

N70a TTTTTTTTTTTTTTTGTACTAATTGGAGAA 49 

N70b TTTTTTTTTTTTTTTGTACTAACTGGAGAA 51 

R70a TTTTTTTTTTTTTTTAGTACTAGATGGAGA 51 

R70b TTTTTTTTTTTTTTTGTACTAGGTGGAG 51 

L74 TTTTTTTTTTTTTTTGAGAAAATTAGTAGAT 49 

V74-2 TTTTTTTTTTTTTTTGAGAATAGTAGTAGAT 51 

V75 TTTTTTTTTTTTTTTGAAAATTAGTAGATTTC 51 

I75 TTTTTTTTTTTTTTTGAAAATTAATAGATTTC 49 

T75 TTTTTTTTTTTTTTTGAAAATTAACAGATTTC 51 

F77 TTTTTTTTTTTTTTTAGTAGATTTCAGAGA 49 

L77 TTTTTTTTTTTTTTTAGTAGATCTCAGAGA 51 

L100-2 TCCTCCTCCTCCTCCCGCAGGGTTAAAAAA 51 

I100-2 TCCTCCTCCTCCTCCCGCAGGGATAAAAAA 51 

K101-3 TCCTCCTCCTCCTCCGCAGGGTTAAAAAAGA 54 

E101-3 TCCTCCTCCTCCTCCGCAGGTTTAGAAAAGA 54 

K103a-2 TCCTCCTCCTCCTCCAAAAAGAAAAAATCAGT 49 

K103c-2 TCCTCCTCCTCCTCCAAAAAAGAAAAAATCAG 49 

N103-3 TCCTCCTCCTCCTCCAAATAGAACAAATCAGT 51 

R103-3 TCCTCCTCCTCCTCCAAAATAGAGAAAATCAG 51 

V106-2 TCCTCCTCCTCCTCCAAAATCAGTAACAGTA 49 

A106-2 TCCTCCTCCTCCTCCAAAATCAGCAACAGTA 51 

I106-2 TCCTCCTCCTCCTCCAAAAATCAATAACAGTA 49 

L106-2 TCCTCCTCCTCCTCCAAAAATCATTAACAGTA 49 

V108-2 TTTTTTTTTTTTTTTCAGTAACAGTACTGG 54 

I108-2 TTTTTTTTTTTTTTTCAGTAACAATACTGG 51 

F116 TTTTTTTTTTTTTTTGCATATTTTTCAGTTC 51 

Y116-3 TTTTTTTTTTTTTTTGCATATTATTCACTTC 51 

Q151-2 TTTTTTTTTTTTTTTGCTTCCACAGGGAT 55 

M151-2 TTTTTTTTTTTTTTTGCTTCCAATGGGAT 52 

I178 TTTTTTTTTTTTTTTCAGACATAGTTATCT 49 

M178 TTTTTTTTTTTTTTTCAGACATGGTTATCT 51 

V179-2 TTTTTTTTTTTTTTTAGACATAGTTATCTATC 53 

D179-2 TTTTTTTTTTTTTTTAGACATAGATATCTATC 53 

E179-2 TTTTTTTTTTTTTTTAGACATAGAGATCTAT 51 

Y181 TTTTTTTTTTTTTTTAGTTATCTATCAATAC 49 

C181 TTTTTTTTTTTTTTTAGTTATCTGTCAATAC 51 

H181 TTTTTTTTTTTTTTTAGTTATCCATCAATAC 51 

I181 TTTTTTTTTTTTTTTAGTTATCATTCAATAC 49 

L181 TTTTTTTTTTTTTTTAGTTATCCTTCAATAC 51 

M184a TTTTTTTTTTTTTTTCAATACATGGATGATT 51 

M184b TTTTTTTTTTTTTTTCAATACATGGATGAT 49 



 

 

I184 TTTTTTTTTTTTTTTCAATACATAGATGATT 49 

T184 TTTTTTTTTTTTTTTCAATACACGGATGAT 51 

V184b TTTTTTTTTTTTTTTCAATACGTAGATGAT 49 

Y188a TTTTTTTTTTTTTTTGATTTGTATGTAGGA 49 

Y188c TTTTTTTTTTTTTTTGATTTGTATGTAGGAT 51 

C188-2 TTTTTTTTTTTTTTTGATTAGTGTGTAGGA 51 

H188 TTTTTTTTTTTTTTTTGATTTGCATGTAGG 51 

L188a TTTTTTTTTTTTTTTGATTTGTTAGTAGGAT 51 

L188b TTTTTTTTTTTTTTTTGATTTGCTTGTAGG 51 

G190 TTTTTTTTTTTTTTTTATGTAGGATCTGAC 51 

A190 TTTTTTTTTTTTTTTTATGTAGCATCTGAC 51 

E190 TTTTTTTTTTTTTTTTATGTAGAATCTGAC 49 

Q190 TTTTTTTTTTTTTTTTATGTACAATCTGAC 49 

S190 TTTTTTTTTTTTTTTTATGTAAGCTCTGAC 51 

T190 TTTTTTTTTTTTTTTTATGTAACATCTGAC 49 

L210-3 TTTTTTTTTTTTTTTATCTGTTGAGTTGGG 54 

W210-2 TTTTTTTTTTTTTTTATCTGTGGAGTTGG 52 

R211-2 TTTTTTTTTTTTTTTGTTGAGGTGGGGA 53 

K211-2 TTTTTTTTTTTTTTTGTTGAAGTGGGGA 51 

T215a-2 TTTTTTTTTTTTTTTGGACTTACCACACC 55 

T215b-2 TTTTTTTTTTTTTTTGGGACTTACCACAC 55 

C215-2 TTTTTTTTTTTTTTTGGACTTTGCACACC 55 

F215-2 TTTTTTTTTTTTTTTGGACTTTTCACACC 52 

S215-2 TTTTTTTTTTTTTTTGGGACTTTCCACAC 55 

Y215-2 TTTTTTTTTTTTTTTGGACTTTACACACC 52 

K219 TTTTTTTTTTTTTTTACCAGACAAAAAACA 49 

K219-2 TCCTCCTCCTCCTCCACCAGACAAAAAACA 49 

E219 TTTTTTTTTTTTTTTACCAGACGAAAAACA 51 

Q219 TTTTTTTTTTTTTTTACCAGACCAAAAACA 51 

P225-2 TCCTCCTCCTCCTCCAAAGAACCTCCATTC 51 

H225-2 TCCTCCTCCTCCTCCAAAGAACATCCATTC 49 

M230-3 TTTTTTTTTTTTTTTCTTTGGATGGGTTAT 51 

L230-3 TTTTTTTTTTTTTTTCTTTGGCTGGGTTAT 54 

P236-2 TCCTCCTCCTCCTCCCTCCATCCTGATAAAT 54 

L236-2 TCCTCCTCCTCCTCCCTCCATCTTGATAAAT 51 

K238 TTTTTTTTTTTTTTTCCTGATAAATGGAC 49 

T238 TTTTTTTTTTTTTTTCCTGATACATGGAC 51 

FMDV-G142-15r TTTTTTTTTTTTTTTCAAATCCCCGCGTG 56 

FMDV-E142-15r TTTTTTTTTTTTTTTCAAATCCTCGCGTG  54 

 



 

 

Table B. Classification accuracy of binary mixtures of pure clonal samples used to set 

the preliminary detection limit of the microarray. Step 4 did not increase the accuracy in 

this series of experiments because none of the full hybridized microarrays had to be 

discarded. 

Signals Classification accuracy (% of signals) after filtering 

Step 1: 

Spot filter 

Step 2: 

Probe filter 1 

(overlapped) 

Step 3: 

Probe filter 2 

(duplications) 

Step 4: 

Array filter 

1.95c9/ 

2.94c64 

(RT and 

PR-RT) 

pWT/ 

pINS 

(RT) 

1.95c9/ 

2.94c64 

(RT and 

PR-RT) 

pWT/ 

pINS 

(RT) 

1.95c9/ 

2.94c64 

(RT and 

PR-RT) 

pWT/ 

pINS 

(RT) 

1.95c9/ 

2.94c64 

(RT and 

PR-RT) 

pWT/ 

pINS 

(RT) 

Correct 95.32 91.15 97.80 93.08 97.64  94.26  97.64  94.26  

FP 2.61 3.35 1.37 2.13  1.50  1.44  1.50  1.44 

FN 1.44 4.77 0.49 3.93  0.54  3.36  0.54  3.36 

UD 0.62 0.73 0.34 0.86  0.32  0.93  0.32  0.93 

 

 

Table C. Minority subpopulations present in the clinical samples of the test set, 

quantified by means of clonal analysis. 

Range of minority variants within the quasispecies (%) Fraction of positions (PR + RT) 

1.00 – 4.99 15/970 (1.55%) 

5.00 – 9.99 34/970 (3.50%) 

10.00 – 19.99 24/970 (2.47%) 

 



 

 

Table D. Codons of the HIV-1 PR (a) and RT (b) regions of the pol gene queried by the 

genotyping microarray (detailed in Supp. Table S1) compared to the current update of 

the drug resistance mutations to PIs, NRTIs and NNRTIs (Wensing et al., 2015; 

mutations conferring low level resistance have been stripped). Abbreviations: PI, Protease 

Inhibitors; NRTI, Nucleoside/Nucleotide Reverse Transcriptase Inhibitors; NNRTI, Non-

Nucleoside Reverse Transcriptase Inhibitors; MDR, Multidrug resistance; TAMs, Thymidine 

Analogue-Associated Mutations. Resistance-associated codons queried (black circles) or not 

queried (red, open circles) by the microarray are marked. See main text for details. 
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