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Abstract 27 

Despite the high virological response rates achieved with current directly-acting 28 

antiviral agents (DAAs) against hepatitis C virus (HCV), around 2% to 5% of treated 29 

patients do not achieve a sustained viral response. Identification of amino acid 30 

substitutions associated with treatment failure requires analytical designs, such as 31 

subtype-specific ultra-deep sequencing (UDS) methods for HCV characterization and 32 

patient management. Using this procedure, we have identified six highly represented 33 

amino acid substitutions (HRSs) in NS5A and NS5B of HCV from 220 patients who 34 

failed therapy, which are not bona fide resistance-associated substitutions (RAS). They 35 

were present frequently in basal and post-treatment virus of patients who failed therapy 36 

to different DAA-based therapies. Contrary to several RAS, HRSs belong to the 37 

acceptable subset of substitutions according to the PAM250 replacement matrix. 38 

Coherently, their mutant frequency, measured by the number of deep sequencing reads 39 

within the HCV quasispecies that encode the relevant substitutions, ranged between 40 

90% and 100% in most cases. Also, they have limited predicted disruptive effects on the 41 

three-dimensional structures of the proteins harboring them. Possible mechanisms of 42 

HRS origin and dominance, as well as their potential predictive value of treatment 43 

response are discussed. 44 

 45 

Keywords: next-generation sequencing, viral quasispecies, viral fitness, antiviral 46 

agents, viral diagnostics, treatment planning 47 
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Introduction 53 

Hepatitis C virus (HCV) currently infects chronically around 71 million people 54 

worldwide (https://www.who.int/news-room/fact-sheets/detail/hepatitis-c), and it 55 

replicates as mutant clouds called viral quasispecies that confer an enormous adaptive 56 

potential to the virus [1-4]. Despite available direct-acting antiviral (DAA)-based 57 

therapies being extremely effective, in 2% to 5% of treated patients, viral load is not 58 

efficiently suppressed. Given the massive number of patients undergoing treatment 59 

worldwide, characterization of resistance-associated substitutions (RAS) has become 60 

part of HCV therapy management [5-8]. Selection of RAS associated with treatment 61 

failure is increasingly reported, concomitantly with the number of treated patients [9-13]. 62 

RAS can be also present in naïve patients who have not received DAA therapies, again 63 

as documented with several cohorts worldwide [14-18]. 64 

In a recent deep sequencing analysis of 220 subtyped HCV samples from infected 65 

patients who failed therapy, collected from 39 Spanish hospitals, we determined amino 66 

acid sequences of the DAA-target proteins NS3, NS5A and NS5B, by ultra-deep 67 

sequencing (UDS) of HCV patient samples, in search of RAS [9]. Interestingly, 18.6% 68 

of the patients that failed therapy did not include any substitutions that could be 69 

considered bona fide RAS, according to current guidelines [6]. Similar observations 70 

have been made with other patient cohorts [10,11,19-26]. This finding has raised the 71 

possibility that mechanisms other than RAS selection may contribute to treatment 72 

failure of HCV-infected patients.  73 

Previous model studies with HCV replicating in human hepatoma Huh-7.5 cells 74 

indicated that such alternative mechanisms may exist. Specifically, studies with 75 

isogenic HCV populations (derived from the same initial genome) showed that the virus 76 

endowed with up to 2.3-fold increase in replicative fitness displayed increased 77 

resistance to several classes of anti-HCV inhibitors, including DAAs [27-29].  78 

In the present study with HCV of chronically infected patients who failed DAA 79 

therapies, we document that a number of amino acid substitutions in NS5A and NS5B 80 

that are not bona fide RAS are present in basal samples (prior to DAA treatment), and 81 

remain dominant in the HCV quasispecies of a considerable proportion of patients. 82 

They have been termed highly represented substitutions (HRS), and can be found in 83 

isolation or in combination in the same viral sample. Their frequency is influenced by 84 

the viral genotype, and contrary to RAS, they belong to the statistically accepted class 85 
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of substitutions in protein evolution, and predict minimal distortions in the structure of 86 

the corresponding proteins. The recognition of HRS provides new insights into the 87 

population dynamics of HCV in vivo, suggests that mechanisms other than RAS 88 

selection may contribute to treatment breakdown, and opens the possibility that HRS 89 

may be used as prognostic markers of DAA treatment response. 90 

 91 

Results 92 

Amino acid variations in HCV-infected patients failing DAA-based therapies. 93 

Defining highly represented substitutions (HRSs) in therapy outcome 94 

RAS identified by UDS have been recently described in a cohort of 220 HCV-95 

infected patients failing DAA therapies [9]. To provide a broad picture of all 96 

substitutions identified in NS3 (within amino acids 32 to 179), NS5A (within amino 97 

acids 24 to 152) and NS5B (within amino acids 124 to 320) proteins in these patients 98 

(Table S1), we constructed a heat map representing the frequency of each substitution in 99 

each viral sample (Figure 1A). We defined as highly represented those substitutions 100 

present in more than 20% of the patients. Contrary to the expectations, only three 101 

substitutions (Y93H in NS5A, as well as L159F and C316N in NS5B) out of the nine 102 

that fulfilled the frequency criterion belonged to the previously defined RAS [6,30-32] 103 

(Figure 1B). The three RAS were not considered part of the HRS for further analyses 104 

and calculations in the present study. The percentage of infected patients whose HCV 105 

carried any one of the HRS was statistically significant relative to those showing any 106 

other amino acid substitution within the protein regions analyzed. According to the 107 

proportion test, the range of p values was as follows: for T64A, p = 3.29x10-14 to 0.04; 108 

for R78K, p = 1.04x10-11 to 0.03; for S213C, p < 2.20x10-16 to 0.001; for A218S, p < 109 

2.20x10-16 to 0.002; for S231N, p = 4.57x10-15 to 0.03; for Q309R, p = 5.57x10-12 to 110 

0.04. Thus, HRSs outstand over other substitutions by their frequency among patients 111 

who failed DAA therapies.  112 

 113 

HRS dependence on viral subtype  114 

Since HCV subtype can influence the response to treatment and RAS selection [9,10], 115 

it was interesting to explore if HCV subtype may also affect the types of HRSs found in 116 

the viral proteins. In NS5A, while T64A was present in patients infected with HCV of 117 
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the three main viral genotypes (G1b, G1a and G3a), R78K was found mainly in G1a 118 

HCV-infected patients (Figure 2A). For G1a, S213C and A218S were not represented, 119 

and the order of the other HRSs according to the percentage of patients harboring them 120 

was R78K>Q309R>T64A>S231N. In contrast, for G1b, R78K was not present, and the 121 

order of abundance of other HRSs was S213C=A218S>S231N>T64A>Q309R. These 122 

differences of distribution among the two genotypes are statistically significant (for 123 

T64A, p=0.03899 and p=5.89x10-4 for the comparison between G1b and G1a or G3a, 124 

respectively; for R78K, S213C and A218S, p=2.2x10-16 for the comparisons between 125 

G1a and G1b; for S231N and Q309R, p=3.4x10-14 and p=5.9x10-6 for the comparisons 126 

between G1a and G1b, respectively; proportion test). These results suggest that the 127 

HRSs display a certain degree of subtype specificity, as has been previously reported 128 

for RAS [6,9,10]. 129 

 130 

Frequency of individual and combined HRSs in HCV quasispecies and among 131 

HCV-infected patients 132 

The frequency of HRSs within the HCV mutant spectra of individual HCV samples 133 

was calculated from the percentage of UDS reads carrying each relevant mutation, 134 

taking into consideration the 1% limit of detection of amino acid substitutions [33]. 135 

Ninety-four percent of HRSs were found at frequencies that ranged between 90% and 136 

100% in the viral quasispecies, whereas only 6% of them were found at frequencies 137 

between 1% and 89.9% (p < 2.2 x 10-16; proportion test) (Figure S1). Therefore, a high 138 

representation among patients paralleled a high frequency in the HCV mutant spectrum 139 

of each patient.  140 

To study whether HRSs at NS5A and NS5B occur independently or they are 141 

preferentially combined in individual infected patients, the percentage of patients 142 

carrying HCV genomes with single, double, triple, quadruple and quintuple 143 

combinations was compared with the frequency expected from their individual 144 

frequency among patients (Figure 2B and Table S2). Application of Bayes theorem 145 

indicated that for genotype G1a there were no significant differences between observed 146 

and expected HRS associations (p=0.0589; chi-square test with Monte Carlo 147 

correction). For the most represented HRS combinations, the p values calculated with 148 

the proportion test were p=0.1732 for the R78K+Q309R, and p=0.2089 for 149 

T64A+R78K+Q309R. For HCV G1b no difference was evidenced by application of 150 

Bayes theorem (p=1.00; chi-square test with Monte Carlo correction). For the most 151 
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represented combinations, the proportion test yielded p=0.2334 for the combination 152 

S213C+A218S, p=0.0551 for S213C+A218S+S231N and p=0.1047 for 153 

T64A+S213C+A218S+S231N. Thus, in the majority of cases the frequency of 154 

associated HRS is that expected from their individual o combined frequencies in 155 

infected patients.  156 

 157 

Prevalence of HRS in basal (prior to treatment) samples 158 

To further investigate the possible origin of the HRSs found after treatment 159 

failure, we analyzed whether HRSs were already present before treatment 160 

implementation. To this aim, we had available 69 paired basal-failure samples that were 161 

analyzed following the same UDS procedure [9,33]. Seventy-four percent of the paired 162 

basal-failure samples carried at least one of the HRSs in the basal and/or post-treatment 163 

sample. For HCV G1a and G1b separately, a distinction was made for each HRS to 164 

indicate if its frequency within the viral quasispecies was equal or different between the 165 

basal and the post-treatment sample (Figure 3A and Table S3). The frequency of most 166 

HRSs was similar in the two paired samples. The results suggest that at least part of the 167 

HRSs found following treatment failure are dictated by their presence prior to treatment. 168 

Regarding the percentage of patients, the conclusion is also valid for HRS combinations 169 

found in basal and post-treatment samples (Figure 3B). A large proportion (62.5%) of 170 

double or higher order HRS combinations were present both in the basal and post-171 

treatment HCV sample. Thus, the difference in HRSs and their combinations between 172 

the basal and the post-treatment sample was not statistically significant for patients 173 

infected with HCV G1a (p=0.5417; chi-square test with Monte Carlo correction), and 174 

virtually inexistent for those infected with HCV G1b (p=0.9925; chi-square test with 175 

Monte Carlo correction).  176 

A distribution of individual HRS among the twelve different DAA-based 177 

treatments undergone by the patients confirmed both the prevalence of HRS prior to the 178 

therapy and their maintenance (in most cases) following treatment, both regarding the 179 

percentage of patients with a given HRS, and the frequency of each HRS in the patient 180 

quasispecies (Figure 4). Therefore, HRSs at treatment failure are largely determined by 181 

their presence prior to DAA treatment. 182 

 183 

Association of HRS with RAS 184 
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To evaluate the possible association between HRS and RAS in our cohort, we 185 

quantified the number of patients whose HCV contained both substitution categories in 186 

the virus sample obtained after treatment failure (Figure S2). In most cases there is a 187 

statistically significant association of HRSs and RASs in HCV from patients who failed 188 

therapy: 90% of patients were infected with HCV harboring at least one HRS combined 189 

with RAS whereas only 10% carried at least one HRS without RAS (p = 2.2x10-16; 190 

proportion test). Interestingly, combinations of the RAS L159F or C316N with the 191 

HRSs S213C or A218S are statistically significant as compared to combinations with 192 

other HRSs such as T64A, R78K, S231N and Q309R (Table S4). Also, combinations of 193 

the HRSs S213C+A218S and S213C+A218S+S231N were mainly associated with RAS 194 

L159F and C316N. Specifically, in all patients whose HCV contains RAS C316N, HRS 195 

A218S was also found.    196 

 197 

Tolerance of the substitution repertoire at treatment failure 198 

To investigate possible differences between the amino acids that conform the HRS 199 

criterion, those involved in RAS, and other substitutions found at lower frequency in the 200 

same cohort following treatment failure, the acceptability of each substitution was 201 

quantified according to the PAM250 matrix (Figure S3). This value provides three 202 

levels of substitution acceptability based on amino acid structural resemblance and 203 

genetic inter-convertibility (PAM250<0, lower acceptability than expected, meaning a 204 

rare replacement; PAM250=0, acceptability as expected; PAM250>0 acceptability 205 

higher than expected) [34]. More than fifty percent (59±4.7%) of the total number of 206 

amino acid substitutions (HRS, RAS, and others) found at treatment failure display a 207 

PAM250 value higher than 0, indicating a high average acceptability of amino acid 208 

substitutions (Figure S3A). The most salient difference is that 19.3% of all substitutions 209 

belong to PAM250<0 while for RAS the proportion increases to 38.5% for the NS5B 210 

region (Figure S3A and S3B). In contrast, all HRS correspond to PAM250 ≥ 0 (Figure 211 

S3C). 212 

To evaluate if a PAM250 acceptance category was associated with the percentage of 213 

patients harboring an amino acid substitution in each category, the frequency of patients 214 

in which any amino acid substitution occurred was divided in six categories:  >20%, 215 

15%-19.9%, 10%-14.9%, 5%-9.9%, 1%-4.9%, and 0.5%-0.9%. The amino acid 216 

substitutions in NS3, NS5A and NS5B that belong to a PAM250 category were 217 
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distributed among the patient frequency groups (Figure S3D). The less accepted 218 

substitutions (those with PAM250<0) were mainly found in the low frequency groups 219 

of patients, with a difference that was statistically significant relative to the higher 220 

patient frequency groups (Table S5).  These associations are expected from the fact that 221 

replacements that are not well tolerated tend to inflict a larger fitness cost upon the 222 

virus, thus attaining lower frequency among patients than those with high acceptance. 223 

Of note, the HRSs characterized in our study belong to well tolerated class of amino 224 

acid substitutions. 225 

 226 

Substitution tolerance and its relationship with residue conservation in data banks 227 

We have recently described that amino acid conservation in the Los Alamos HCV 228 

databank (LANL) (https://hcv.lanl.gov/content/sequence/HCV/ToolsOutline.html) did 229 

not match low amino acid substitution frequency in HCV mutant spectra quantified both 230 

in cell culture and in HCV-infected patients [35]. In view of this unexpected result, it 231 

was interesting to determine the relationship between PAM250 values and the 232 

conservation range of amino acid positions according to the LANL alignment. The 233 

number of substitutions belonging to a defined PAM250 category and the total number 234 

of substitutions (comprising all PAM250 categories) was plotted as a function the 235 

degree of conservation of the amino acid at each position, calculated relative to the most 236 

abundant residue in the corresponding position of the LANL alignment (Figure 5 A-D). 237 

In all cases, the distribution followed a pattern which is very similar to that previously 238 

described for several HCV quasispecies at the nucleotide and amino acid level [35]. 239 

Only minor differences were noted in the distribution calculated for different PAM250 240 

categories, and they did not reach statistical significance (p=0.7865, chi-square test with 241 

Monte Carlo correction).   242 

The distribution pattern was also very similar when both HRS and RAS were 243 

excluded (Figure 5E). In contrast, the distribution of the 141 RAS substitutions differed 244 

in that 32.6% of the substitutions fell into the 40%-50% conservation category (p = 2.77 245 

x 10-14; proportion test) (Figure 5F). The HRSs were spread among intermediate 246 

conservation categories (Figure 5G). A similar distribution was found when the cut-off 247 

level of percentage of patients with non-RAS substitutions was relaxed to 10% (Figure 248 

5G). The previously described distribution of quasispecies mutations and amino acid 249 

substitutions among the LANL conservation groups denotes a higher tolerability of 250 
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mutations at the quasispecies level than reflected in the consensus sequences that 251 

compose the LANL databank [35]. This implies that the HRSs described in our study are 252 

not constrained by a limitation of acceptability or by belonging to the most conserved 253 

amino acids according to the LANL. 254 

Forty, twenty-four, and twenty positions in NS3-, NS5A- and NS5B-coding regions 255 

remained invariant, and were spread among the most conserved categories (80%-100%) 256 

(Figure 5H). 257 

 258 

Localization of HRS in the NS5A and NS5B structure 259 

The three-dimensional structures of NS5A and NS5B proteins of HCV genotype 260 

1b were used to localize the RAS and HRS positions [Protein Data Bank 261 

(http://www.wwpdb.org/), accession numbers 1ZH1and 5TRH for NS5A and NS5B, 262 

respectively] (Figure 6). In NS5A, the HRS positions 64 and 78 are located at the 263 

protein surface with side chains totally exposed to the solvent. Substitutions T64A and 264 

R78K can be easily accommodated without causing major distortions in structure 265 

(Figure 6A). Substitutions in position 93 represent one of the major antiviral resistance 266 

changes in HCV genotypes 1a and 1b [36]. As shown in Figure 6A, the NS5A position 267 

93 can accommodate both Tyr and His side chains, maintaining similar neighboring 268 

interactions. 269 

Similar to that observed in the NS5A structure, the amino acid positions 213, 270 

231 and 309 in the NS5B polymerase, including most of HRS positions, are also solvent 271 

exposed at the protein surface, and replacements S213C, S231N and Q309R can be 272 

easily accommodated in the structure without distortions. Residues 213 and 309 are 273 

located at the base of the palm subdomain and amino acid 231 is in an exposed position 274 

in the polymerase fingers (Figure 6B). The calculated distances between these amino 275 

acid positions and the active site are 26.5 Å, 22 Å and 17.2 Å, respectively, for amino 276 

acids C213, R309 and N231. Considering that these three residues are far from the 277 

active site, it is not expected that such substitutions could affect the activity of the 278 

polymerase. 279 

The HRS A218S is located in the palm subdomain, within the β-strand that 280 

conforms motif A (Figure 6B), and exposed on the surface of the NTP tunnel. It is also 281 

in close proximity to the catalytic Asp residues (at 6.5 Å distance of D220 in motif A 282 

and at 11 Å of D318 of motif C). S218 is also close to the RAS mutation N316 (11.4 283 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 3, 2020. ; https://doi.org/10.1101/2020.07.03.180240doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.03.180240
http://creativecommons.org/licenses/by-nc-nd/4.0/


10 
 

Å). However, neither the A218S nor C316N substitutions appear to distort the structure 284 

of polymerase catalytic site. The potential impact of the C316N mutation on efficacy of 285 

the antiviral drug sofosbuvir in patients infected with HCV genotype1b has been 286 

previously evaluated. The authors suggested that the bulkier N316 side chain would 287 

partially block the access of the nucleotide analog to the polymerase active site by 288 

inducing steric hindrance with the additional 2'Me and 2'F groups of sofosbuvir 289 

compared to natural nucleotides [37].  290 

Finally, RAS L159F is located in the fingers motif F, forming part of the 291 

template channel (Figure 6B). However, its side chain is not oriented towards the 292 

channel but packed towards the polymerase interior, participating in hydrophobic 293 

cluster. The replacement of L159 by the bulkier F side chain would add new 294 

interactions to the cluster, though causing only minimal distortions (Figure 6B). 295 

A comparison of HRS frequency between a cohort of HCV-patients with treatment 296 

failure and a cohort with sustained viral response 297 

To investigate if HRSs might have predictive value regarding DAA-based treatment 298 

outcome, we compared the presence of each HRS in the basal samples of our cohort [9] 299 

whose outcome was treatment failure, and in basal samples of another cohort [38] whose 300 

outcome was sustained virological response (SVR). The results (Figure 7) indicate 301 

statistically significant differences in the percentage of patients who carried some (but 302 

not all) HRSs (Table S6). The most striking difference was the absence of T64A in 303 

HCV genotype G1a in those patients who achieved SVR. The observed differences 304 

open the possibility that some HRSs may assist in predicting treatment response, a 305 

suggestion that must await identification of additional HRSs in other cohorts. 306 

 307 

Discussion 308 

HCV replicating in infected patients displays the complex quasispecies dynamics 309 

expected from low-fidelity replication in any environment, independently of external 310 

perturbations [39,40]. New mutations arise and vary in frequency as a function of time, 311 

due to selective forces and random sampling events. Only a subset of all mutations 312 

become dominant in response to antiviral agents. Such a subset conforms the list of 313 

RAS that, in the case of HCV, is periodically updated with the aims of interpreting 314 

antiviral intervention failures and to aid in treatment planning [6]. However, and 315 

important, not all amino acid substitutions that vary in frequency during intra-host HCV 316 
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evolution, and that increase their frequency in the quasispecies, need be the result of 317 

direct selection by antiviral agents. Several reports have described amino acid 318 

substitutions in cohorts of treated and untreated HCV-infected patients that are not bona 319 

fide RAS, and whose contribution to treatment failures is uncertain [37,41-44]. 320 

We have examined this open question with a large cohort of 220 HCV-infected 321 

patients that failed DAA-based therapies, since 25 patients did not exhibit any known 322 

RAS after treatment failure [9]. Using UDS information of the 220 HCV-infected 323 

patients, we have characterized a new class of amino acid substitutions that we have 324 

termed HRS. We examined the proportion of patients in whom they are present, their 325 

frequency within the mutant spectrum of the quasispecies, and their statistical 326 

acceptability based on parameters employed in studies of protein evolution. An HRS 327 

differs from a RAS in the following features: (i) they are not listed as RAS in current 328 

RAS catalogues [6,31,32]; (ii) they can be found in basal samples and remain dominant 329 

in patients undergoing different DAA treatments; (iii) they correspond to well accepted 330 

substitutions according to the PAM250 replacement matrix, and (iv) they belong to 331 

intermediate conservation categories according to the conservation range of amino acid 332 

positions in the LANL alignment. 333 

Some of the HRSs identified in our cohort are dominant for a specific HCV subtype 334 

but not for others (i.e. in position 78 in NS5A, the wt (reference) amino acid is a R for 335 

G1a but K for G1b; in position 218 in NS5B, the wt (reference) amino acid is S for G1a 336 

but A for G1b) [also found in [37,38]]. Additionally, while HRS combinations in basal 337 

samples amounted to 62.5% of patients infected with HCV G1a, they represented only 338 

12.5 % for infections with G1b. These differences argue in favor of an influence of the 339 

HCV genetic background in HRS occurrence and prominence. HRS acceptability is also 340 

consistent with the limited perturbations predicted to inflict on the proteins harboring 341 

them, according to modeling of the effect of the relevant substitutions on the three-342 

dimensional structure of the proteins. The fact that 34.5% of patients carrying one or 343 

more HRSs were neither treated nor failed to drugs whose target are the proteins where 344 

the HRSs were located, reinforces the lack of association between HRS presence and a 345 

specific treatment.   346 

Some of the HRS that we have characterized, have been also reported in other 347 

cohorts, with no evidence of them being RAS. Uchida et al. identified A218S+C316N 348 

in the G1b viral population that became dominant upon failure to LDV+SOF, as well as 349 

in SOF-naïve patients [37]. We have also identified A218S in patients never subjected to 350 
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SOF treatment, despite evidence that this substitution may jeopardize the access of 351 

SOF-triphosphate to the catalytic site of NS5B [37]. Bellocchi et al. (2019) identified 352 

K78R and T64A in NS5A and C213S, S231N, N231S and A218S in HCV G1b-infected 353 

patients naïve to DAAs [43]. T64S in NS5A was listed as a secondary substitution 354 

accompanying P58S and Y93H in HCV G1b-infected patients who failed DCV therapy, 355 

with a resistance level of EC50 <1 nmol/l [44].  356 

The observations regarding Q309R are worth commenting. While this substitution 357 

has been previously associated with ribavirin (RIB) resistance [45,46], a direct specific 358 

involvement in RIB resistance is not obvious. For HCV G1b-infected patients, Kim et 359 

al. found Q309R at high frequency in the quasispecies of treatment-naïve patients [42], 360 

and Jiang et al. described it at lower frequency in G1b-infected patients, prior to 361 

treatment [47]. In our cohort, Q309R was present in the basal samples of several 362 

patients. Although we cannot exclude that some patients had undergone a prior pegIFN-363 

α+RIB treatment, or that they were infected with virus from patients that had undergone 364 

RIB-containing therapies, the frequency of genomes with Q309R remained high during 365 

DAA therapy, independently of their including RIB. 366 

Discrepancies between clinical observations and results of the effect of mutations 367 

using replicon systems [37], added to the multiple genetic backgrounds in which a 368 

specific amino acid substitution (alone or in combination) should be tested in vitro, 369 

renders very difficult a definitive assignment of a substitution to the HRS category and 370 

its total exclusion from any RAS activity.  371 

The possible origin of HRS as a result of some selective constraint that acted during 372 

the prior evolutionary history of the virus cannot be excluded, but identification of the 373 

potential selective agent is challenging. For example, none of the HRS we have 374 

characterized maps within conserved T cell epitopes predicted in NS5A and NS5B by 375 

bioinformatic procedures [48], suggesting that the origin of HRS is unrelated to escape 376 

from cellular immune responses. Probably, we have identified only a minimum subset 377 

of the constraints to which viruses are subjected in their natural environments. One 378 

possibility is that HRS may be prompted by their favoring viral fitness irrespectively of 379 

being or not together with a RAS in the same genome. Fitness has multiple survival-380 

enhancing effects on evolving viral populations [49]. A possible survival value of HRS 381 

should be more noticeable in the presence of those RAS that inflict a fitness cost. 382 

Moreover, using HCV infection of human hepatoma cells in culture, we have 383 

documented that fitness per se (in absence of any RAS, ascertained by different 384 
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procedures) is a determinant of HCV multidrug resistance, including IFN-α, DAAs, 385 

cyclosporine A (that targets a cellular protein), and the mutagenic analogues favipiravir 386 

and RIB [27-29]. In view of these results, it is tempting to consider that the HRS class of 387 

substitutions may play a fitness-enhancing role. They would be the counterpart in 388 

infected patients of the multiple mutations scattered along the HCV genome that have 389 

been associated with fitness increase of HCV in cell culture [50]. 390 

Regarding the diagnostic relevance of HRS, if our findings are confirmed with 391 

additional patient cohorts, a baseline identification of HRS may provide information to 392 

be added to other predictors of treatment outcome, be them RAS presence, or 393 

quasispecies complexity [51]. As an example, Mawatari et al. observed that in a cohort 394 

of G1b-infected patients, when A218S and C316N were absent, SVR was achieved in 395 

all cases [41]. Sequencing of basal samples is a recommendation for treatment planning. 396 

Therefore, the information on HRS that will be gathered during sequencing should be 397 

relevant not only to help predicting treatment outcomes, but also to further understand 398 

HCV population dynamics which appears much more complex than thought prior to 399 

introduction of deep sequencing. 400 

 401 

Materials and Methods 402 

Experimental data on HCV-infected patients. DNA amplifications from viral RNA 403 

was performed using subtype-specific oligonucleotides previously described. 404 

Amplification and PCR-mediated recombination errors, and reproducibility the same or 405 

different sequencing platforms were controlled experimentally and bioinformatically 406 

[33,52]. Deep sequencing procedures, patient clinical data and HCV sequences from 407 

infected patients have been previously described [9]. The cut-off frequency of amino 408 

acid substitution detection was 1% [33]. Similar procedures were used for the 409 

amplification and sequencing of pre-treatment (basal) and post-treatment samples.  410 

 411 

Sequences from the Los Alamos data base. The sequences were retrieved from LANL 412 

following previously described procedures [33]. Inclusion criteria were that the 413 

sequences had been confirmed, with no evidence of their being recombinants, and that 414 

they corresponded to full-length (or near-full length) genomes (without large insertions 415 

or deletions). Their HCV genotype / subtype distribution is:  553 sequences of genotype 416 

G1a; 427 of G1b; 3 of G1c; 33 of G2a; 81 of G2b; 7 of G2c; 5 of G2j; 3 of G2k, 417 
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although no distinction between HCV subtypes was made for the calculation of the 418 

conservation range of individual residues. Alignments were performed using the 419 

program BioEdit version 7.0.9.0.  420 

Statistics. The statistical significance of differences in the distribution of variable sites 421 

among conservation groups was calculated with the Pearson’s chi-square test using 422 

software R version 3.6.2, with Monte Carlo correction (based on 2000 replicates). 423 

Sample sizes are given for each comparison. The proportion test using software R 424 

version 3.6.2 was used for multiple determinations. 425 

Sequence accession numbers and data availability. The reference accession numbers 426 

of sequences retrieved from LANL used to determine conservation groups are given in 427 

[35]. Accession numbers for HCV samples included in the patient cohort are 428 

SAMN08741670 to SAMN08741673 [33]. Amino acid replacements in HCV from 429 

infected patients have been compiled in Table S1. 430 

 431 
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 456 

Figure legends 457 

Figure 1. Heat map of amino acid substitutions and their distribution among 458 

patients, following treatment failure with DAAs. (A) The amino acid residues that 459 

were sequenced within proteins NS3, NS5A, and NS5B are indicated at the top. In 460 

parenthesis the protein length of NS3, NS5A and NS5B is indicated. Each horizontal 461 

dot alignment represents one of the total 220 patients analyzed (ordinate). Each vertical 462 

dot alignment corresponds to an amino acid position where an amino acid substitution 463 

was found; the substitution frequency in a sample (given by the proportion of reads with 464 

the relevant amino acid substitution) is denoted by the dot color: black (90.1-100%), 465 

grey (80.1-90%), pink (70.1-80%), purple (60.1-70%), red (50.1-60%), green (40.1-466 

50%), orange (30.1-40%), yellow (20.1-30%), brown (10.1-20%), blue (1-10%) and 467 

white (<1%, below the limit of detection). The excel file including all amino acid 468 

frequencies represented by colors is available upon request. (B) Distribution of the 469 

amino acid substitutions depicted in A, according to the percentage of patients in whom 470 

each substitution was found (ordinate). The discontinuous horizontal line marks the 471 

20% cut-off patient frequency used to define prevalent substitutions. The highly 472 

represented substitutions (HRSs) are indicated with a black triangle, and bona fide 473 

resistance-associated substitutions (RAS) with a red triangle, below the boxes. The 474 

complete list, location, statistical acceptability, and frequency among patients of all 475 

amino acid substitutions is given in Table S1.   476 

 477 

Figure 2. Distribution of single and combined HRSs among subtypes, following 478 

treatment failure with DAAs. (A) The circle on the left indicates the percentage of 479 

patients carrying at least one HRS. On the right the HRS distribution according to viral 480 

protein and HCV subtype is represented. The number in parenthesis indicates the 481 

percentage of patients carrying each HRS considering the 220 patient cohort. (B) 482 
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Distribution of single and combined HRSs in the failure (post-treatment) samples. The 483 

display is divided into data for HCV genotype G1a (top bloc) and G1b (bottom bloc). 484 

For each bloc, the top panel indicates the percentage of patients (ordinate) in whom 485 

single or combined HRSs is found (individual or linked black circles below the panel). 486 

At the left of the HRS list, the grey horizontal bars depict the percentage of patients of 487 

each subtype (G1a and G1b) in whom each HRS is found; absence of a bar means that 488 

the HRS was absent. The protein where each HRS maps is shown on the right. It should 489 

be noted that the HRS associations are based on their presence in the same HCV 490 

sample, deduced from the same or different amplicons. Linkage of two HRSs in the 491 

same genomic molecule can be only indirectly inferred from their abundance in their 492 

corresponding amplicon population. Cases in which differences are statistically 493 

significant are indicated: ns=not significant; * p<0.05; ** p<0.01; *** p<0.001; 494 

proportion test. P values are indicated in the supplementary Table S2. 495 

 496 

Figure 3. Comparison of the frequency of individual and combined HRSs in HCV 497 

from patients in the basal (pre-treatment) and post-treatment (failure) samples. 498 

(A) Distribution of the individual HRSs (given in abscissa) among patients (ordinate), 499 

according to their frequency in the post-treatment sample being equal (in all cases 500 

between 90%-100% within the viral quasispecies), higher or lower than in the pre-501 

treatment sample (vertical bars with code in upper box). Cases in which differences are 502 

statistically significant are indicated: * p<0.05; ** p<0.01; *** p<0.001; proportion test. 503 

P values are indicated in the supplementary Table S3. (B) Distribution of single and 504 

combined HRSs in the basal (pre-treatment) and failure (post-treatment) samples (code 505 

in box on the right). The display is divided into data for HCV genotype G1a (top bloc) 506 

and G1b (bottom bloc). For each bloc, the top panel indicates the percentage of patients 507 

(ordinate) in whom single or combined HRSs is found (individual or linked black 508 

circles below the panel). At the left of the HRS list, the grey horizontal bars depict the 509 

percentage of patients of each subtype (G1a and G1b) in whom each HRS is found; 510 

absence of a bar means that the HRS was absent. The protein where each HRS maps is 511 

shown on the right. The HRS associations are based on their presence in the same HCV 512 

sample, deduced from the same or different amplicons; limitations for conclusions on 513 

HRS linkage in the same genome explained in the legend for Figure 2 apply also here. 514 

 515 
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Figure 4. Comparison of individual HRSs in HCV in the basal (pre-treatment) and 516 

failure (post-treatment) samples according to the treatment. Frequency of each HRS 517 

in the viral quasispecies in the basal (pre-treatment) and failure (post-treatment) 518 

samples. For each HRS (given inside each panel) and treatment (top box), the frequency 519 

value for pre and post samples (arrows with color code in the top box) were calculated 520 

as an average of the values for the patients that underwent the indicated treatment. Drug 521 

abbreviations: LDV: ledipasvir; SOF: sofosbuvir; RIB: ribavirin; PTV/r: 522 

paritaprevir/ritonavir; OMV: ombitasvir; DSV: dasabuvir; SMV: simeprevir; DCV: 523 

daclatasvir; GLE: glecaprevir; PIB: pibrentasvir; IFN: interferon. 524 

 525 

Figure 5. Number of amino acid substitutions in HCV from patients who failed 526 

therapy, distributed among conservation groups according to the LANL 527 

alignment. (A) Number of substitutions with PAM250>0 distributed among 528 

conservation groups, calculated relative to the most abundant amino acid at the 529 

corresponding position in the LANL alignment. Conservation groups are indicated in 530 

abscissa, and the number of substitutions in each group is given in ordinate (grey bars). 531 

The percentage of amino acid substitutions belonging to each category is indicated 532 

above each bar. The discontinuous line corresponds to function y = -112.8ln(x) + 533 

241.16 (R² = 0.8045). (B) Same as A but with amino acid substitutions with 534 

PAM250=0. The discontinuous line corresponds to function y = -46.22ln(x) + 96.506 535 

(R² = 0.8452). (C) Same as A but with substitutions with PAM250<0. The 536 

discontinuous line corresponds to function y = -37.85ln(x) + 81.366 (R² = 0.6868). (D) 537 

Same as A but with the total number of amino acid substitutions. The discontinuous line 538 

corresponds to function y = -196.8ln(x) + 419.03 (R² = 0.8035). (E) Number of amino 539 

acid substitutions, excluding HRSs and RASs, distributed among conservation groups, 540 

calculated relative to the most abundant amino acid at the corresponding position in the 541 

LANL alignment. The discontinuous line corresponds to function y = -182.9ln(x) + 542 

383.26 (R² = 0.8096). (F) Same as E but with RAS. The discontinuous line corresponds 543 

to function y = -13.81ln(x) + 34.955 (R² = 0.366). (G) Same as E but with HRSs 544 

(present in more than 20% of patients), and relaxed HRSs (present in more than 10% of 545 

patients). The grey line corresponds to function y = -0.0606x2 + 0.5697x – 0.2 (R² = 546 

0.4242) for HRSs, and the discontinuous line corresponds to function y = -0.1742x2 + 547 

1.4379x + 1.5 (R² = 0.6459) for relaxed HRSs. (H) Same as E but with invariant 548 
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positions in NS3, NS5A and NS5B. The black line corresponds to function y = 0.8636x2 549 

– 11.645x + 34.8 (R² = 0.6351) for NS3; the discontinuous line corresponds to the 550 

function y = 0.5152x2 – 6.9515x + 20.8 (R² = 0.642) for NS5A; and the grey line 551 

corresponds to the function y = 0.4545x2 – 6.0909x + 18 (R² = 0.5758) for NS5B. The 552 

complete list, location, statistical acceptability, and frequency among patients of all 553 

amino acid substitutions is given in Table S1. 554 

 555 

Figure 6. Positioning of amino acid substitutions, in NS5A and NS5B proteins, 556 

associated with treatment failure in HCV infection.  (A) Cartoon representation of 557 

the NS5A protein structure (light blue) from HCV genotype 1b (PDB id 1ZH1), where 558 

the HRS T64A, R78K and RAS Y93H substitutions have been depicted as spheres (left 559 

panel). The right panel shows a close up view of the H93 substitution with surrounding 560 

residues in a 5 Å radius.  (B) Cartoon representation of the HCV NS5B (RdRP) 561 

(genotype 1b; PDB id 5TRH) with the conserved structural motifs highlighted in 562 

different colors (A, red; B, green; C, yellow; D, sand; E, cyan; F, blue; G, pink). The 563 

side chains of residues with RAS (L159F, C316N) and HRS (S213C, A218S, S231N, 564 

Q309R) substitutions have been shown as spheres and labelled (central panel). Close up 565 

views of the substituted amino acids (ball and sticks and bold labels) with neighboring 566 

residues, in a 5 Å radius. The RAS substitution F159 is located within motif F of NS5B 567 

in close contact with a cluster of hydrophobic and aromatic residues (upper left panel). 568 

The RAS substitution N316 (top right panel) is in palm motif C, in a position previous 569 

to the catalytic site (G317D318D319). In contrast, HRS substitutions are located in 570 

highly exposed regions: in the fingers domain, N231(bottom left panel), at the base of 571 

the palm, C213 and R309 (bottom center panel), and in the β-strand that conforms the 572 

palm motif A, S218 (bottom right panel). 573 

 574 

Figure 7. A comparison of HRS occurrence in basal samples of our cohort and in a 575 

cohort of patients who achieved sustained virological response. The presence of an 576 

HRS (indicated in each panel) was examined in the 50 basal (prior to treatment) samples 577 

of our patient cohort (8) whose outcome was treatment failure (black bars), and 112 578 

basal samples from another patient cohort (34) whose outcome was sustained 579 

virological response (SVR) (grey bars). The HCV genotype is given in abscissa, and the 580 

percentage of patients carrying a HRS is written in ordinate. The statistical significance 581 
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of the difference in the frequency of HRS between the two cohorts is indicated (ns=not 582 

significant; * p<0.05; ** p<0.01; *** p<0.001; proportion test).  #means that the HRS 583 

R78K in NS5A and A218S in NS5B cannot be considered because the reference amino 584 

acid for G1b is a K and for G1a an S, respectively.  585 
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