
Original Article

Optimizing single molecule, real-time sequencing 

for enhanced characterization 

of adeno-associated viral vector genomes
Julia Manz,1 Raphael Ruppert,1 Markus Haindl,1 Jürgen Hubbuch,2 and Johannes Pschirer1

1Gene Therapy Technical Development, Roche Diagnostics GmbH, Nonnenwald 2, Penzberg 82377, Germany; 2Institute of Process Engineering in Life Sciences, Section 
IV: Biomolecular Separation Engineering, Karlsruhe Institute of Technology, Karlsruhe 76131, Germany

Monitoring the payload of recombinant adeno-associated 
viral vectors (rAAVs) used for gene therapy applications is 
essential. Long-read sequencing is a promising method to 
confirm not only the identity of the packaged DNA but also 
to assess its integrity with regard to truncations, deletions, in
sertions, and chimeras. Given its high accuracy, even in re
gions that are notoriously difficult to sequence, such as the 
rAAV’s inverted-terminal repeats, single molecule, real-time 
(SMRT) sequencing by Pacific Biosciences might be well suited 
for quality control purposes. However, the library preparation 
workflow involves multiple steps that could potentially intro
duce biases and thereby misrepresent the sample composition. 
Here, we present a systematic study investigating the influence 
of several steps on the quality of the output data. Based on 
these insights, we introduce an adapted protocol to enhance 
the SMRT technology for accurate and reproducible in-depth 
characterization of the ssDNA payload in rAAVs.

INTRODUCTION

Recombinant adeno-associated viral vectors (rAAVs) offer several 
advantages, such as low pathogenicity and long-term episomal trans
gene expression, making them promising delivery tools for gene 
therapy.1,2 To date, they have already been explored in numerous 
clinical trials and approved in several drugs.1,3 While rAAV-based 
gene therapies have improved patients’ lives, fatal outcomes have 
also occurred.4,5 Consequently, rigorous and improved quality con
trol (QC) is essential. For rAAVs, this involves characterizing both 
the capsid and the single-stranded DNA (ssDNA) payload. Ideally, 
the capsid contains either a plus or minus strand of the full-length 
expression cassette, flanked by inverted-terminal repeats (ITRs).6

However, truncated, mutated, or rearranged genomes may also be 
present. In addition, the packaging of contaminating DNA from 
other sources, such as the producer cells or plasmids, has been re
ported.7 Sanger sequencing is the current gold standard for identity 
testing, whereas quantitative polymerase chain reaction (qPCR) or 
digital PCR (dPCR) are used for the detection of predefined contam
inations.8,9 Due to its unique features, next-generation sequencing 
(NGS) has the potential to combine both, identity testing and “unbi
ased” identification of contaminants in a single assay.10 Short-read 
sequencing platforms, such as the Illumina technology, can produce 

reads with a length of up to only 300 base pairs (bp),11 making the 
detection of concatemers, chimeras, and truncations difficult. 
Long-read sequencing can overcome this hurdle by achieving read 
lengths of several kilobases (kb), thereby covering the entire rAAV 
genome sequence (∼4.7 kb)12 in a single read. Due to its high accu
racy,13,14 single molecule, real-time (SMRT) sequencing by Pacific 
Biosciences (PacBio) seems to be a promising technology. During li
brary preparation, hairpin adapters are ligated to both ends of a dou
ble-stranded DNA (dsDNA) template, resulting in a circular mole
cule called SMRTbell template. Next, a sequencing primer and a 
polymerase are bound to the hairpin, and the complex is loaded 
onto an SMRT cell. During the sequencing run, the polymerase ex
tends the primer by incorporating fluorescently labeled deoxynu
cleotide triphosphates (dNTPs). Since the SMRTbell template is cir
cular, the polymerase synthesizes a very long DNA molecule that 
contains both strands multiple times (called “passes”).15,16 With 
10%–15%, the error rate of the sequencing polymerase is quite 
high.13 However, the errors are randomly distributed and by gener
ating a consensus sequence from the long polymerase read, a high ac
curacy can be achieved.17 The final output contains only high fidelity 
(HiFi) reads with a minimum accuracy of 99% and a median accu
racy of 99.9%.18

Although the high accuracy of this platform is favorable for mutation 
detection, the library preparation involves multiple different steps 
that can introduce biases and have an effect on the integrity of the 
rAAV ssDNA. The standard protocol is as follows: first, to obtain 
the required dsDNA for sequencing, the vector genomes must be ex
tracted from the capsids first. Next, the ssDNA has to be converted to 
dsDNA which is achieved by thermal annealing of plus and minus 
genomes, according to PacBio’s protocol. In the repair and 
A-tailing step, damages such as abasic sites, nicks, and modified ba
ses are repaired, the DNA ends are blunted, and a single A-overhang 
is added so that in the next step barcoded hairpin adapters with 

Received 27 October 2025; accepted 27 March 2026; 
https://doi.org/10.1016/j.omta.2026.201728.
Correspondence: Johannes Pschirer, Gene Therapy Technical Development, 
Roche Diagnostics GmbH, Nonnenwald 2, Penzberg, Bavaria 82377, Germany.
E-mail: johannes.pschirer@roche.com

Molecular Therapy: Advances Vol. 34 June 2026 © 2026 The Author(s). 
Published by Elsevier Inc. on behalf of The American Society of Gene and Cell Therapy. 

1 

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.omta.2026.201728
mailto:johannes.pschirer@roche.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omta.2026.201728&domain=pdf


single T-overhangs can be ligated to produce circular molecules.19

Subsequently, a nuclease treatment is performed to remove “imper
fect”, i.e., non-circular SMRTbell templates and remaining adapters. 
After sample pooling, sequencing primers and polymerases are 
bound to the library and the complexes are loaded onto the 
sequencer. Between the individual steps, several bead cleanups are 
performed to get rid of the enzymes and adjust the volume and buffer 
for the subsequent reaction.20 Following this standard protocol is 
suitable for identity testing. However, in terms of QC, the library 
preparation procedure needs further improvements in order to 
reduce biases and effects on the input rAAV ssDNA. Nevertheless, 
there are almost no publications dealing with this issue.21 To close 
this gap and to improve AAV sequencing, we demonstrate the 
impact of individual steps and propose an adapted library prepara
tion protocol.

RESULTS

rAAV DNA extraction

To investigate the influence of various steps during rAAV library 
preparation and to improve the protocol, two different vectors 
were used. The first one, referred to as rAAV2-GFP, comprises an 
AAV2 capsid containing a payload of 3,342 bases encoding the 
enhanced green fluorescent protein (EGFP) and has a titer of 
∼6 × 1012 vector genomes (vg)/mL. The second, rAAV9-mGL, con
tains a genome of 4,565 bases encoding mGreenLantern (mGL) in
side an AAV9 capsid and has a titer of ∼2 × 1013 vg/mL. For verifi
cation purposes, a third rAAV, rAAV2-mGL (∼2 × 1013 vg/mL), 
identical to rAAV9-mGL, but with an AAV2-derived capsid, was uti
lized. A comprehensive overview of the vector genomes used is pro
vided in Figure 1. Analysis of the two different payloads using the 
QGRS mapper tool22 revealed 16 putative quadruplex-forming se
quences without overlaps (gray boxes in Figure 1) and 743 including 
overlaps for rAAV2-GFP. By contrast, the rAAV2/rAAV9-mGL 

genome showed 22 hits without overlaps and 8,269 hits including 
overlaps and these exhibited higher G-scores than those of 
rAAV2-GFP.

The initial step in PacBio’s rAAV sequencing workflow is DNase I 
treatment without heat inactivation to prevent premature genome 
release. However, as the vectors utilized were extensively purified 
during production (see rAAV constructs) and since comparable 
levels of contamination were observed irrespective of whether the 
digest was performed prior to sequencing or omitted (Table S1), 
we decided to skip this step for the subsequent experiments pre
sented here. Nevertheless, DNase I treatment might be necessary 
for rAAV samples of lower purity. As shown in Table S1, we did 
not observe any influence of the DNase digest on the integrity of 
the encapsidated DNA (30% full-length genomes in both cases). 
Since our experiment was conducted with an AAV2-derived capsid, 
which is the least thermostable,23 other serotypes should also be 
compatible with the DNase I treatment as suggested by PacBio.

For the next step, vector genome extraction, the protocol suggests us
ing the column-based PureLink Viral RNA/DNA Mini Kit from 
Thermo Fisher Scientific if the loss of fragments <200 bp is not a 
concern; otherwise, a pronase treatment followed by phenol/chloro
form extraction, as described by Tran et al.,24 is recommended. In a 
preliminary experiment, we compared the PureLink Viral RNA/ 
DNA Mini Kit with the QIAamp MinElute Virus Spin Kit from 
QIAGEN which is also column based and did not observe any sub
stantial differences (Figure S1). For the experiments presented here, 
the Qiagen kit was employed (hereafter referred to as column-based 
protocol). The second option, the extraction protocol by Tran et al., 
involves a pronase digest for 4 h followed by phenol/chloroform 
extraction, which is time-consuming and can be hazardous.24,25

Therefore, we sought an alternative. Since the Qiagen protocol also 
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Figure 1. Schematic representation of the vector genomes used 

Annotated vector genomes of rAAV2-GFP (top) and rAAV2/rAAV9-mGL (bottom) are shown. Putative quadruplex forming G-rich sequences are indicated by gray boxes 

above the respective genomes, with the GC content depicted in the following text.
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Figure 2. Comparison of column- and protease-based rAAV ssDNA extraction 

ssDNA from rAAV2-GFP, rAAV9-mGL, and rAAV2-mGL was extracted using either the column-based QIAamp MinElute Virus Spin Kit or a protease treatment. (A) ssDNA 

amount from multiple extractions was measured with the Qubit ssDNA assay kit, and the ratio to the expected DNA amount was calculated. rAAV_low refers to rAAV2-GFP 

(legend continued on next page) 
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involves a protease treatment for 15 min prior to column loading, we 
reasoned that we could perform only the digest, substituting the kit’s 
buffer with isothermal amplification buffer II—the buffer needed in 
the next step (see double-strand synthesis)—or even perform the 
digest without the addition of any buffer (referred to as protease 
protocol).

Following extraction, the ssDNA concentration was measured using 
the Qubit ssDNA assay kit and compared to the maximum possible 
yield calculated based on the respective titer. Although the measured 
concentration was about 1.8 times the expected amount for “low” 
concentrated rAAV2-GFP samples (∼6 × 1012 vg/mL) using the col
umn-based approach, it exceeded 2.5 times the expected amount for 
“high” concentrated rAAV9-mGL vectors (∼2 × 1013 vg/mL). To 
exclude any effect attributable to the capsid type, rAAV2-mGL was 
used for verification. Since both vectors have the same vg titer and 
the measured ssDNA concentrations were similar, they were consol
idated as AAV_high in Figure 2A. In contrast, when the protease 
protocol was used, the ratio of the obtained to expected ssDNA 
amount was about one, regardless of the titer or the use of buffer 
(rAAV2-GFP with buffer: 0.9, without buffer: 1.0; rAAV9-mGL 
with buffer: 0.9, without buffer: 0.9). Again, the results of rAAV9- 
mGL were verified with the rAAV2-mGL (Figure 2A). To investigate 
the influence of different DNA states (i.e., ssDNA and dsDNA) on 
the output of the Qubit ssDNA assay kit, a spiking experiment was 
performed. To this end, different amounts of the Qubit dsDNA 
and ssDNA standards were mixed and measured with the ssDNA 
assay kit (Table 1). The obtained values corresponded to the input 
amount of ssDNA plus 4.5 times the amount of spiked-in dsDNA.

To further analyze the extracted rAAV ssDNA, it was run on a Frag
ment Analyzer 5300 (Figure 2B). The main peak was at the expected 
length of approximately 3.3 kb for rAAV2-GFP, irrespective of the 
extraction method used. The detected difference between the two 
extraction methods might be attributed to the sizing accuracy of 
the Fragment Analyzer and differences in unresolved secondary 
structures, e.g., in the ITRs. By contrast, the rAAV9-mGL sample ex
tracted with the column-based kit showed only a minor peak at the 
expected length of 4.5 kb and an additional, highly prominent one at 
about 25 kb, which is most likely caused by multimers. Using prote
ase for the ssDNA extraction increased the intensity of the mono
meric peak while decreasing the signal of the multimers. To investi
gate whether this observation was due to the different vector genome 
titers of rAAV2-GFP and rAAV9-mGL, 1:2 and 1:4 dilutions of 
rAAV9-mGL were extracted with the Qiagen kit and loaded onto 
the Fragment Analyzer. With increasing dilution, the ratio between 

monomeric and multimeric signal slightly increased but was not 
anyway near to that of rAAV2-GFP. The same trend as for 
rAAV9-mGL could be observed for rAAV2-mGL (Figure S2A). In 
line with these results, conversion into dsDNA using the 3′ ITR as 
a primer failed to yield a product for the undiluted or 1:2 diluted 
samples but succeeded with the 1:4 dilution. Double-strand synthesis 
was most efficient for the sample extracted via protease treatment 
(Figure S2B).

Moreover, the obtained ssDNA was used as input for library prepa
ration, which includes several bead cleanup steps. The magnetic 
beads used are suspended in a buffer containing salts and polyeth
ylene glycol (PEG). If the concentration of these two compo
nents—determined by the used volume of the solution—is high 
enough, DNA fragments of all lengths can bind non-specifically to 
the cleanup beads. However, larger DNA molecules display a higher 
affinity. Therefore, with lower concentrations of PEG and salts, only 
larger nucleic acids with high affinity can bind to the beads.26 Conse
quently, to minimize DNA loss, we increased the bead ratio during 
the cleanups from 1.3× volume/volume (v/v) to 2× v/v. The output 
data of the sequencing run were analyzed with respect to read lengths 
and DNA state. Duplexes result from annealed DNA strands, 
whereas fragments containing ITRs that can serve as primers—filled 
up resulting in molecules with an ITR in the symmetry axis—are 
defined as fill-ups. Snapbacks27 are similar to fill-ups but lack an 
ITR in the symmetry axis. Finally, reads having multiple supplemen
tary alignments, i.e., being split into several parts because they fit 
non-adjacent positions in the references, are classified as multimers. 
These could include, for instance, chimeric genomes, unresolved 
multimeric genomes from rolling-hairpin replication, or artifacts 
of the second-strand synthesis. Strikingly, although the sequencing 
results were very similar for rAAV2-GFP DNA extracted with either 
the kit or the protease, there was a substantial difference between the 
extraction methods for rAAV9-mGL. While the column-based 
approach resulted in a high proportion of duplex DNA and no 
full-length reads, the protease digest resulted predominantly in fill- 
ups and about 18% full-length genomes (Figure 2C). These findings 
were reproducible with rAAV2-mGL (Figure S3; Table 2). Conse
quently, extracting the rAAV ssDNA via protease digest appears 
superior.

Conversion of ssDNA to dsDNA

After extraction, the standard PacBio protocol suggests converting 
the obtained ssDNA to dsDNA via thermal annealing of plus and 
minus genomes.20 However, this approach may introduce biases 
and lead to a loss of information. On the one hand, truncated 

with a titer of ∼6 × 1012 vg/mL and rAAV_high comprises the results of rAAV9-mGL and rAAV2-mGL with a titer of ∼2 × 1013 vg/mL. Shown are the average ratios with error 

bars representing 95% confidence intervals. n = 4 for rAAV_low column and protease based, n = 5 for rAAV_high column based, n = 6 for rAAV_high protease based. (B) The 

extracted ssDNA was analyzed using a Fragment Analyzer 5300. One representative electropherogram is shown per condition. The expected lengths are approximately 3.3 

kb for rAAV2-GFP and 4.5 kb for rAAV9-mGL. A magnified view of the size distributions up to 8 kb is provided on the right. RFU values were normalized to the peak with the 

highest intensity. (C) Distribution of the read lengths mapping to the reference plasmids. The DNA states are depicted in different colors. Due to the used method for dsDNA 

generation, full-length reads should be fill-ups with a length of approximately twice that of the rAAV genome, which would be ∼9.1 kb for rAAV9-mGL and ∼6.7 kb for rAAV2- 

GFP. RFU, relative fluorescence unit.
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genomes might not find an annealing partner and therefore be di
gested during the nuclease treatment at the end of library prepara
tion. On the other hand, they could anneal with another molecule 
of not the exact same size. During the repair step, blunt ends are 
created by filling in 5′ overhangs and removing 3′ overhangs. Hence, 
if the two annealed molecules are not identical in size, this leads to 
misrepresentation of partial genomes in the data. In contrast, if the 
size differs considerably between the annealing partners, the repair 
enzymes might be unable to generate blunt ends. In this case, no 
adapters could be ligated, and thus, again, the molecules would be di
gested by the nuclease. Therefore, we opted to replace thermal an
nealing with double-strand synthesis using the ITR with the free 
3′–OH group as a primer. In theory, any encapsidated DNA should 
contain at least an ITR at the 3′ end, since ITRs are essential for the 
packaging of DNA into capsids,6 and the small Rep proteins are re
ported to channel the ssDNA in 3′→5′ direction through the 5-fold 
pore into the capsid.28–30 For dsDNA synthesis, a polymerase with 
strand displacement function but lacking 5′→3′ exonuclease activity 
is required, as it must displace the 5′ ITR without digesting it. As part 
of a previous study, we evaluated several such polymerases including 
Bst 3.0, Bsm, Bsu, Deep Vent, EquiPhi29, and phi29 (Figure S4). Bst 
3.0 and Bsu were superior in converting rAAV ssDNA to dsDNA re
sulting in almost no artifactual species, e.g., fragments substantially 
exceeding the rAAV packaging capacity. Since the obtained dsDNA 
amount was higher and closer to the expected value using Bst 3.0, we 
decided to proceed with this polymerase. With the 3′ ITR serving as a 
primer, the resulting molecules have only one open end meaning 
only one hairpin adapter can be ligated during library preparation 
(Figure 3A). As an SMRT read is defined as the sequence between 
two adapters, our SMRTbell templates are expected to result in twice 
the read length of the original molecules (see, for example, 
Figure 2C).

In order to inactivate the protease and to resolve annealed ge
nomes prior to double-strand synthesis, the DNA samples were 
heated to 95◦C and immediately chilled on ice. Interestingly, add
ing the polymerase buffer and MgSO4 before or after this heat 
shock had a substantial impact on the DNA state as detected by 
NGS (Figure 3B). While adding these components right from 
the beginning to rAAV2-GFP ssDNA resulted in a high propor
tion of duplexes, omitting them during the heat shock yielded 
almost 100% fill-ups, irrespective of the extraction method. Repre

sentative read length plots including the DNA state are shown for 
the Qiagen Kit in Figure 3B. Concerning rAAV9-mGL and 
rAAV2-mGL, no conclusion could be drawn for column-based 
extraction, as this approach did not yield any full-length reads 
(Figure 2C top left and Figure S3 left). With the protease treat
ment, no duplex DNA was detected, irrespective of whether buffer 
and MgSO4 were added before or after the heat shock. To further 
investigate this, the effect of these components on the melting 
temperature was analyzed. Indeed, the melting temperature of a 
6.2 kb linearized plasmid, measured on a LightCycler using 
SYBR Green I, increased from 91◦C to 94.5◦C upon addition of 
the buffer and MgSO4. Based on these results, we would recom
mend extracting the rAAV ssDNA via protease digestion in the 
absence of buffer and adding all components for the dsDNA syn
thesis only after the heat shock.

Repair and A-tailing

Following conversion to dsDNA and a bead cleanup, the samples 
undergo a repair and A-tailing step. Abasic sites, nicks, and base 
modifications are repaired, the DNA ends are blunted, and a single 
A-overhang is introduced.19 Since our rAAV library preparation 
workflow starts with ssDNA and utilizes a polymerase for sec
ond-strand synthesis, the occurrence of nicks is unlikely, as they 
would terminate the synthesis process. Furthermore, Bst 3.0 natu
rally incorporates an A at the 3′ end. Therefore, we questioned 
whether this step is necessary and if it might introduce some 
kind of bias. PacBio’s protocol involves incubation at 37◦C for 
30 min for DNA repair, followed by 65◦C for 5 min for 
A-tailing. We compared the standard protocol with omitting the 
65◦C step, and thus the A-tailing, and with skipping the entire 

Table 1. Evaluation of the influence of dsDNA on the output of the Qubit 

ssDNA assay kit

Used dsDNA amount [ng/μl] 10 6.67 5 3.33 0

Used ssDNA amount [ng/μl] 0 6.67 10 13.33 20

Measurement 1 [ng/μl] 46.8 33.6 31.0 26.2 20.0

Measurement 2 [ng/μl] 48.6 33.0 31.4 27.6 23.0

Average [ng/μl] 47.7 33.3 31.2 26.9 21.5

dsDNA, double-stranded DNA; ssDNA, single-stranded DNA.

Table 2. Percentages of full-length rAAV reads obtained from different 

rAAVs, ssDNA extraction methods, and the inclusion or exclusion of the 

repair and A-tailing step during library preparation

rAAV Extraction method Repair & A-tailing step % full-length

rAAV2-GFP column based yes 37

rAAV2-GFP column based only repair step 51

rAAV2-GFP column based no 41

rAAV2-GFP protease yes 40

rAAV2-GFP protease only repair step 51

rAAV2-GFP protease no 43

rAAV2-mGL column based yes 0

rAAV2-mGL protease yes 18

rAAV9-mGL Ccolumn based yes 0

rAAV9-mGL column based only repair step 0

rAAV9-mGL column based no 0

rAAV9-mGL protease yes 18

rAAV9-mGL protease only repair step 47

rAAV9-mGL protease no 22

rAAV, recombinant adeno-associated viral vector; ssDNA, single-stranded DNA.
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step. For rAAV2-GFP, we tested ssDNA extracted via both the Qia
gen kit and protease treatment. For rAAV9-mGL, only protease-di
gested samples were included. The percentages of obtained full- 
length genomes are summarized in Table 2, and the read length 
plots for the samples extracted with the protease are shown in 
Figure 4. A consistent trend was observed across all samples: the 
standard protocol resulted in the lowest percentage of full-length 
genomes (rAAV2-GFP column based: 37%, rAAV2-GFP protease 
based: 40%, rAAV9-mGL: 18%), whereas omitting the entire repair 
and A-tailing step showed slightly better results (rAAV2-GFP col
umn-based: 41%, rAAV2-GFP protease-based: 43%, rAAV9-mGL: 
22%). Skipping only the 65◦C step resulted in the highest percent
age of full-length genomes (rAAV2-GFP column based: 51%, 
rAAV2-GFP protease based: 51%, rAAV9-mGL: 47%) and showed 
the best agreement with mass photometry data (Figure S5). The 
different extraction methods for rAAV2-GFP showed comparable 

results. For rAAV9-mGL, the difference between the standard pro
tocol and omitting the A-tailing step was most prominent. To 
ensure that omitting the 65◦C step did not compromise contamina
tion detection, we compared the percentages of bases mapping to 
reference sequences of potential contaminants and observed only 
minor differences (Table S2).

DISCUSSION

In gene therapy, monitoring the rAAV payload is crucial to ensure 
the safety and efficacy of the treatment. Due to its high accuracy 
and long read lengths,18 SMRT sequencing seems to be a particularly 
well-suited technique. Nevertheless, library preparation involves 
various steps that can introduce biases and thus impact the output 
data. To improve the QC of encapsidated DNA, we investigated 
the impact of individual library preparation steps and propose an 
adapted protocol.

Figure 3. Schematic of rAAV SMRTbell templates and influence of the time point of adding buffer and MgSO4 on the DNA state of the library molecules 

(A) Following thermal annealing of rAAV ssDNA, hairpin adapters can be ligated to both ends of the resulting dsDNA. In contrast, double-strand synthesis using the 3′ ITR as a 

primer results in only one open end and thus one ligated adapter. (B) rAAV2-GFP genomes were extracted using the QIAamp MinElute Virus Spin Kit and the ssDNA was 

heated to 95◦C. The buffer for the double-strand synthesis and MgSO4 were added either before (left) or after the heat shock (right). Following double-strand synthesis, library 

preparation, and SMRT sequencing, the read lengths and DNA states were analyzed. In addition to the expected full-length fill-ups at approximately 6.7 kb, a lot of full-length 

duplexes, i.e., annealed DNA with a length of approximately 3.3 kb, are visible if the buffer and MgSO4 are added before the heating step. In contrast, almost no duplex DNA is 

observed if these components are added after the heat shock.
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To sequence the DNA, it first must be extracted from the capsids. 
This step can already have a substantial impact on the genomes. 
When using the column-based QIAamp MinElute Virus Spin Kit, 
the measured ssDNA concentration was more than 2.5 times the ex
pected amount for rAAV samples with a titer of ∼2 × 1013 vg/mL, 
irrespective of whether the capsid was from AAV9 or AAV2 derived. 
For rAAV2-GFP with a titer of ∼6 × 1012 vg/mL, the measured 
amount was 1.8 times as high as anticipated. In contrast, using 
only a protease digest to release the ssDNA resulted in the expected 
amount for all samples (Figure 2A). This difference might be attrib
uted to the following: AAVs can package genomes of both polarities 
with equal frequency31 and these strands can anneal, thereby form
ing dsDNA.32 On the column of the Qiagen kit, the vector genomes 
come into close proximity to each other, which facilitates annealing 
or the formation of other multimeric structures. This could occur 
more frequently with increasing titer and, consequently, higher 
genome concentrations. According to the manufacturer of the Qubit 
ssDNA assay kit, the dye for labeling the nucleic acids cannot distin
guish between ssDNA and dsDNA.33 A spiking experiment revealed 
that for dsDNA, the ssDNA kit detected approximately 4.5 times the 
actual input amount (Table 1). Consequently, the obtained rAAV 
ssDNA amount cannot be determined reliably when using col
umn-based extraction due to an overestimation that increases with 
the titer. Nevertheless, annealing would also be expected for samples 
extracted using only protease treatment. Since both extraction 
methods employ the same digestion protocol, they should release 
the rAAV ssDNA equally well. While DNA loss may occur during 

Figure 4. Influence of the repair and A-tailing step 

on read length distribution 

ssDNA from rAAV2-GFP and rAAV9-mGL was extracted 

using protease treatment. The library preparation was 

performed according to PacBio’s protocol, omitting the 

65◦C step for A-tailing or without the entire repair and 

A-tailing procedure. After SMRT sequencing, the read 

lengths were analyzed. Full-length fill-ups are expected 

at approximately 6.7 kb and 9.1 kb for rAAV2-GFP and 

rAAV9-mGL, respectively.

column purification, the protease protocol 
does not include any purification steps. There
fore, equal or even higher ssDNA amounts 
might be expected for this approach. However, 
this was not observed; instead, the measured 
values corresponded to the expected ssDNA 
amounts. Consequently, the issue of dsDNA 
formation that impairs the Qubit ssDNA con
centration measurement can be circumvented 
or at least mitigated by using only a protease 
treatment for extraction. Interestingly, while 
rAAV2-GFP ssDNA showed mainly the ex
pected length on the Fragment Analyzer irre
spective of the extraction method, the result 
for rAAV9-mGL exhibited a dependency on 

the employed extraction protocol (Figure 2B). When using the col
umn-based approach, the main signal was located at approximately 
25 kb, and its intensity decreased only slightly with increasing dilu
tion, even with a 1:4 dilution resulting in a lower titer than rAAV2- 
GFP (Figure S2A). If the protease was used instead of the kit, a signal 
at 25 kb remained visible but the main peak was located at the ex
pected length. This result is surprising, since formamide, which 
was used for the length analysis for ssDNA and which is known to 
denature DNA,34 was unable to resolve the signal at 25 kb which is 
most likely caused by multimeric structures of non-covalently linked 
rAAV genomes. This observation is in line with the difficulties in 
converting the ssDNA to dsDNA which only worked for the 1:4 
diluted rAAV ssDNA sample but was much better for the prote
ase-extracted DNA (Figure S2B). It appears that neither formamide, 
the heating step prior to double-strand synthesis, nor the strand 
displacement activity of Bst 3.0 could resolve the assumed multimers. 
Thus, they are likely not the product of simple annealing but rather 
the result of other interactions. The magnitude of these interactions 
seems to correlate with the concentration, as higher dilutions led to a 
slight decrease in the multimeric signal, and enabled double-strand 
synthesis (Figure S2). However, as this problem did not occur for 
rAAV2-GFP, it appears to be additionally dependent on the 
sequence of the payload. Guanine quadruplexes (G4), which are 
widespread across the genomes of all organisms and are also known 
to occur in AAV ITRs, exhibit high thermal stability.35,36 DNA re
gions with clusters of 2–5 guanosines separated by 1–7 nucleotides 
(G(≥2)-N1–7-G(≥2)-N1–7-G(≥2)-N1–7-G(≥2)) can form these 
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structures.35 Here, 4 guanines are linked through 8 Hoogsteen 
hydrogen bonds to form a planar square, stabilized by a central 
monovalent cation such as K+, Na+, or Li+. The stacking of these 
so-called G-tetrads results in G4.34,37,38 These structures, which 
can be formed intra- or intermolecularly,39,40 play a pivotal role in 
regulating biological processes. For instance, they can interfere 
with elongation during transcription,35 and thus potentially also 
with our double-strand synthesis. Analyzing the rAAV2-GFP and 
rAAV9-mGL genomes for putative G4-forming sequences resulted 
in 16 hits without overlaps and 743 hits including overlaps for 
rAAV2-GFP (Figure 1). In contrast, 22 hits without overlaps and 
8,269 hits including overlaps were identified for rAAV9-mGL, and 
they exhibited higher G-scores, indicating a greater likelihood of 
forming G4 structures compared to the hits for rAAV2-GFP. There
fore, it seems plausible that rAAV9-mGL ssDNA forms G4s and 
that this behavior is exacerbated by increasing concentrations. 
Furthermore, sodium ions within the buffer of the QIAamp 
MinElute Virus Spin Kit might contribute to this. This hypothesis 
could explain the sequencing results shown in Figure 2C. If 
rAAV9-mGL DNA is extracted using the column-based method, un
resolvable G4s are formed, preventing conversion to dsDNA 
(Figure S2B) and subsequently to SMRTbell templates. Only short 
fragments within the sample that do not form such secondary struc
tures can be converted and sequenced. These are either 
fragments containing ITRs that can be filled up (fill-ups), fragments 
containing other secondary structures that can serve as primers 
(snapbacks), or fragments that anneal to each other, are filled up 
by Bst 3.0, and are trimmed in the repair and A-tailing step (du
plexes). In contrast, rAAV9-mGL DNA extracted via protease treat
ment might not or only at very low levels form G4s and can thus 
be sequenced. For rAAV2-GFP, which appears less prone to G4 for
mation, there is no substantial difference in the sequencing results 
depending on the extraction method. Taken together, we recom
mend using protease treatment for rAAV ssDNA extraction. First, 
measurement of the obtained DNA amount is more accurate, 
enabling a more precise input of DNA in subsequent reactions. Sec
ond, this approach could reduce certain biases. As stated in the man
ufacturer’s protocol, fragments smaller than 200 nucleotides are lost 
with the QIAamp MinElute Virus Spin Kit. Furthermore, we 
observed a significant influence of the extraction method on the re
sulting data which might be dependent on the sample concentration 
and formation of strong secondary structures. Third, the protease 
digest is approximately four times faster than the column-based 
approach.

Following the extraction, the rAAV ssDNA has to be converted to 
dsDNA. Since annealing might introduce biases due to molecules 
that cannot find an annealing partner or those forming heterodu
plexes being trimmed or filled in during the repair step, we decided 
to take a similar approach to Zhang et al.,21 namely the synthesis of 
the second strand using the 3′ ITR as a primer. Since the ITRs are 
essential for viral packaging, any encapsidated sequence should 
contain at least an ITR at the 3′ end6 and thus be converted into 
dsDNA. However, the introduction of artifacts using this method 

cannot be entirely excluded and warrants further investigation. In 
our protocol, Bst 3.0 was used to synthesize the second strand 
following a heat-shock step to denature annealed genomes. While 
adding the enzyme buffer and MgSO4 before the heating step re
sulted in an increase in duplexes and thus annealed rAAV2-GFP ge
nomes, adding them after the heat-shock led to almost exclusively 
fill-ups (Figure 3B), irrespective of the ssDNA extraction method. 
For rAAV9-mGL and rAAV2-mGL genomes extracted via protease 
digest, no annealing was observed, regardless of the time point of 
buffer addition. These observations may be attributed to differences 
in the melting temperature (Tm), which is defined as the tempera
ture where half of the dsDNA is denatured, i.e., dissociated into sin
gle strands.41 The rAAV2-GFP payload has a length of 3,342 bases 
and a Tm of 91.5◦C. Although the rAAV2/rAAV9-mGL DNA is 
longer (4,565 bases), it has a lower Tm of 89.4◦C due to its lower 
GC content compared to rAAV2-GFP. Evaluation of the influence 
of the buffer components on the melting temperature using a control 
DNA resulted in a Tm increase from 91◦C to 94.5◦C. With 91.5◦C, 
rAAV2-GFP has a slightly higher Tm than the control DNA. There
fore, its Tm in the presence of the buffer components might be 
around 95◦C. In contrast, the melting temperature of rAAV2/ 
rAAV9-mGL is approximately 1.6◦C lower than that of the control. 
It seems likely that for rAAV2-GFP, a considerable portion of the an
nealed genomes does not melt during the heating step. In contrast, 
the Tm of rAAV2/rAAV9-mGL is about 2.1◦C lower, which might 
be enough for complete denaturation at 95◦C. To avoid introducing 
bias through unintentional annealing, it is advisable to perform the 
heat shock without any buffer components. Since the obtained 
amount of ssDNA in the protease-based extraction was the same 
regardless of whether buffer was used, we would recommend per
forming this assay without the addition of buffer and adding the 
components for dsDNA synthesis after the heat-shock step. Howev
er, this is only possible as the DNA sample still contains a proportion 
of formulation buffer from the protease-based extraction. Heating 
up ssDNA to 95◦C in nuclease-free water (NFW) alone would lead 
to severe DNA damage.

The next enzymatic reaction in PacBio’s library preparation proto
col, the repair and A-tailing step, is designed to repair DNA damages, 
such as abasic sites, nicks, and blocked 3′ ends. Additionally, 5′ over
hangs are filled in, 3′ overhangs are removed, and 5′ OH-groups are 
phosphorylated prior to the generation of single A-overhangs.19 Our 
protocol involves double-strand synthesis using Bst 3.0 polymerase, 
which already results in a 3′A-overhang.42 Evaluating the necessity of 
the repair and A-tailing step revealed a substantial influence of these 
reactions on the output data (Table 2, Figure 4). Irrespective of the 
extraction method and rAAV sample, the percentage of full-length 
reads was highest when the 65◦C step (i.e., the A-tailing) was omitted 
and showed the best agreement with mass photometry data 
(Figure S5). Skipping the entire repair and A-tailing step resulted 
in only slightly improved values compared to the standard protocol 
(Table 2). Consequently, it appears that the high temperature of 65◦C 
could be problematic. Zhang et al. demonstrated that elevated tem
peratures during the A-tailing step in Illumina library preparation 
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contribute to a bias against AT-rich regions.43 They hypothesized 
that this is due to nuclease and polymerase activity during thermal 
breathing, which is the transient breakage of hydrogen bonds below 
the Tm. Two enzymes might be relevant in this context. The first is 
T4 DNA polymerase, which is used for end repair and blunting and 
exhibits a strong 3′→5′ exonuclease activity. The second enzyme, 
Taq DNA polymerase, is characterized by a 5′→3′ exonuclease activ
ity and the addition of a single A-overhang. Thermal breathing pri
marily affects base pairs at the dsDNA ends, particularly A-T pairs.44

Therefore, AT-rich DNA might be more prone to degradation by the 
3′→5′ exonuclease activity of T4 DNA polymerase. Moreover, Taq 
DNA polymerase could produce unwanted cleavage products and, 
due to inter- or intramolecular annealing of open ends, also primer 
extension products.43,45 Regarding SMRT sequencing, the composi
tion of the DNA and end repair mixes is not published. However, 
PacBio states that the PreCR repair Mix of New England Biolabs 
(NEB) was formerly used. The only polymerase included in this 
mix is Bst full length,46 which, similar to Taq polymerase, exhibits 
a 5′→3′ exonuclease activity and adds of a single A-overhang. While 
this enzyme could fill in gaps and perform A-tailing, it is not able to 
fill in 5′ overhangs or remove 3′ overhangs during end polishing. In a 
document from 2014, PacBio stated that T4 DNA polymerase is uti
lized for this purpose.47 Thus, it is possible that both enzymes, Bst 
and T4, are present in the current repair mixes, and consequently, 
the same issues as reported by Zhang et al. might occur. Although 
ITRs are generally known for their high GC content,48 the AAV2 
ITRs end with an AA motif and thus after the fill-up using Bst 3.0 
with AAA/TTA, that could potentially lead to thermal breathing, 
which would make them prone to exonuclease attacks, unwanted 
cleavage or primer extension products. Moreover, when present in 
dsDNA, such as the product of our dsDNA synthesis, the ITRs can 
adopt two possible conformations: either annealing with the comple
mentary strand, resulting in blunt ends, or forming an intramolecu
lar structure, leading to a molecule with two T-shaped hairpins at 
one end. It is also likely that the conformation interconverts between 
these two states. Furthermore, ITRs are known for their instability 
during plasmid production in bacteria, which might partly be attrib
uted to nuclease attacks.49 Thus, it seems conceivable that, at elevated 
temperatures during A-tailing, the ITRs start to “breath” (i.e., un
dergo conformational changes), leading to the issues described pre
viously for AT-rich sequences. Following this hypothesis, omitting 
the 65◦C step—and thus the A-tailing—should avoid the formation 
of artificial fragments, which aligns with the higher percentage of 
full-length genomes detected for these samples (Table 2). However, 
skipping the entire repair and A-tailing step only yields slightly 
more reads at the expected length than following the standard pro
tocol. A possible explanation for this observation might be that, after 
dsDNA synthesis, a proportion of the full-length molecules is not in 
a state accessible for adapter ligation. These could comprise genomes 
that were not completely filled up by Bst 3.0 or those lacking a phos
phorylated 5′ OH group. Without the repair step, these molecules 
would be lost during the nuclease treatment, leading to an overrep
resentation of fragments in the final data. This overrepresentation 
might be further exacerbated by the bias against larger fragments 

on the sequencer.50,51 Another explanation could be the occurrence 
of a low frequency of abasic (AP) sites in the rAAV ssDNA. Since 
DNA polymerases normally stall when encountering such sites,52

they might impair double-strand synthesis by Bst 3.0, leading to 
incomplete fill-ups. During the repair step, the DNA backbone at 
AP sites gets nicked. If there is no A-tailing, no SMRTbell adapters 
can be ligated to the resulting fragments as they lack an 
A-overhang. Conversely, with the A-tailing step, they would be 
amenable to SMRTbell template generation. Concerning the detec
tion of contaminants, only minor differences were observed between 
performing and omitting the repair and/or A-tailing. Taken 
together, when sequencing rAAVs and performing dsDNA synthesis 
with a polymerase capable of adding an A-tail, it appears advanta
geous to include the repair step, but to skip the incubation at 65◦C.

In conclusion, we show that the different steps during rAAV library 
preparation have a substantial impact on the final data. After a care
ful evaluation of the influence of the ssDNA extraction method, the 
conversion to dsDNA, and the repair and A-tailing step, the 
following adaptations to the standard protocol are recommended: 
perform a protease digest without the addition of any buffer for 
the extraction of the rAAV ssDNA from the capsid. For conversion 
to dsDNA, double-strand synthesis via Bst 3.0 is recommended in 
order to avoid biases introduced by annealing. The necessary re
agents for the polymerase should be added following the heat shock. 
Concerning the repair and A-tailing step, it is suggested to skip the 
latter one, i.e., the incubation at 65◦C, if a polymerase like Bst 3.0 
that adds a 3′ A-overhang has been used. This adapted protocol helps 
to improve the generation of unbiased sequencing data and thus con
tributes to enhanced QC of rAAV-based gene therapies.

MATERIALS AND METHODS

rAAV constructs

rAAV2-GFP comprises an AAV2 capsid containing a payload of 
3,342 bases encoding EGFP. It is a commercially available vector pro
duced by Sirion Biotech GmbH (Gräfelfing, Germany) via triple 
transfection in HEK293T cells. After cell lysis with Triton and 
PEG precipitation, vectors were purified via chromatography using 
CaptureSelect AAVX resin and iodixanol gradient centrifugation. 
The final formulation buffer contained 0.001% Poloxamer 188 in 
PBS. rAAV9-mGL and rAAV2-mGL contain a 4,565-base long 
genome encoding mGL inside an AAV9 or AAV2-derived capsid, 
respectively. They were produced in-house by triple transfection in 
HEK293T cells. Cells were lysed using Triton, and the crude lysate 
was treated with Benzonase. For purification, the rAAVs were 
captured on CaptureSelect AAVX (for rAAV2-GFP) or AAV9 (for 
rAAV9-mGL) resin and polished with anion-exchange chromatog
raphy with POROS XQ in both cases. The final formulation buffer 
consisted of 0.001% Poloxamer 188 in PBS for both rAAV samples.

DNase I treatment

DNase I digestion was performed according to the protocol “Prepar
ing multiplexed AAV SMRTbell libraries using SMRTbell prep kit 
3.0” (102-126-400) provided by PacBio.
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ssDNA extraction

To extract ssDNA from the vectors, either the QIAamp MinElute Vi
rus Spin Kit (QIAGEN, Hilden, Germany) or a protease-based 
method was used. For the former, 100 μL of rAAV sample was filled 
up with NFW to a final volume of 200 μL. The extraction was per
formed according to the manufacturer’s manual, with the exception 
that no carrier RNA was added. Finally, the ssDNA was eluted in 
50 μL buffer AVE (provided with the kit). For the protease-based 
method, 12.5 μL of protease from the aforementioned Qiagen kit 
was added per 100 μL of rAAV sample. The mixture was briefly vor
texed and incubated at 56◦C for 15 min.

ssDNA concentration measurement

The concentration of the obtained rAAV ssDNA was measured with 
the Qubit 4 Fluorometer using the Qubit ssDNA assay kit (Thermo 
Fisher Scientific, Waltham, Massachusetts, US) according to the 
manufacturer’s instructions.

Determination of obtained/expected ssDNA amount

The expected ssDNA amount was calculated based on the vg titers 
according to Equation 1.

expected ssDNA amount[g] =
amount of used vgs

6:022e23

∗ (length of ssDNA[nt]) ∗ 307:97
g

mol
bp

+ 18:02
g

mol
(Equation 1) 

To determine the ratio of obtained to expected ssDNA amount, the 
concentration of the extracted ssDNA was quantified with the Qubit 
ssDNA assay kit, and Equation 2 was applied.

obtained ssDNA amount
exp ected ssDNA amount

=
measured ssDNA concnetration ∗ voiume

expected ssDNA concentration
(Equation 2) 

Double-strand synthesis

To denature annealed genomes, the ssDNA samples were incubated 
for 5 min at 95◦C and then immediately placed on ice. For the syn
thesis, 16 units (u) of Bst 3.0 (NEB, Ipswich, Massachusetts, US) per 
500 ng ssDNA in 1× Isothermal Amplification Buffer II, 8 mM 
MgSO4 (in total), and 1.4 mM of each dNTP were adjusted to a final 
volume of 50 μL with NFW. The mixture was incubated at 65◦C for 1 
h, followed by 5 min at 80◦C. Where indicated, the buffer and MgSO4 

were added to the ssDNA prior to the 95◦C step.

Library preparation and sequencing

Following double-strand synthesis, the standard protocol “Preparing 
multiplexed AAV SMRTbell libraries using SMRTbell prep kit 3.0” 
provided by PacBio was implemented starting from step 5, with 
the following deviations: the bead ratio for purification was adjusted 
from 1.3× volume/volume to 2.0×, to minimize the loss of short 
DNA fragments. Additionally, the incubation times for bead binding 
and elution were extended to 15 min. For evaluation of the repair and 

A-tailing, samples were either processed according to the standard 
protocol, with the 65◦C incubation omitted (“without A-tailing”), 
or by skipping the entire step. In the latter case, instead of adding 
the DNA and end repair mix, the respective samples were filled up 
to the volume required for the next step with low TE buffer. The re
sulting SMRTbell libraries were prepared for sequencing according 
to the sample setup recommendations from SMRT Link and run 
on a Sequel IIe instrument (Pacific Biosciences, Menlo Park, US) us
ing the standard settings for the “Adeno-associated virus” 
application.

Bioinformatic analysis

The output files of SMRT sequencing contain only HiFi reads, i.e., 
reads with a Phred score of at least 20, and thus, no filtering is 
necessary. Using pbmm2 (v.1.16.0), a minimap253 wrapper opti
mized for PacBio data, the obtained reads were aligned against the 
plasmid sequences containing the vector genomes and sequences 
of possible contaminants. These included human DNA (GenBank: 
GCA_000001405.15), E. coli DNA (GenBank: GCA_904425475.1), 
and a generic RepCapHelper sequence (retrieved from Addgene: 
pDGM3B), which is for the serotype 3b. Comparison between the 
cap genes for AAV3b to AAV2 and AAV9 using the BLAST algo
rithm revealed more than 80% identity. This is well above the com
pressed-gap sequence identity of pbmm2, which is 70%. Therefore, 
this sequence was used as a generic reference for the different 
rAAV samples in this work.

With pysam54 (v.0.19.1) the aligned bam files were read in pandas55

(v.1.4.1) DataFrames. To determine the DNA state, the following as
sumptions were made: duplexes exhibit a very low percentage of soft- 
clipping. We set the threshold to <10%. Fill-ups should have about 
50% soft-clipping (range: 40%–60%) with the ITR in the symmetry 
axis and one supplementary alignment. Snapbacks are characterized 
similarly to fill-ups but lack an ITR in the symmetry axis. In contrast, 
multimers are defined by having at least 75% soft-clipping and more 
than three supplementary alignments. To generate the read length 
plots of the primary reads, seaborn56 (v.0.11.2) was used. For the 
full-length analysis, the number of reads beginning within 50 bp of 
the expected start position, ending within 50 bp of the expected 
stop position and having twice the length ±150 bp of the full-length 
rAAV genome was divided by the total number of rAAV reads.

Length determination

The lengths of the extracted rAAV ssDNA and the dsDNA after sec
ond-strand synthesis were determined using a Fragment Analyzer 
5300 instrument (Agilent Technologies, Santa Clara, US). For 
dsDNA, the DNF-492 Large Fragment Kit was employed according 
to the manufacturer’s protocol. Concerning ssDNA, a custom 
method was applied which is the subject of a forthcoming publica
tion and is thus not detailed herein.

Melting temperature determination

To evaluate the influence of the buffer used for dsDNA synthesis on 
the melting behavior of DNA, a plasmid was linearized and purified 
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using PacBio’s magnetic beads to remove buffer components that 
might affect the melting temperature. Isothermal Amplification 
Buffer II and MgSO4 were added to reach the identical final concen
trations employed for dsDNA synthesis. In the presence of 1× SYBR 
Green I (Thermo Fisher Scientific, Waltham, Massachusetts, US), the 
melting curves were determined on a LightCycler 480 Instrument II 
(Roche Diagnostics GmbH, Mannheim, Germany) applying the 
standard melting curve protocol for SYBR Green I, omitting the pre
ceding amplification cycles.

Identification of putative quadruplex-forming sequences

For the identification of putative quadruplex-forming sequences in 
the rAAV2-GFP and rAAV2/rAAV9-mGL genomes, the QGRS 
Mapper tool22 was used with the following parameters: maximum 
length: 30, min. G-group: 2, loop size: 0–36.

Mass photometry

Mass photometry measurements were performed as described by Eb
berink et al.57 with the following modifications: prior to measure
ment, rAAV stock solutions were pre-diluted in PBS (Gibco) to a 
final concentration of 5 × 1011 capsid proteins/mL. Measurements 
were performed using single-use sample carriers (Refeyn Ltd). 
Data acquisition was carried out on a SamuxMP Auto (Refeyn 
Ltd.) utilizing the instrument’s buffer-free focus finding routine. 
Movies were recorded for 60 s. Contrast-to-mass conversion was 
performed using an in-house rAAV preparation of known masses 
for empty and full capsids.

The boundaries obtained for the empty, partial, and full fractions 
were transferred to the NGS data using Equation 3. The result was 
multiplied by two to account for the double-strand synthesis per
formed during the library preparation workflow, which doubled 
the original DNA length.

ssDNA[bp] =
mass at border[kDa] − mass of empty capsid[kDa]

0:33
[

kDa
nucletide

]

(Equation 3) 

The empty fraction in the mass photometry data cannot be entirely 
captured in the NGS data, as completely empty capsids or very short 
fragments cannot be sequenced. Therefore, data within the empty 
fraction boundaries were excluded for both methods, and the sum 
of the partial and full populations was normalized to 100%.

DATA AND CODE AVAILABILITY
PacBio sequencing data have been deposited to the Sequence Read Archive (SRA) under 
the accession number PRJNA1347969.
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