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Dear Editor,

RNA virus features the high per-generation mutation rate,

resulting in highly diversified population, which determi-

nes viral phenotypes and fitness (Domingo et al. 2012).

The development of deep sequencing and bioinformatic

techniques paves the way to study viral population genetics

at an intrahost level, and has provided new insights into

viral evolution. In a study conducted by Lakdawala et al.

(2015), viral intrahost analysis was applied to monitor

rapid selection of influenza virus with functional mutations.

With a similar method on seasonal influenza virus, Deb-

bink and colleagues have examined the viral intrahost

heterogeneity and claimed that vaccine-induced immunity

had minor impact on antigenic drift (Debbink et al. 2017).

Particularly, in combating emerging outbreaks, the intra-

host analyses have also been conducted to investigate the

evolution of infectious disease pathogens, including the

Ebola virus (EBOV) in West Africa (Ni et al. 2016), Zika

virus (ZIKV) transmission in the Americas (Metsky et al.

2017), and imported yellow fever virus (YFV) in China

(Chen et al. 2018).

Nowadays, two approaches have been applied to effec-

tively enrich viral genomes from clinical samples, includ-

ing (1) viral RNA capture following the depletion of host

RNA (Matranga et al. 2014; Metsky et al. 2017) and (2)

direct viral-specific genomic amplification (Ni et al. 2016;

Metsky et al. 2017; Chen et al. 2018). The bioinformatics

methods have also been developed accordingly (Yang et al.

2013; Ni et al. 2016). From the comparison of these two

approaches, the viral-specific genomic amplification

exhibited higher sequencing depth of viral genome, thus

may identify more intrahost single nucleotide variations

(iSNVs), even for some clinical samples with ultra-low

viral content (Ct[ 30) (Ni et al. 2016; Metsky et al. 2017).

However, due to the lack of evaluation of the viral-specific

genomic amplification, the bias of using iSNVs to inves-

tigate viral population genetics was argued (Metsky et al.

2017). Specifically, concerns were mainly focused on (1)

the discrimination of intrahost variations from amplifica-

tion and/or sequencing errors, (2) sensitivity and specificity

for iSNV detection, (3) accuracy of variant allele fre-

quency, and (4) amplification bias among different ampli-

cons. Herein, we conducted this study to address the above

concerns.

First, we constructed two clonal plasmids harboring a

2.5 kbp wild-type and mutant EBOV genomic segments

(from the position 1,100–3,600 of EBOV C15 genome,

GenBank accession no. KJ660346.2, Fig. 1A and Supple-

mentary Table S1), respectively. The mutant sequence

contained 71 substitutions based on the iSNVs identified in

EBOV strains from Sierra Leone 2014 (according to

sequences in NCBI SRA database under BioProject no.

PRJNA298842, Supplementary Table S2). Then, we mixed

the two clonal plasmids with four ratios (mutant:wild-

type = 1:2, 1:4, 1:8, and 1:32) to mimic distinct viral

populations (Fig. 1B). In order to precisely determine the

mutant:wild-type ratios, all mixtures were subjected to

next-generation sequencing without gene-specific amplifi-

cation. The ratios (mutants accounted for 36.7% ± 0.7%,

16.1% ± 0.3%, 8.65% ± 0.27% and 1.71% ± 0.11%)

calculated from the sequencing data were used as the ref-

erence. Moreover, we also diluted all the four mixtures into

a higher titer (* 1 9 105 copies/lL, equivalent to * 25

Ct value) and a lower titer (* 100 copies/lL, equivalent
to * 35 Ct value) to represent regular and challenging
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clinical samples (Fig. 1B). For each sample, 500 ng cDNA

from the human A549 cell line was added as host back-

ground. We then applied two pairs of primers, which

products covered a region of * 2.2 kbp with a 215 bp

overlap, to simulate the process of viral genome amplifi-

cation (Fig. 1A). All amplicons were subjected to NGS and

bioinformatic analysis. The amplified viral genomic region

contained 62 of the 71 substitutions. Excluding one near

the primer region, 61 substitutions were used for the fol-

lowing assessment (Detailed methods were described in the

Supplementary Methods).

For the eight mixtures listed in Fig. 1B, we obtained an

average of 51.4 Mbp (SD = 3.2 Mbp) data for each sample,

and 94.4%–98.4% reads were aligned to the wild-

type/mutant reference sequence (Supplementary Table S3).

The on-target depth of all sites were[ 17000X. We used a

stringent threshold of mutated allele frequency (MuAF)

C 1% to identify iSNVs, according to the criteria in pre-

vious studies (e.g., MuAF C 5%, Ni et al. 2016; C 3%,

Lakdawala et al. 2015; Poon et al. 2016; C 1%, Debbink

et al. 2017; Metsky et al. 2017). At this threshold, we

identified all designed substitutions of the mutant in all

mixed ratios irrespective of the regular or challenging viral

contents (Fig. 1C). We found one false positive G-to-A

substitution in the sample of the 1:8 mixtures at the lower

titer. The results indicated that this approach could reach a

zero false negative rate (FNR) and a zero false positive rate

(FPR) for regular samples, and zero-FNR and\ 0.02 FPR

for challenging samples.

We then calculated the MuAFs of iSNVs for each

samples, and compared them with those of the references

(Fig. 1C, 1D). The box-plots of the MuAFs showed that for

regular samples, the offsets of median MuAFs from the

references were 0.015, 0.011, 0.003, and 0.0002 for 1:2,

1:4, 1:8, and 1:32 mixtures, respectively (Fig. 1D). The

relative offset of median MuAF was around 3.9% ± 2.3%

to the real MuAF (e.g., 0.015/0.367 & 4.09% for 1:2

mixture). Meanwhile, for the challenging samples, the

offset of the median MuAF was about 0.023 ± 0.0068, and

the relative offset was 6.54%, 7.45%, 31.21%, and

175.44%. Of note, the relative offset increased dramatically

when the mutant content getting lower. When compared

the offset of MuAFs in each mixed ratio for regular and

challenging samples, the median and standard deviation of

the offset of the challenging sample were larger than those

of the regular sample as expected. In summary, for samples

with higher viral contents, the relative offset of MuAF of

iSNV is around 5%; while for the lower viral-content

samples, the relative offset was effected by the percentage

of mutants, in that the mutant:wild-type ratio[ 1:4 pre-

sented a * 10% relative offset.

We following examined the bias between the two

amplicons targeting the same gene segment. For both

higher and lower viral-content samples, the bias between

amplicons exists (Fig. 1E). The biases of two amplicons

measured by the median of MuAFs were ranged from

0.001 to 0.009 and the relative bias was 4.6% ± 1.38%

(e.g., 0.009/0.367 & 2.45% for 1:2 mixture) in the higher

viral-content samples. The biases for the lower viral-con-

tent samples were much higher (0.037–0.059) and the

relative biases were 15.0%, 23.6%, 68.2%, and 216.4% for

1:2, 1:4, 1:8, and 1:32 mixed ratios in this study. This result

indicated that the bias between amplicons greatly affected

the estimation of the MuAF of iSNVs for lower viral-

content samples.

We further explored the limit for iSNV identification,

that is, to determine the lowest MuAF threshold, beyond

which the iSNVs could be distinguished from the noise.

Practically, we calculated the FPRs for iSNV calling with

an increasing MuAF threshold ([ 0.1% to[ 1%, Fig. 1F).

For the higher viral-content samples, the threshold of the

MuAF could be set at as low as 0.3% to ensure a\ 0.001

FPR, while for the lower viral-content samples, a 0.7%

threshold and above could be used.

Generally, examining viral dynamics within-host by

using iSNVs could provide critical information to know the

transmission patterns and to understand the ability of nat-

ural selection shaping the viral diversity (Holmes et al.

2016). As for the EBOV outbreak in West Africa 2014,

analyses of iSNVs have facilitated to unravel the trans-

mission chains, to discover diverse selective pressures on

the viral genome, and to identify the regulatory sites (Gire

bFig. 1 A The designed iSNV positions and amplicons. Two EBOV

specific amplicons aligned with the genome (EBOV C15, GenBank

accession no. KJ660346.2) are shown. Short vertical lines indicate the

substituted sites. B Flow chart of the assay. The DNA samples

extracted from wild-type (wt) and mutant (mt) clonal plasmids were

mixed whth four ratios, and were diluted to two DNA concentrations

(denoted by red and blue) for EBOV specific singlex amplification.

The PCR products of each sample were pooled for NGS. The four

mixture samples of a 105 copies lL-1 concertation were also directly

sequenced. C The identified iSNVs by amplicon-seq with four mixed

ratios. The dashed lines indicate the mean values of MuAF by direct

sequencing, with the mutant percentages shown. Only the iSNVs with

a C 1% MuAF are shown, and the false positive iSNV was denoted

by red arrow. D Box-plots of the MuAFs of iSNVs based on direct

sequencing (white) and sequencing of the amplicons. D is the

difference of amplicon-based median value and directly sequencing

based median value. Blue box, 105 copies/lL; red box, 102 copies/lL.
The same for E. E Box-plot of the MuAFs of iSNVs located in

regions of amplicon 1 and amplicon 2. D is the difference of MuAF

median values. F The variation of false positive rate in iSNV calling

with threshold of MuAF at four mixed ratios. The vertical dashed

lines indicate that FPRs equal 0.001, and the corresponding MuAF

threshold are shown at the top. In D and E, boxes represent the

interquartile range (IQR) between the first and third quartiles.

Horizontal lines inside the boxes indicate the median, and the lines

outside represent values within 1.5 times the IRQ.
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et al. 2014; Park et al. 2015; Ni et al. 2016). The cutoff

used for these studies was MuAF C 5%, and as the cutoff

decreased, the numbers of observed iSNVs increased

sharply (Gire et al. 2014; Park et al. 2015; Ni et al. 2016).

Hence, determining the optimal threshold is of great pri-

ority for iSNV calling and the following analysis. In this

study, we conducted an attempted assessment of the

amplicon-based approach for iSNV identification. Our

results suggested that in high viral-content samples, iSNVs

with MuAF[ 0.3% could be identified ideally with

a\ 0.001 FPR, the offset to the real MuAF was fluctuated

within 7%, and the bias between amplicons was lower than

6%. While in low viral-content samples, a limited number

of false positive iSNVs might appear, and the MuAF

threshold of iSNV identification should not be lower than

0.7% at a\ 0.001 FPR. The relative offset of MuAF and

the bias between amplicons were much higher than those in

high viral-content samples, especially for samples with a

low fraction of mutants. Conclusively, the discovery of

iSNV could reach the limit of 1% MuAF or lower in the

samples of[ 100 copies/lL viral contents. However, the

allele frequency of iSNV should be aware of, especially in

the low viral-content samples.
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