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Abstract

Background: Short read sequencing has been used extensively to decipher the genome diversity of human cyto-
megalovirus (HCMV) strains, but falls short to reveal individual genomes in mixed HCMV strain populations. Novel
third-generation sequencing platforms offer an extended read length and promise to resolve how distant polymor-
phic sites along individual genomes are linked. In the present study, we established a long amplicon PacBio sequenc-
ing workflow to identify the absolute and relative quantities of unique HCMV haplotypes spanning over multiple
hypervariable sites in mixtures. Initial validation of this approach was performed with defined HCMV DNA templates
derived from cell-culture enriched viruses and was further tested for its suitability on patient samples carrying mixed
HCMV infections.

Results: Total substitution and indel error rate of mapped reads ranged from 0.17 to 0.43% depending on the strin-
gency of quality trimming. Artificial HCMV DNA mixtures were correctly determined down to 1% abundance of the
minor DNA source when the total HCMV DNA input was 4 x 10* copies/ml. PCR products of up to 7.7 kb and a GC
content < 55% were efficiently generated when DNA was directly isolated from patient samples. In a single sample,
up to three distinct haplotypes were identified showing varying relative frequencies. Alignments of distinct haplotype
sequences within patient samples showed uneven distribution of sequence diversity, interspersed by long identical
stretches. Moreover, diversity estimation at single polymorphic regions as assessed by short amplicon sequencing
may markedly underestimate the overall diversity of mixed haplotype populations.

Conclusions: Quantitative haplotype determination by long amplicon sequencing provides a novel approach for
HCMV strain characterisation in mixed infected samples which can be scaled up to cover the majority of the genome
by multi-amplicon panels. This will substantially improve our understanding of intra-host HCMV strain diversity and its
dynamic behaviour.
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Background

It is well-known that human cytomegalovirus (HCMYV)
seropositive persons can be infected with more than
one HCMV strain, either synchronously or sequentially
[1-6]. Solid organ transplant patients, in particular, are at
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The genome sequence of an individual HCMV strain
is characterised by a unique combination of linked
sequence patterns of all polymorphic regions along the
whole genome [15]. Individual polymorphic sites within
the HCMV genome, either comprising a complete
gene or a highly variable section thereof, have been
widely investigated with first and second generation
short read sequencing [16, 17]. These investigations
uniformly show that almost all polymorphic regions
cluster into defined genotypes [18, 19]. This allows
assignment of even short sequence reads to reference
genotype sequences by the use of genotype-defining
signature sequence patterns of the respective polymor-
phic regions [10, 19, 20]. In recent years, widely used
in-depth short read sequencing of the whole genome
comprehensively assessed genome-wide intra- and
inter-host diversity at the nucleotide level, and intra-
host variability over time [18, 19, 21-25]. Moreover,
these studies revealed that recombination between and
within polymorphic regions of different HCMV strains
have been common and single nucleotide variants that
may emerge during replication periods will further
contribute to the overall strain diversity. Accordingly, it
appears that a huge variety of different HCMV strains
circulate in the human population and the frequency of
occurrence of completely identical “strain genotypes”
among HCMV-infected persons seems to be very rare
[19].

Due to short read lengths of second generation
sequencing techniques, determination of individual
genomes within mixtures can be challenging. It requires
model-based analysis to reconstruct unique haplotypes
from short sequencing reads [19, 22, 25, 26] but this
might be difficult for genomic segments interspersed by
longer conserved sections, low-complexity repetitions
and GC-deviant regions [27].

In contrast to short read sequencing platforms, sin-
gle molecule real-time (SMRT) sequencing from Pacific
Biosciences (PacBio) and MinION Nanopore sequencing
from Oxford Nanopore Technologies exceed with their
ability to perform novel genome analyses, due to their
extended read length [28, 29]. Unlike their predecessor,
third generation single-molecule technologies can fre-
quently generate read lengths up to 30kb and have been
used to fill many gaps in reference genomes, which could
not be covered by short read lengths [30, 31].

Still, there is limited data on the number of unique
HCMV DNA molecules within mixed HCMV popu-
lations, which in the following will be termed HCMV
haplotypes. It is still unknown how specific combina-
tions of polymorphic regions present on an individual
HCMYV DNA molecule affect pathogenicity or replication
efficiency.

Page 2 of 16

In the present study we assessed how enrichment of
HCMYV DNA by long range PCR and long read sequenc-
ing enables the identification of linkages between non-
adjacent polymorphic regions present on single HCMV
DNA molecules. The newly developed protocol was suc-
cessfully applied to a selection of bronchoalveolar lavage
samples (BALs) displaying mixed HCMYV infections. This
approach provides novel insights into the composition
of individual haplotypes within a mixed HCMV strain
population.

Results

Establishment of long range PCR for highly polymorphic
UL regions

First, a long range PCR approach was established by
targeting two genomic regions, spanning from UL55
to UL76 (30kb), and from UL139 to UL146 (6.7kb),
respectively (Fig. 1). These two UL regions were primar-
ily chosen based on high interstrain polymorphism and
well-characterised genotype assignments of the respec-
tive polymorphic genes [19]. The 30kb long UL region,
UL55-UL76, was further divided into 7 segments, which
resulted in amplicon sizes ranging from 7.7 kb to 18.0kb.
The target regions exhibit GC contents ranging from 48.5
to 58.9%. Respective primers were designed to align to
highly conserved regions (Supplementary Table 1).

To find the best conditions for sensitive and specific
long range amplification, three different commercially
available PCR enzymes were compared (Supplementary
Table 2). Amplification efficiency was tested using highly
purified, low-fragmented TB40-BAC4-luc HCMV DNA
isolated from E.coli. As shown in Table 1, the enzyme
LA Taq Hot Start Version Polymerase delivered the best
results in terms of efficiency, fragment length amplifica-
tion and applicability (2-step PCR).

For further optimization 10-fold dilution series of
human foreskin fibroblast (HFF)-derived HCMV DNA
were used, as this source of HCMV DNA in the back-
ground of an excess of genomic DNA is comparable in
composition and integrity to DNA derived from clini-
cal samples. The highest sensitivity was obtained for the
shortest amplicons, F3 and F4 (Table 1).

Error estimation of long amplicon sequencing

Next, long amplicons (> 6.6 kb) were sequenced by PacBio
and error rates introduced by PCR and sequencing were
estimated and compared to Illumina sequencing. Total
DNA was directly isolated from HFFs infected with
HCMYV strain TB40-BAC4-luc or Merlin and used either
as PCR template (amplicons) or directly without any fur-
ther enrichment (non-enriched) before sequencing. After
demultiplexing, circular consensus sequencing reads
(ccs) for each forward and reverse strand were generated
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Fig. 1 Schematic representation of target sequences along an HCMV genome. Shown is an overview of polymorphic amplified regions and their
genetic diversity along the HCMV genome strain Merlin (AY446894). The figure consists of four separate tracks. In the top track, a mini-map of the
genome with a total bases of 235,646 is shown. Annotated CDS and non-coding RNAs are depicted in grey and black, respectively. Target regions
for amplicon generation are depicted in red and are described in detail in track 2-4. For track 2, defined polymorphic regions were put through
a blastn search. Over 200 published haplotypes for the described regions were aligned. The mean pairwise identity over all pairs in the column is
depicted. Green: 100% identity, greenish-brown: at least 30% identity but less than 100%, red: less than 30%. Displayed above the sequences (3rd
track), grey and black arrows again represent CDS and non-coding RNAs, respectively. Forward and reverse primer (red and blue) are depicted
below the sequence. The bottom track indicates individual fragment sizes and GC content of eight polymorphic target regions. Annotations were
generated with geneious prime 2019.0.3

Table 1 Efficiency of long range PCR for the distinct fragments by the use of three commercially available enzymes

Amplicon Fragmentlength GCcontent total BAC-DNA as template (100 ng) cell-culture derived DNA as template*
in bases in %
TaK Pro Qia TaK TaK
efficiency efficiency efficiency specificity (1 x 10° sensitivity
copies/reaction) (copies/
reaction)

F1.1 7807 56.5 high low low low 300

F1.2 13,807 589 high - - - nd

F1.3 18,015 56.5 - - - nd nd

F2.1 8278 57.1 high - - - nd

F2.2 13,348 58.8 high - - - nd

F2.3 17,861 564 - - - nd nd

F3 7705 53.7 high high low high 30

F4 6671 485 high nd nd high 30

*two different HCMV strains (TB40E and Merlin); high and low efficiency as determined by the strength of visible bands of the correct length; high specificity as
determined by the absence of unspecific bands; TaK: LA Taq Hot Start Version Polymerase; Qia: LongRange PCR Polymerase; Pro: Promega Go Taq Long; nd: not
determined;“-": no visible band or smear

to prevent incorrect analysis due to heteroduplexes. to 19% of all reads had a length <500 bases when quality
Resulting ccs reads per sample showed an average length  trimmed to Q> 20, and up to 37% when quality trimmed
of 3583 to 6162 bases (Table 2). For comparison of PacBio  to Q>30. Thus, for subsequent mapping all reads <500
with Illumina sequencing quality filtering was similarly = bases were excluded after removal of human-specific
performed for both, Illumina-derived (Supplementary = DNA reads. Host read removal led to a reduction of up
Table 5) and PacBio-derived reads. Quality trimming, to 56% of reads for amplicon samples and up to 95%
which was performed with a base-calling error prob- for non-enriched samples (Table 2). HCMV-specific
ability (pError) of 0.01 (equals Q>20) and 0.001 (equals mapping rates were>85% for non-enriched samples
Q> 30), respectively, resulted in a substantial reduction in  and>95% for amplicons. Illumina-derived reads were
read length. This reduction was even more pronounced similarly analysed, except for length trimming of reads
when raw reads were trimmed to Q>30. Remarkably, up <500 bases (Supplementary Table 5).
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The error rate was estimated from mapped reads either
quality trimmed with pError of 0.01 or 0.001. A com-
parison between non-enriched and amplicon-enriched
DNA allowed us to specifically determine the error
rates introduced by long range PCR. Substitutions, dele-
tions, and insertions relative to the reference sequence
were counted and the percentage of mismatches out of
the total number of matched bases was calculated. As
shown in Table 3, PacBio sequencing displays a 5.5-fold
to 9.5-fold (pError 0.01 and 0.001, respectively) higher
substitution error rate for PCR-enriched compared to
non-enriched DNA. Indel errors are similarly high in
both sample types. Notably, more stringent quality trim-
ming parameters have almost no effect on substitution
errors, but can substantially reduce indels. Moreover,
insertions are ~2.0 to 5.0-fold more frequently found
than deletions. Taken together, these data show that sub-
stitutions are mainly introduced by PCR whereas dele-
tions and insertions mainly result from sequencing. No
difference was seen between the two template DNAs,
TB40-BAC4-luc and Merlin, and between the distinct
target regions for PCR enrichment (Supplementary
Table 8).

Ilumina sequencing shows a very low error rate for
insertions (0.001%) and deletions (0.004%) whereas
substitutions were 2.0-fold higher compared to PacBio
sequencing (Table 3) which could be due to index PCR
and bridge amplification steps applied during Illumina
library preparation and sequencing.

Finally, a detailed analysis of substitution errors
revealed that A and T substitutions are 2.0-fold more
frequently found than G and C substitutions (Table 3
and Supplementary Table 9a). This was seen for both
sequencing techniques, which further indicates that
these substitutions are mainly introduced by PCR (Sup-
plementary Table 9b).
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Ratio estimation of artificial HCMV DNA mixtures

after long range PCR

When long amplicon sequencing is intended to be used
to estimate the frequency of occurrence of unique haplo-
types in mixtures, the PCR enrichment step should guar-
antee equal amplification of each individual haplotype.
For this purpose, purified Merlin and TB40-BAC4-luc
HCMYV DNAs, as representatives of two distinct haplo-
types, were artificially mixed at defined ratios and sub-
sequently used as template to generate long amplicons
(Table 4a). For initial ratio estimation, the total amount of
template DNA ranged from 4 x 10° to 1 x 10 copies per
ml. Amplicons were subjected to Illumina sequencing.
Quality trimmed and filtered reads were mapped against
a total of 18 unique genotype reference sequences which
comprise highly polymorphic regions within gN, gO, and
gH (Supplementary Table 6). As seen in Table 4a, the
obtained ratios displayed almost the exact same distribu-
tions as the original input. This appears to be independ-
ent of the input ratios, the polymorphic region tested and
the HCMYV genome (Supplementary Table 10).

To estimate the sensitivity limit of minor HCMV DNA
templates in mixtures TB40-BAC4-luc to Merlin at a 99:1
ratio were further 10-fold diluted (Table 4b). We were
able to detect the 1% minor HCMV DNA template down
to 19 copies in a mixture with a total viral load of 4 x 10*
copies per ml.

Haplotype assessment and linkage analysis in clinical
samples with mixed genotype infections

Finally, we aimed to assess whether long read PacBio
sequencing is suitable to determine unique haplotypes
in clinical samples with mixed HCMYV strain infections.
Six BAL samples with a total viral load above 1 x 10* cop-
ies/ml were initially screened for mixed HCMYV infec-
tions by short amplicon Illumina sequencing. DNA was

Table 3 Error rates introduced by long range PCR and/or sequencing

Sequencing Quality trimming Input DNA Substitutions* Deletions* Insertions* Substitutions per nucleotide*
platform
A C G T
PacBio pError 0.01 amplicons 0.083 0.06 0.289 0.115 0.054 0.061 0.111
non-enriched 0.015 0.051 0.204 0.015 0.013 0.017 0014
PacBio pError 0.001 amplicons 0.081 0.018 0.077 0.110 0.052 0.062 0.108
non-enriched 0.009 0.012 0.029 0.009 0.006 0.010 0.008
lllumina pError 0.01 amplicons 0.163 0.005 0.002 0.242 0.096 0.089 0.240
non-enriched 0.083 0.004 0.001 0.091 0.077 0.078 0.090
lllumina pError 0.001 amplicons 0.120 0.004 0.001 0.182 0.071 0.067 0.171
non-enriched 0.027 0.004 0.001 0.028 0.025 0.027 0.028

*Error rate is the percentage of mismatches of the total number of bases mapped to the reference sequence. Error rates are means of two distinct input DNAs (Merlin

and TB-BAC4-luc, and two amplicons (F1.1 4 F3, respectively)
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Table 4a Ratio estimation of artificial mixtures used as template DNA for long range PCR

Artificial HCMV-DNA Aspired input  Measured copies/ml’ Measured ratio' Copy input for PCR Measured

Mixture ratio ratio?

1 Merlin 50 3.90E+4 06 57 3.90E+4 04 44
TB40-BAC4-luc 50 2.90E+ 06 43 2.90E+ 04 56

2 Merlin 95 8.60E+ 06 94 8.60E+ 04 94
TB40-BAC4-luc 5 4.70E405 6 4.70E+03 6

3 Merlin 5 4.70E4-05 11 4.70E4-03
TB40-BAC4-luc 95 3.90E+ 06 89 3.90E+ 04 97

4 Merlin 99 1.20E407 99 1.20E405 98
TB40-BAC4-luc 1 1.30E405 1 1.30E403 2

5 Merlin 1 1.90E4 05 5 1.90E403 1
TB40-BAC4-luc 99 3.90E+ 06 95 3.90E+ 04 99

1) confirmed by HCMV-specific gPCR against gH; 2) measured ratios are means of reads mapping to genotypic regions within gN, gO, and gH; sequencing was done in

duplicates

Table 4b Ratio estimation of dilution series of artificial mixtures

Artificial Mixture HCMV-DNA Aspired Input Estimated copies/ml Copy input for PCR Measured
ratio ratio?

1 Merlin 1 1,90E+05' 1.90E+03 1.5
TB40-BAC4-luc 99 3,90E406 3.90E+04 98.5

1:10 Merlin 1 1.90E+ 04 1.90E402 1
TB40-BAC4-luc 99 3.90E405 3.90E4-03 99

1:100 Merlin 1 1.90E+ 03 1.90E+01 15
TB40-BAC4-luc 99 3.90E+ 04 3.90E+4 02 98.5

1:1000 Merlin 1 1.90E4 02 1.90E4-00 0
TB40-BAC4-luc 99 3.90E+403 3.90E+01 100

1) original mixture was confirmed by HCMV-specific qPCR (see Table 4a); 2) measured ratios are means of reads mapping to genotypic regions within gN, gO, and gH

directly purified from BAL samples and short ampli-
cons targeting highly polymorphic regions within the F3
(g0, gN) and F4 region (UL146) were generated, pooled
and sequenced on an Illumina MiSeq instrument (Sup-
plementary Table 4). The amplicon sizes for gN, gO
and UL146 ranged between 398bp, 369bp and 771bp,
respectively (sizes are based on amplicon products of
the Merlin strain). Consensus sequences upon mapping
against a total of 30 genotype reference sequences were
assessed and ambiguity codes included if at least 10% of
the reads displayed a variant nucleotide. Samples, BAL2,
BAL4, and BALG6 carry two gN, gO, and UL146 genotypes
each, and sample BAL5, three distinct gN, gO, and UL146
genotype sequences (Table 5, Supplementary Table 11).
These four samples were considered to be mixed HCMV
strain infected and further subjected to PacBio long
amplicon sequencing.

As listed in Table 5, up to 3 different haplotypes for
both, F3 and F4, target sites were identified. These new
haplotype sequences have been deposited in Genbank
with the accession numbers MW560357-MW560373.

Ratio estimation of distinct haplotypes indicates that
varying concentrations of haplotypes could be present
in mixtures. Notably, BAL2 and BAL5 depict almost the
exact same percentage for minor and major haplotypes
(Table 5). This could indicate that these non-adjacent
haplotype sequences F3 and F4 are located on the same
DNA strand of a single strain.

Multiple nucleotide sequence alignments and phyloge-
netic tree analyses of the 8 unique F3 and the 9 unique F4
haplotype sequences, respectively, were generated (Figs. 2
and 3). Figure 3 displays the intra- and interpatient diver-
sity of HCMV haplotypes determined by PacBio long
amplicon sequencing. We observe no clustering between
individual haplotypes of the same patients. Samples with
the same genotypes identified by short amplicon Illumina
sequencing can still be phylogenetically distant on a hap-
lotype scale (e.g. BAL2_F4 hapl and BAL2_F4_hap2).
When both trees are compared, no consistent phylo-
genetic clustering pattern between the two non-neigh-
bouring loci (F3, F4) is observed suggesting that there are
no linkages between individual haplotypes of different
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Table 5 Number and ratio of individual haplotype sequences with corresponding gN, gO, and UL146 genotypes

Sample Haplotypes determined by long amplicon PacBio sequencing Genotypes? assigned by short
amplicon Illlumina sequencing
Target site SeqID Reference sequence Acc. Frequency of gN g0 UL146
No. (% identity)’ occurrence (%)
BAL2 F3 BAL2_F3_hap1 JX512202.1 (99.9) 587 3b 2a
BAL2_F3_hap2 KP745677.1 (99.1) 35.1 3b 2a
BAL2_F3_hap3 KJ361966.1 (99.3) 6.2 1 Ta
F4 BAL2_F4_hap1 KP745638.1 (99.9) 59.2 13
BAL2_F4_hap2 KP745654.1 (98.6) 323 13
BAL2_F4_hap3 KT726941.2 (98.3) 8.5 12
BAL4 F3 BAL4_F3_hap1 KR534203.1 (99.9) 100 1 Ta
3b 2a
F4 BAL4_F4_hap1 KU550090.1 (99.9) 100 14
13
BAL5 F3 BAL5_F3_hap1 KY490065.1 (99.9) 78.1 3b 2a
BAL5_F3_hap2 JX512208.1 (99.9) 141 2 2b
BAL5_F3_hap3 KY490066.1 (99.9) 7.8 3a b
F4 BAL5_F4_hap1 KR534198.1 (99.8) 75.1 6
BAL5_F4_hap2 KP745691.1 (99.8) 16.8 7
BAL5_F4_hap3 JX512208.1 (99.9) 8.1 1
BAL6 F3 BAL6_F3_hap1 KR534203.1 (99.9) 100 1 1a
3b 2a
F4 BAL6_F4_hap1 KY490086.1 (99.9) 85.6 2
BAL6_F4_hap2 KY490085.1 (97.1) 14.4 1

1) Sequence in NCBI Nucleotide database with highest similarity to haplotype sequence; 2) according to Suarez et al., 2019, doi: https://doi.org/10.1093/infdis/jiz208;

BAL, bronchoalveolar lavage; Acc.No., Accession number

regions. The overall nucleotide diversity (p-distance) for
F3 sequences was 0.045 (range: 0.001 to 0.062) and for
F4 was 0.07 (range: 0.034 to 0.099). Sequence compari-
son of the patient’s haplotype population shows that two
sequences can be identical over more than 200 bases and
longer stretches of similarity often differ only by a few
SNVs (Fig. 2). This clearly indicates that short reads are
often not long enough to cover non-adjacent diversity.
Of note, for all haplotype sequences similar sequences
(>97%) were found in the NCBI Nucleotide (nr/nt) data-
base (Table 5).

Comparison of both haplotyping and genotyping
data revealed that the number of haplotypes and geno-
types was numerically the same only for sample BAL5.
In BAL4 and BALG6, a higher number of genotypes
than haplotypes was detected. These results indicate
that low level HCMV DNA sequences are still ampli-
fiable by short range PCR but not by long range PCR.
Remarkably, in BAL2 a higher number of haplotypes
than genotypes was found. Further inspection of all
sequences over the gN, gO, and UL146 region revealed
that two distinct F3 haplotype sequences share the
same gN3b and gO2a genotype, and two distinct F4

haplotype sequences share the same UL146-13 geno-
type (Table 5). These shared genotypes, however, vary
by a few SNVs. In Fig. 4, the data for the two gN3b
variants are displayed. Precisely, the two gN3b vari-
ants of the respective haplotypes differ by 3 SNVs
(p-distance 0.008) over the genotype-defining region
whereas the p-distance over the complete F3 ampli-
con length was 0.026. Further sequence alignments of
PacBio and Illumina reads for BAL2 gN and UL146 are
provided in Supplementary Figs. 1 and 2. These find-
ings impressively demonstrate the information ben-
efit of long amplicon over short amplicon sequencing.
Additionally, BAL4_F4_hapl was found to have a 1bp
insertion in a homopolymeric region when compared
with the Illumina reads (Supplementary Fig. 3). As
our error estimation analysis shows, PacBio sequenc-
ing has a higher indel error rate compared to Illumina
sequencing (Table 3). These calculations suggest that
the insertion might have been introduced as a sequenc-
ing error. Nevertheless, as of this state, it is not possible
to reliably determine which of the two homopolymeric
sequences is correct. This observed discrepancy illus-
trates that both sequencing techniques can comple-
ment each other and improve data certainty.
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Fig. 2 Haplotype diversity of two polymorphic regions, F3 and F4 determined by PacBio sequencing. Shown are sequence alignments of the two
polymorphic amplified regions F3 and F4 and their genetic diversity. Top: Haplotype alignments for region F3, Bottom: Haplotype alignments for
region F4. Each figure consists of three separate tracks. Alignments of F3 cover a 7.7 kb region (from UL72 to UL76) and F4 alignments cover a 6.7 kb
region (from UL146 to UL139). In the top track, annotated CDS and genotypes are depicted with grey or blue arrows, respectively; Track 2: The
mean pairwise identity over all pairs in the column is depicted. Green: 100% identity, greenish-brown: at least 30% identity but less than 100%, red:
less than 30%; Track 3: Lanes 1-8 or 1-9: Haplotypes sequences, hap, of all bronchoalveolar lavages, BAL, are depicted. Variants are shown in black.
Annotations and alignments were generated with geneious prime 2019.0.3
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Fig. 3 Intra- and interpatient diversity of individual HCMV haplotype sequences determined by PacBio sequencing. Phylogenetic trees of 8 distinct
F3 and 9 distinct F4 haplotype sequences, respectivley, were inferred by using the Maximum Likelihood method and Hasegawa-Kishino-Yano
model (F3) or Kimura 2-parameter model (F4). F3 haplotype sequences cover a 7.7 kb region (from UL72 to UL76) and F4 haplotype sequences
cover a 6.7 kb region (from UL146 to UL139) of the HCMV genome. Branches are labeled by the identified haplotypes of the respective sample and
amplicon (e.g. BAL2_F3_hap1). Each font colour corresponds haplotypes that were identified in a single patient sample. Corresponding gN, gO and
UL146 genotypes as determined by short amplicon sequencing are shown in bold italics in brackets next to the branch label. BAL, bronchoalveolar
lavage; hap, haplotype
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Fig. 4 Nucleotide variation between genotype and haplotype sequences of region gN. A depiction of the polymorphic region F3 (7.7 kb) can be
seen on the top. While annotated CDS are depicted with grey arrows, genotypes gN (UL73) and gO (UL74), for short read sequencing, can be seen
in dark blue. The respective gN region of three haplotype sequences and two gN genotype sequences were aligned. Ambiguous nucleotides are
depicted in violet. Red boxes indicate the nucleotide differences between hap 1 and hap 2. Alignments were generated in BioEdit version 7.0.1; GT,
genotype; BAL, bronchoalveolar lavage; hap, haplotype

1,000 2,000 3,000 4,000 5,000 6,000 7,000 7,809

UL74 CDS

UL72 CDS UL75 CDS UL76 CDS

30 40 50 60 70
Sve % A e ] meme [ 0 [ ame (I aneen oy oo fie o s e o (oo o sl o e [ oo s o, o o (T ot e
ATGGAGTGGAAAACACGAGTACTAAGTTTTTTGGTTTTATCGGTGGCGGGGGAGTTATGGTAACAGCT
................................................. (BRL oiers @ avidash aldig 6 & s S e

C i 5 5w s A Ribe R A SR B C T.A.AGT D § .G. 5 Co RS s TACC CTA A

(o SR PSS B N s (o} T.A.AGT T il < BH 5 ol o I PRI E TACC CTA A
150 160 170 180 190 200 210
| | | | | | CO EERRE | | | | | | |
CAGCGTAACAACCTCCACAACACCTACGACGACCACAACCACAT TAACGAGTACTAAACCﬂGTTCT
KRG W T € scaie 5 sui ) TG W T S e Ts . G B E CGAC il [P P TCAL ot .
AGET.C<nuaans T TG B dveriies SR 6 e TG ET CGAC i Claem s sws W As cper s
............................................................ | SRR -

................................ Gl (e 5 TS B R e A e B S E Sl BN E s e
..... C G s snehs W B smasls 9G8R 5 HEie e UGG > ol Te BRIt ARG S EilG Gissidis S SseaEme: .
..... Cc QS o hel B SR sl 2GR Seivie ARG ORIz o S8 ot SR ne s s sl aiG GEmertdon. SraRR AL &
................................ Yol g (o 5 ilys: ShBmEiseRwy o) SR ke SN SutiBhe o s @ iemeEss

.......... Gl 5o, e s B S B Beier GRS B AiE [T ByEiis ShaRll & R s & B e v s B 5 s 3
.......... Qi B 5 oL Bay o AT s b e e CAEHE I e e e, e retye: bWl S des al myesire VB s o) o) AHIRE 5w 8

Discussion

observed substantial variations in performance even

In this study, we established an amplicon-based deep when highly purified low fragmented HCMV DNA
sequencing approach to determine linkage of inter- (BAC) was used as template. Irrespective of the aver-
spersed polymorphic regions along the HCMV genome. age GC content target regions which comprise a GC
To the best of our knowledge, this is the first applica- content of 72% over a 1 kb segment (fragments F2, F2.2,
tion to characterise and unravel distinct haplotypes and F1.2) were especially difficult to amplify. Hence,
within mixed HCMV strain populations by long read for GC rich regions alternative target enrichment tech-

niques such as solution-based capture [22, 32, 33] and

sequencing.
molecular inversion probes [34] might be considered.
The enzyme with the best performance was picked out
Pros and cons of long range PCR for further optimisation of PCR conditions for the three

Initially, we compared different DNA polymerases, all ~ target regions, F1, F3, and F4, (all <8kb) using HCMV
of which were advertised to be suitable for read lengths ~DNA isolated from cell culture supernatant.

up to 20kb. We tested the amplification of 8 HCMV In addition to genome specific limitations, successful
specific target regions, with sizes from 6.7 to 18kb and  amplification of long range amplicons depends on the
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integrity of input DNA. The extent of DNA fragmenta-
tion when directly isolated from patient samples may
vary between different sample types and different stor-
age conditions [35]. In this study, we applied our long
range PCR protocol on DNA isolated from stored BAL
samples. Amplicons with fragment lengths <7.7kb and
a GC content <54% (F3 and F4) were successfully gen-
erated from all samples whereas primer pairs for ampli-
con F1 (length: 7.8kb, GC content: 56.5%) failed to
amplify PCR products.

Taking these findings together it appears that fragment
lengths up to 7kb and an average GC content of less than
55% are best suited to generate long range amplicons
from clinical samples.

Influence of trimming parameters on read length and error
rate

Both, PCR target enrichment and sequencing are prone
to false introduction of substitutions and indels [36].
Moreover, it has been reported that PacBio long read
sequencing is associated with a higher error rate than
short read sequencing techniques [37]. In order to pre-
cisely define the substitution and indel error rate of long
amplicon sequencing, we compared PCR-enriched with
non-enriched cell culture-derived samples. Although
we observed a substantial reduction in the overall num-
ber of reads (25 to 54%) and in the average read length
(42 to 72%) depending on the stringency of quality
trimming parameters, this was similar for both sam-
ple types. Substitution errors, in contrast, were found
to be 6-fold to 9-fold higher in amplicons compared to
non-enriched samples, yet without any influence of the
stringency of quality trimming. These findings suggest
that substitution errors are largely introduced by PCR
which is well in accordance with previous reports [36].
Overall substitution error rate was about 0.08% which
means that low-level single nucleotide variants (SNV)
down to 1% could be well distinguishable from PCR-
mediated substitutions. SN'Vs lower than 1%, however,
may require additional steps for validation such as
performance in duplicates. The number of indels was
similar for non-enriched and amplicon-enriched sam-
ples indicating introduction by long read sequencing
rather than by PCR. For non-ambiguous determina-
tion of true insertions and/or deletions either reanaly-
sis with highly quality trimmed reads or an additional
short read Illumina sequencing, which shows a very low
indel error rate, could be performed. Alternatively, high
coverage ccs can be aimed for in order to decrease the
error rate down to ~0.001% [38]. As can also be seen
within our haplotypes, indels are usually the second
most abundant form of genetic variation. The reliable
detection of indels is still a challenging problem, as our
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understanding of their origins and functional effects
lags behind that of other types of variants. Indels have
the potential to generate great changes in a viral popu-
lation, as truncated or extended genes can be created
through frameshifts or by the removal of stop codons.
Overall, indels contribute to genetic variation in a virus
genome. Within our haplotypes in the subset of sam-
ples we did not observe additional stop codons or sig-
nificant changes in gene length.

When we applied the long read sequencing protocol
to determine haplotypes in patient samples we chose
a PHRED score of >20 for quality trimming. This
approach ensures that a higher number of long reads
is retained at the expense of a higher indel error rate.
Further removal of short reads guarantees that only
long reads spanning over multiple non-adjacent poly-
morphic sites are used for haplotype determination.
Depending on the distribution of diversity along the
target sites it will be necessary to adapt these analyses
parameters accordingly. Alternatively, filtering of ccs
reads using a cutoff for the number of full passes and
a predicted accuracy will avoid read length reduction,
but this filtering strategy requires a sufficiently high
number of full passes.

Other artifacts known to be generated by PCR of
highly homologous sequences are chimeric and heter-
oduplex sequences. In samples with multiple HCMV
strains, we cannot fully rule out the possibility of chi-
mera formation which might artificially increase the
observed diversity in a mixed sample. We used man-
ual inspection of final haplotypes to rule out that chi-
meric sequences are mistaken as additional haplotypes
(Fig. 2). Chimera formation needs at least two different
haplotypes in the pre-PCR sample and can only be of
concern if >3 final haplotypes are detected post-PCR.
In this study, in two of our clinical samples we found
>3 haplotypes (BAL2 and BALS5) but none of these
sequences displayed a chimeric sequence pattern com-
posed of the remaining two haplotype sequences. Also,
a low cycle condition of 30, no additional extension
time and the use of a DNA-proofreading polymerase as
used in this study are expected to induce less chimera
formation. After visual inspection of these samples, we
consider the bias of detecting artificial haplotypes as
very low.

The formation of heteroduplexes is another concern in
amplicon sequencing. DNA variants derived from closely
related templates especially have a higher chance to form
heteroduplexes during PCR amplification, which makes
our application prone to such error. To prevent this false
interpretation in our data, we decided to split our double
stranded subreads into individual forward and reverse
reads.
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Quantification of haplotype sequences in mixtures
It is critical that each haplotype sequence within a mix-
ture is equally amplified by PCR in order to accurately
determine and quantify all haplotypes. For validation,
a set of artificial mixtures of two related HCMV DNAs
were sequenced. Our data show that the mixed ratios can
precisely be determined. Even low abundance haplotypes
of 1% were correctly detected down to about 20 copies
of the minor haplotype sequence. This finding corre-
lates well with the before mentioned sensitivity limit of
about 30 copies per reaction and underlines that both,
the total HCMV DNA load and the sensitivity limit of
the PCR are critical for detection of minor haplotypes in
mixtures, given that the subsequent sequencing step was
performed to an appropriate read depth. Since our pro-
tocol was validated solely for two haplotypes in mixtures
it cannot be excluded that distinct haplotype mixtures
or mixtures with more than two haplotypes may influ-
ence the PCR performance. All primer pairs, however,
were designed to bind to highly conserved regions of the
HCMYV genome, thus it can be assumed that distinct hap-
lotype sequences are similarly well amplified.
Interestingly, BAL samples which have the same num-
ber of haplotypes for regions F3 and F4, displayed almost
identical frequencies of occurrence of individual hap-
lotypes for both target sites. It is tempting to speculate
that these individual haplotypes are found on the same
HCMV DNA molecule within the HCMV population.
Such observations may be verified in future studies
through a long read based genome sequencing approach
with overlapping long amplicons. HCMV displays several
diversity hot spots spread across the genome with 30/170
genes having a dN (nonsynonymous substitutions per
nonsynonymous site) value of >0.025 [23]. Our two tar-
get regions F3 and F4 cover already 7 of these hypervari-
able genes. To understand the linkage of distantly located
genes, however, several overlapping amplicons can be
generated.

Clinical applicability

Mixed strain infections in transplant recipients are com-
mon and have been associated with higher viral loads,
delayed viral clearance and poorer clinical outcomes
[16]. Potential application of this haplotype determina-
tion approach based on long read sequencing in a clini-
cal setting is limited to samples with high viral loads
(>10* copies/ml) necessary for long range amplification.
We have tested BAL samples for this study, however our
lab has successfully used plasma samples as input mate-
rial as well (data not shown). In clinical samples with a
minimum viral load of 10* copies/ml, minor haplotypes
of 20% can be detected with the determined sensitivity
limit of 20 copies. Since the initial PacBio requirement
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of a minimum of 700ng DNA input for library prepara-
tion has been reduced to 100ng, the use of clinical sam-
ples with restricted material availability has become even
more feasible. Additionally, using multiplex PCRs for
long range amplicon generation, patient samples can be
used more efficiently. This approach was already tested
within our lab and promising results multiplexing F3 and
F4 have been achieved.

Haplotypes versus genotypes

In the present study, the newly developed long read
PacBio sequencing approach was applied to four BAL
samples that carry multiple genotypes as determined
by short amplicon sequencing of gN, gO (located in
the F3 target region) and UL146 (located in the F4 tar-
get site). Actually, also multiple haplotype sequences
were identified by long amplicon sequencing. Compari-
son of sequencing data from both approaches clearly
demonstrates limitations as well as main advantages of
long amplicon sequencing. First, our findings indicate
a potentially higher detection rate of low abundance
populations by short amplicon compared to long ampli-
con sequencing as observed in two samples. Since short
range PCRs usually show a higher sensitivity and are less
prone to fragmented DNA found in patient samples, low
abundance templates are easier to amplify. This makes
this genotyping approach particularly suitable for initial
screening of mixed infections. Second, short amplicon
genotyping may strongly underestimate the intra-host
diversity.

Our data show that individual haplotypes can carry the
same genotype sequences across the respective target
region but are otherwise substantially diverse. Moreo-
ver, SN'Vs of the same genotype which can be detected
by short amplicon sequencing will not represent the
overall haplotype diversity. Third, intra-host haplotype
sequences show stretches of identity interspersed by
diverse sections. This observation underlines the useful-
ness of long sequencing reads to identify co-linearity of
multiple polymorphic regions of individual haplotype
sequences which could not be assessed by short reads.
Third generation long read sequencing platforms, such as
SMRT sequencing from PacBio and Nanopore sequenc-
ing from Oxford Nanopore Technologies open this pos-
sibility due to its extended read length [28, 29].

Conclusions

In this study, we established and successfully applied
a long read sequencing technique to long amplicons
and identified co-linear genome stretches (haplotypes)
in patient samples with mixed HCMV populations.
This strategy for haplotype determination allows link-
age analysis of multiple non-adjacent polymorphic sites
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along up to 7.7kb. This allows a better approximation to
the true strain diversity in mixed samples, which short
read sequencing approaches failed to do. Taken together,
this study provides the basis of a novel HCMV genome
characterization strategy which will lead to an improved
understanding of intra-host diversity and the dynamics of
mixed HCMYV strain populations. This could have impor-
tant implications for diagnostics, treatment, and vaccine
development.

Methods

Primer design for long range PCR

Primers are depicted in Supplementary Table 1. A total
of 310 whole genome sequences were screened for con-
served regions in the NCBI Multiple Sequence Align-
ment Viewer 1.11.1. Optimal primer sequences within
the conserved regions were determined with Primer-
Blast. In silico primer design was performed using the
GeneArt® Primer and Construct Design Tool with the
Single Site-Directed Mutagenesis option. Sequences of
desired target regions which include highly polymorphic
regions within the UL section were derived from strain
Merlin (AY446894.2) and a blastn search with the Nucle-
otide collection database (nr/nt) was performed. Single
CDS, partial and artificial genomes were excluded.

Preparation of HCMV DNA used for sequencing

Bacterial artificial chromosomes (BAC) HCMV DNA from E.coli
TB40-BAC4-DNA was purified from 400ml of E. coli
overnight culture using the Nucleobond BAC 100 kit
(Machery-Nagel) for low-copy plasmid purification. All
steps were done according to the manufacturer. Purified
BAC-DNA was eluted in 50pl nuclease-free deionized
water, quantified using Nanodrop and stored at 4°C and
under no conditions frozen to avoid DNA fragmentation.
Purified BAC-DNA was used to establish long range PCR
assays.

HCMV DNA from fibroblast supernatant

Cryopreserved virus-stock vials of strains Merlin
(AY446894) and TB40-BAC4-luc (derivative of TB-
BAC4, EF999921 [39]) derived from HFF superna-
tant were used for HCMV DNA purification. 500 ul of
thawed virus stock samples were transferred into 2ml
of lysis buffer and eluted in 50l elution buffer using
the bead-based NucliSens EasyMagextractor (BioMé-
rieux). Quantification of HCMV DNA was done by
HCMV-specific qPCR (see below) and stored at 4°C
before being directly subjected to Illumina and PacBio
sequencing or taken as template for long range PCR.
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HCMV DNA from BAL samples

Six BAL samples stored at —20°C, all from patients
who received lung transplants at the Medical University
of Vienna between 2014 and 2016, were investigated.
DNA was isolated using the QIAamp Viral RNA Mini
kit (Qiagen). 250 ul of BAL solution was lysed and fur-
ther purified as described in the manufacturer’s proto-
col. DNA was eluted from columns with 70l elution
buffer. HCMV DNA was quantified by HCMV-specific
qPCR (see below) and stored at 4°C before being sub-
jected to short and long range PCR.

Artificial mixtures of two distinct HCMV DNA genomes
HCMV DNA either purified from Merlin or TB40-
BAC4-luc virus stocks were diluted to the appropriate
concentrations and mixed to achieve the ratios as listed
in Table 5. Five pl of each mixture (total HCMV DNA
ranged from 3 x 10° to 1 x 10 copies per ml) was used as
template DNA for amplification by long range PCR.

DNA quantification

Purity and content of BAC-DNA and cell-culture-
derived DNA was quantified using the NanoDrop
1000 tool (Peqlab). Amount of PCR amplicons was
determined using the Qubit" double-stranded DNA
High-Sensitivity Assay according to the manufacturer’s
instructions (Thermo Fisher Scientific) on the Qubit
2.0 fluorometer. HCMV-specific DNA of cell-culture-
derived DNA and BAL samples was quantified by an
in-house qPCR as previously described [40] and cell-
culture-derived HCMV DNA for generation of artificial
mixtures was additionally quantified by a gH genotype-
specific PCR, also as previously described [41].

Long range PCR amplification

PCR enzymes initially used for evaluation of sensitivity
and specificity of long range PCR are listed in Table 1
and Supplementary Table 2. Target regions chosen for
evaluation are shown in Fig. 1. After evaluation, LA
Taq HS DNA polymerase kit from TaKaRa (TaKaRa
Bio) conveyed the best performance and was there-
fore further used. For long range PCR 15ul master-
mix (0.25pl Taq, 2.5ul 10x buffer, 4 ul dANTPs, 9.75 ul
nuclease-free water, 1.25 primer each) was combined
with 10pl extracted DNA. Correlating copy number
input for individual samples can be seen in Tables 4a
and 4b and Supplementary Table 11. The cycling pro-
gram was 94°C for 1 min, 30x (98°C for 10s, 68°C for
1min/kb) and without an additional extension step to
avoid PCR-mediated recombination. Small aliquots of
the PCR products were visualised on analytical agarose
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gels, then quantified by Qubit and subjected to library
preparation for Illumina and PacBio sequencing.

Short range PCR amplification

HCMV DNA positive BAL samples were screened for
mixed genotype infections by short range PCR ampli-
fication of polymorphic target regions within envelope
glycoprotein N (gN), envelope glycoprotein O (gO), and
UL146 (nested PCR). Detailed description of PCR ampli-
cons, associated primers and respective annealing tem-
peratures are listed in Supplementary Table 1. For PCR,
19ul AmpliTaq Gold 360 Mastermix (Applied Biosys-
tems) and 0.5 ul of each primer was combined with 5 ul of
extracted BAL DNA. Initial denaturation was performed
at 95°C for 10 min followed by 40 cycles of 95°C for 1 min,
annealing for 1 min at 50-61°C, and elongation at 72° for
1min, with a final extension time of 5min at 72°. For the
second step of the nested UL146 PCR, 40 pl master mix
and 8 ul PCR grade water was mixed with 2 ul of the first
PCR product. Small aliquots of the PCR products were
visualised on analytical agarose gels, then quantified by
Qubit and subjected to library preparation for Illumina
sequencing.

PacBio SMRT sequencing

SMRT bell library preparation and sequencing were per-
formed by the Next Generation Sequencing Facility at
Vienna BioCenter Core Facilities. Long range PCR ampli-
cons and non-enriched DNA were further purified using
the QIAEX II Gel extraction Kit (Qiagen). Due to indis-
pensable loss of HCMV DNA (>80%) during gel extrac-
tion, both non-enriched DNA and PCR products were
subjected to the protocol: Desalting and Concentrat-
ing DNA Solutions. All steps were performed as adver-
tised in the protocol and the HCMV DNA was eluted
in 20pl of Tris buffer. For library preparation a mini-
mum DNA input of 700ng and 2.5 pg for amplicon and
whole genome sequencing was required, respectively.
Initial quantification and purity were measured with the
NanoDrop 1000 tool (Peqlab) and a Qubit 2.0 fluorom-
eter (Thermo Fisher). Large fragment analysis was per-
formed with a Femto Pulse system and the genomic DNA
165kb Kit (Agilent). Non-enriched DNA was sheared to
an expected fragment length of <10kb. Samples were
indexed and multiplexed according to the Sequencing
facility. Subsequent to library preparation a blue pip-
pin size selection (Sage Science Inc.) was used to isolate
target fragment lengths of long range PCR amplicons.
Sequencing was performed on a PacBio-Sequel system
for 10 and 20h for cell-culture derived and BAL samples,
respectively. Details on PacBio sequencing run informa-
tion is listed in Supplementary Table 3.
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lllumina sequencing

Two ng input DNA per sample was used for library prep-
aration using the Nextera XT library preparation kit, and
samples were indexed using the Nextera XT index kit
(Ilumina). After index PCR, samples were purified with
45l of Agencourt AMPure XP magnetic beads with a
sample to beads ratio of 3:2 (Beckman Coulter), normal-
ized by Qubit quantification and pooled to generate a
4nM library. To compensate for low diversity libraries, a
12 pM PhiX control spike-in of 2.5% was added. Single
and paired-end sequencing (150 to 250cycles, V2 kits)
was done on an Illumina MiSeq instrument with auto-
matic adapter trimming (Illumina). Raw reads in fastq
format that passed filters were used for analysis using
CLC Genomics Workbench 12.0 (Qiagen). Detailed
information on MiSeq sequencing runs is listed in Sup-
plementary Table 4.

Bioinformatical workflows for PacBio and Illumina reads
Generation of circular consensus sequence reads

upon PacBio sequencing

Bam files of PacBio raw reads were demultiplexed using
Lima (https://github.com/pacificbiosciences/barcoding/)
with default parameters and symmetric options. In order
to generate Highly Accurate Single-Molecule Consen-
sus Reads, demultiplexed subreads were aligned with the
PacBio ccs tool of Bioconda (https://github.com/Pacif
icBiosciences/ccs). During this process, multiple reads of
the same SMRTbell sequence are combined to produce
high quality consensus sequences. To prevent incorrect
analysis due to heteroduplexes, consensus sequences for
each strand of a molecule were separated by strand. For
all following steps, each forward and reverse strand was
treated as individual single-strand reads. No full-length
subreads were required for ccs generation, a minimum
predicted accuracy of 0 and a minimal number of passes
for ccs of 0 was chosen (Supplementary Table 3). Result-
ing ccs reads were further analysed using CLC Genomics
Workbench 12.0 (Qiagen Bioinformatics). Low-quality
reads were filtered out using the Phred-like Quality Value
for each ccs read.

Trimming and mapping for error calculation

[lumina fastq reads were imported as paired-end reads
and PacBio ccs were imported as single reads into
CLC Genomics Workbench. Raw reads were quality
trimmed by using the modified-Mott trimming algo-
rithm (pError = 10-10) with a base-calling error prob-
ability of 0.01 or 0.001 (Phred quality score of 20 or 30,
respectively), an ambiguous limit of 2 in a read, a mini-
mum and maximum number of nucleotides in reads
of 100 and 9000, respectively. Human genomic DNA
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reads were filtered out by randomly mapping them
against the latest reference genome GRCh38 (acces-
sion GCA_000001405.28), with default setting param-
eters for match/mismatch scores and insertion/deletion
costs, length fraction of 0.3, and similarity fraction of 0.8.
PacBio-derived reads were further trimmed to exclude
reads lower 500 nucleotides. Remaining reads from
both sequencing platforms were randomly mapped to
the pathogen reference sequences Merlin and TB40-
BAC4-luc, respectively, with default setting parameters
for match/mismatch scores and insertion/deletion costs,
length fraction of 0.3, and similarity fraction of 0.8.
Details are listed in Table 2 and Supplementary Table 5.

For error calculation resulting mappings were used.
Therefore, the total number of bases as well as the total
number of substitutions, insertions and deletions were
counted to calculate the respective error rates. Error rate
estimation was further divided into the 4 distinct bases
in the reference sequence to estimate substitution among
bases. Analysis was performed using the function QC for
Read Mapping of CLC Genomics Workbench 12.0.

Trimming and mapping for ratio estimation

Mlumina fastq raw reads were quality trimmed with
a base-calling error probability of 0.001, an ambigu-
ous limit of 2 in a read and a minimum and maximum
number of nucleotides in reads of 100 and 9000, respec-
tively. Human genomic DNA reads were filtered out as
described.

First, quality trimmed and filtered reads were randomly
mapped to the Merlin and TB40-BAC4-luc amplicon
reference sequences, with default setting parameters for
match/mismatch scores and insertion/deletion costs,
length fraction of 0.3, and similarity fraction of 0.8 to
determine the overall % of HCMV-specific reads. Sec-
ond, for ratio estimation genotype-specific reads map-
ping to highly polymorphic regions within glycoprotein
H (gH) (position in CDS of Merlin strain: 1 to 180), gO
(1 to 680), and gN (1 to 220), were considered. In total, 2
gH, 8 gN, and 8 gO genotype sequences were used as ref-
erence sequences for mapping (Supplementary Table 6).
Mapping parameters were: default setting parameters
for match/mismatch scores and insertion/deletion costs,
length fraction of 0.3, similarity fraction of 0.95, and non-
specific matches were ignored. Merlin and TB40-gen-
otype-specific reads were counted to estimate the ratio.
Reads mapping to one or more of the other genotype
reference sequences were counted to determine the false-
positive mapping rate.

Trimming and mapping for genotype determination
[lumina fastq reads were quality trimmed with a base-
calling error probability of 0.001, a minimum number of
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nucleotides in reads of 100, and human genomic DNA
reads were removed. Then, quality trimmed and filtered
reads were mapped to highly polymorphic regions within
gO (1 to 680), gN (1 to 220), and UL146 (position in CDS
of Merlin strain: 1 to 360) with default setting parameters
for match/mismatch scores and insertion/deletion costs,
a length fraction of 0.3 and a similarity fraction of 0.8. A
total of 30 genotypic reference sequences were used as
previously described [19] and listed in Supplementary
Table 6.

A positive genotype mapping was scored if the number
of reads was > 10 and the consensus length corresponded
to at least 80% of the reference length. Consensus
sequences were derived from the mappings by using a
minimum read depth of 5 reads per base with low cov-
erage regions coded as ambiguities (Ns). Ambiguity
codes were inserted using a noise threshold of 0.1 and a
minimum nucleotide count of 5. Alignments of derived
consensus sequences were screened visually and unique
consensus sequences were counted as independent
genotypes.

Trimming and mapping for haplotype determination

To retain PacBio ccs reads that span the complete
amplicon length, all ccs were initially length trimmed.
For this, F3 amplicon-derived reads below 7500 and
above 8000 and F4 amplicon-derived reads below 6500
and above 7000 number of nucleotides in reads were
excluded. Remaining reads were processed with fol-
lowing parameters: quality trimming with a base-call-
ing error probability of 0.01, ambiguous limit of 2 in
a read and exclusion of low quality reads. Only reads
that span more than half of the amplicon length (4000
nucleotides for F3- and 3500 nucleotides for F4-derived
amplicons) were retained and human genomic DNA
reads removed. Remaining reads were mapped to 236
HCMV full genomes (Supplementary Table 7), with
default setting parameters for match/mismatch scores
and insertion/deletion costs, length fraction of 0.7, and
similarity fraction of 0.8 and non-specific mappings
were ignored. Consensus sequences were generated
from mappings with a consensus length of >6.9kb for
F3- and>5.9kb for F4-derived amplicons, and with a
minimum coverage of >0.1% of the average coverage
(Supplementary Tables 12a and 12b). Extracted consen-
sus sequences were aligned by muscle [42] and visually
inspected in BioEdit 7.2.5 (Ibis Therapeutics). Unique
consensus sequences were used as new reference
sequences to repeat the mapping with length and simi-
larity fraction of 0.9. New consensus sequences from
mappings spanning over the complete amplicon length
showing a uniform coverage were extracted. Ambigu-
ity codes were inserted using a noise threshold of 0.1
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and a minimum nucleotide count of 5. Unmapped reads
were further mapped to human and HCMV genomes
to confirm that no haplotype sequences got lost dur-
ing the analysis steps. After alignment and visual
inspection unique consensus sequences were counted
as independent haplotypes. To visualise the diversity
among distinct haplotypes, nucleotide alignments and
phylogenetic tree analysis of all haplotypes were per-
formed in Geneious Prime® 2019.0.3 and Mega 7.0.14
[43], respectively. Phylogenetic trees were inferred
by using the Maximum Likelihood method based on
the HKY+ G (0.05)+1 (0,27) for F3 haplotypes and
Kimura-2+ G (0,47) +1 (0,62) for F4 haplotypes. Best
fit substitution model (lowest BIC score) was assessed
with Mega 7.0.14.
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