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Introduction
Viral genome integrity is a critical quality attribute (CQA) 
for ensuring the presence of functional viral elements that 
support effective outcomes in gene therapy. Researchers 
must monitor this CQA in order to make timely decisions 
about discarding low-quality batches and avoiding 
unnecessary time and resource expenditure.

Digital PCR (dPCR) is frequently used for assessing viral 
genome integrity. One approach is an indirect measure 
that employs a 2-plex assay that targets upstream (5’ 
end) and downstream (3’ end) of the transgene. The 
completeness of the viral genome is inferred by the 
ratio of the measured copies of the two regions. 

The second dPCR-based approach uses DNA linkage 
analysis, which determines whether those 5’ and 3’ target 
regions are co-detected in the same molecule. However, 
to successfully apply DNA linkage analysis, the sample 
must be in a single-molecule regime. Conventional dPCR 
systems only have about 20,000 partitions, necessitating 
viral DNA samples to be diluted to <5000 copies per 20 
µL1. This means samples must be diluted up to million-fold 
to avoid multi-occupancy of template molecules in each 
partition2, resulting in a cumbersome and error-prone 
workflow. Without sufficient dilution, Poisson statistics 
do not apply, resulting in false positive complete genome 
assignment due to multi-occupancy of fragmented 

molecules, or under-quantification when multiple 
genome molecules occupy a single partition. Complex 
mathematical modelling is required to address the issue 
of multi-occupancy3. Overall, the limited dynamic range 
of dPCR systems restricts their practical use for linkage 
analysis for viral genome integrity measurements.

Countable PCR is an alternative platform for 
measuring viral genome integrity using DNA linkage, 
and represents a substantial improvement over 
alternatives. This technology enables single-molecule 
isolation of viral genome molecules in over 30 million 
compartments in 3D space, followed by lightsheet 
imaging that rapidly determines the co-occurrence of DNA 
targets on each molecule. This offers several improvements 
to dPCR that result in easier linkage analysis:

	■ The large number of compartments result in a 
broad dynamic range for single-molecule counting 
to reduce error and labor for serial dilutions. 

	■ True single-molecule isolation enables precise 
determination of co-occupied (linked) viral 
genome targets. 

	■ Countable Control Software delivers automatic 
linkage analysis, eliminating the need for manual 
thresholding and thereby reducing the time and 
subjectivity for data analysis.
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Here, we demonstrate the use of Countable Labs’ Universal 
Multiplex (UM) chemistry to design 3-plex integrity assays 
targeting various regions of the AAV genome, including the 
transgene. We then utilized the Countable System’s linkage 
module to measure AAV genome integrity via co-detection 
of the three regions on the vector genome.

Materials and methods

Design of Countable PCR AAV genome 
integrity assay

Each forward primer included a universal adapter 
for multiplex detection using the Universal Multiplex 
chemistry, enabling simultaneous measurement of 
multiple targets across the viral vector in a one-tube 
assay. The primer sequences are shown in Table 1. 

The experiments here were performed using two different 
configurations: 3-plex Integrity Assay A (Figure 1A) 
targeting the CMV enhancer on fluorescent detection 
channel 1 (Ch01), GFP transgene on Ch02, and the hGH 
polyA on Ch03; and 3-plex Integrity Assay B (Figure 1B) 
targeting the CMV promoter on Ch04, GFP transgene 
on Ch02, and the hGH polyA on Ch03. These targets 
were selected to span the viral vector: CMV enhancer/
promoter near the 5’ end, GFP as the transgene in the 
middle, and hGH polyA near the 3’ end. This design allows 
for assessment of viral genome integrity by detecting the 
presence or absence of each target within each isolated 
single molecule. Full-length genomes will contain all 3 
regions, while partial genomes will lack sequences at the 
5’ or 3’ ends. These primers were designed by Countable 
Labs following best practices for multiplexing and avoiding 
primer-dimer interactions and hairpin structures.

The linkage pattern detected in each partition depends 
on whether the viral genome is complete or partial. For 
example, a full-length viral genome will yield detection 
in all four targets across all four channels within the 
same partition. In contrast, partial genome fragments 
produce distinct signal subsets depending on which 
regions are retained.

Component Sequence / Description Detection 
Channel Vendor

AAV2 Plasmid 
with GFP 
transgene

Stanford 
University Viral  
Core

CMV enhancer 
F primer

 5’ TAGAAGGCACAGTCGAGGGTCAAT 

GGGTGGAGTATTTACGG 3’

Ch01

IDT

CMV enhancer 
R primer  5’ AGGTCATGTACTGGGCATAATGC 3’ IDT

CMV promoter 
F primer

 5’ GAAGCGTTTATGCGGAAGAGGACG 

TCAATGGGAGTTTGTT 3’

Ch02

IDT

CMV promoter 
F primer  5’ ATATAGACCTCCCACCGTACAC 3’ IDT

hrGFP F 
primer

 5’ CAGAAGACGGCATACGAGATCAAC 

CTGATCGAGGAGATGTT 3’

Ch03

IDT

hrGFP R 
primer  5’ CCGGTGATGGTCTTCTTCAT 3’ IDT

hGH polyA F 
primer

 5’ ACCGTAGAGTCCGAGCAATGTCTG 

ACTAGGTGTCCTTCTA 3’

Ch04

IDT

hGH polyA R 
primer  5’ CTCCAGCTTGGTTCCCAATA 3’ IDT

Table 1. DNA Templates, Primers, and Probes. Underlined bases correspond  

to the UM adapter sequences.

Figure 1. Schematic overview of two Countable PCR 3-plex genome 
integrity assay designs using Universal Multiplexing (UM) chemistry. 
The two multiplexed assays (1A. 3-plex Integrity Assay A and 1B. 3-plex 

Integrity Assay B) target either the CMV enhancer or CMV promoter, 

respectively, along with GFP and hGH polyA. Both configurations enable 

single-molecule detection of genome integrity across the AAV vector 

using customizable primer-probe sets.

A.

B.

hGH 
polyAGFPCMV 

enhancer

hGH 
polyAGFPCMV 

promoter

2© 2026 Countable Labs, Inc.  |  For Research Use Only. Not for Use in Diagnostic Procedures.

App Note  |  Measuring Viral Genome Integrity



Figure 2. Schematic illustrating the expected linkage patterns for the full-

length genome versus different possible partial genome configurations using 

the 3-plex Integrity Assay A configuration (CMV enhancer, GFP, hGH polyA).
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Figure 3. Schematic of the “complete” and “partial” synthetic genome proxies used for AAV integrity assay validation using the Assay A configuration (CMV 

enhancer, GFP, hGH polyA). 

Construction of synthetic proxies for 
complete and partial AAV genomes 

To evaluate the performance of the integrity assay, we 
used synthetic DNA proxies as shown in Figure 3.

To generate proxies for complete and partial AAV genomes 
for assay performance evaluation, we first digested the 
AAV2 plasmid with MluI-HF and BstEII-HF. This was 
followed by PCR amplification of the region spanning 
the CMV enhancer to the hGH polyA, producing a ~2kb 
amplicon representing a full-length genome.

To create partial genome proxies, the full-length amplicon 
was further digested with XhoI, yielding two fragments: 
one spanning the CMV enhancer to the GFP target, and 
another containing only the hGH polyA region. Defined 
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mixtures of these “complete” and “partial” fragments 
were then prepared at varying ratios for performance 
testing on the Countable PCR platform using the Assay A 
configuration (CMV enhancer, GFP, hGH polyA). 

Extraction of AAV genomic material  

From a batch manufacturing event, after washing and 
pelleting culture cells that harbored the AAV vector, the 
pellet was resuspended in freezing buffer (20 mM Tris-
HCl pH 8.0, 150 mM NaCl, 2 mM MgCl2 in water), freeze-
thaw fractionated, and post-treated with Benzonase. 
This crude material was spun to remove debris, and the 
clarified lysate was retained. It was then further purified 
by iodixanol gradient ultracentrifugation to create the final 
AAV vector stock.

A small volume of this stock was extracted using a 
standard protocol4. In brief, the sample was treated with 
DNase I (50 units) at 37°C for 10 minutes, followed by 
heat inactivation at 72°C for 10 minutes. Proteinase K (0.4 
units) was added to the sample and incubated at 50°C 
for 60 minutes, followed by heat inactivation at 95°C for 
20 minutes. A final 10-fold dilution was applied to the 
extracted material before loading Countable PCR.

Countable PCR protocol  

Following the Countable PCR Reaction Preparation User 
Guide, we set up a 3-plex Countable PCR reaction 
(targeting only the CMV enhancer, GFP, and hGH polyA 
regions), incorporating Universal Multiplexing Set A Kit 
for signal generation. The assay-specific thermal cycling 
protocol is shown in Table 2.

Measurement of target linkage on the 
Countable System  

Countable PCR reactions were analyzed on the 
Countable System with the linkage module option 

Table 2. Thermal cycling condition. 

Cycle Step Temperature (°C) Time

1 Initial denaturation 95 30 sec

40

Denaturation 95 10 sec

Annealing 55 30 sec

Extension 68 30 sec

1 Store 8 ∞

Table 3. Example results from CountableLinkageSummary.csv

enabled. The linked DNA target counts are found in 
the CountableLinkageSummary.csv output by the 
Countable analysis software. 

The file summarizes the number of partitions that contain 
combinations of the target regions, which are used to 
identify either “complete” or “partial” viral genomes. Each 
row in the file corresponds to a sample, and each column 
corresponds to a specific target combination. With this 
3-plex assay targeting the CMV enhancer (Ch01), GFP 
(Ch02), and hGH polyA (Ch03) regions:

	■ Counts for complete genomes (containing all 
three regions) are recorded under the column 
labeled Ch01_Ch02_Ch03

	■ Partial genomes spanning CMV to GFP are 
recorded under Ch01_Ch02 

	■ Partial genomes containing only the polyA target 
are recorded under Ch03

To calculate the percentage of each genome type, the 
count in each relevant column is divided by the sum of 
all linkage pattern counts across that row.

Using the data from Sample 1 in Table 3 as an example:

	■ “Complete” genome percentage: 

	■ “Partial” genome (CMV to GFP) percentage: 

	■ “Partial” genome (polyA only) percentage:

x =63073
85901 100 73.43%

x =1756
85901 100 2.78%

x =4401
85901 100 5.12%
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Results

Countable PCR demonstrates robust single-
plex performance for each viral genome target

To ensure variability in integrity measurements was not due 
to target-dependent assay performance, we first evaluated 
the consistency of singleplex (1-plex) assays across multiple 
regions of the AAV genome. This test was performed using 
the “complete” AAV proxy material to verify that counts 
from each target region were comparable in the context 
of an intact genome. As shown in Figure 4, primer sets 
targeting the CMV enhancer, CMV promoter (2 versions), 
hrGFP (2 versions), and hGH polyA all produced highly 
consistent counts with minimal variation across replicates. 
These results confirm that the performance of Countable 
PCR’s assay using Universal Multiplexing chemistry 
is robust and uniform across different target regions, 
supporting the flexible design of multiplex integrity assays. 

Figure 4. Targeting multiple regions along the AAV viral vector 
genome using Universal Multiplexing chemistry shows consistent 
counts on Countable PCR’s platform. Highly consistent 1-plex 

counts across multiple AAV target regions indicate that assay design 

is robust across the viral genome. This allows for assay targets that 

are highly customizable, enabling researchers to choose different 

regions of interest for AAV integrity determination. (n=4)
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Figure 5. Representative images from a reaction containing either the “complete” genome proxy or the “partial” genome proxy. The schematic reflects 

how partitions with complete versus fragmented viral genomes are distinguished.
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Countable PCR linkage analysis enables 
robust and precise quantification of linked 
genome fragments

We next applied the 3-plex integrity Assay A to defined 
mixtures of synthetic “complete” and “partial” AAV 
genome proxies that mimic varying levels of genome 
integrity. This multiplex assay targets the 5’ end (CMV 
enhancer), transgene (GFP), and 3’ end (hGH polyA) 
of the viral genome, enabling reliable discrimination 
between complete and partial genomes. Additionally, 
minimal optimization was required to adapt this assay to 
a multiplexed format. Countable PCR’s matrix captures 
targets in a true single-molecule fashion, preventing co-
occupancy of fragmented targets and ensuring accurate 
quantification of genome integrity.

As shown in Figure 5, individual partitions contain 
distinct signal combinations based on which regions 
of the genome are present. Complete viral genome 
fragments generate co-detection across all three targets 
(Figure 5A) while partial genomes display detection 
patterns corresponding to only one or two targets 
(Figure 5B). These signal combinations corresponding 
to different linkage patterns are the basis for the linkage 
summary analysis. The signal patterns are counted and 
categorized to determine the total number of complete 
and partial genome fragments in each reaction. 

Using these categorized counts, we calculated the 
percentage of each genome type per sample, as shown 
in Figure 6. When tested across a range of defined 
complete:partial input ratios, the assay captured expected 
trends: the proportion of complete genome decreased 

Figure 6. Results of different ratios of complete vs partial viral 
genome vectors using the 3-plex Integrity Assay A (CMV enhancer 
(Ch01), GFP (Ch02), hGH polyA (Ch03)). The x-axis shows the ratio of 

complete: partial genome proxies, while the y-axis shows the percentage 

of complete and partial genomes in the sample as determined by 

Linkage analysis. Observed linkage percentages for each condition were 

consistent with the expected ratios of complete genomes, confirming 

accurate detection of genome integrity across sample mixtures. 

Table 4. Summary of the average linkage percentages, counts, and CVs from the different ratios of complete vs partial genome experiments. 

Average Linkage % Measured Average counts %CV

Ratio CMV + GFP polyA only Complete 
Length CMV + GFP polyA only Complete 

Length CMV + GFP polyA only Complete 
Length

1:1 18.9% 20% 54.4% 24,721 26,225 71,226 0.65% 0.12% 2.26%

1:8 40.2% 40.9% 13.8% 74,947 76,211 25,765 1.55% 0.69% 1.78%

1:20 45% 45.4% 5% 98,991 99,843 10,973 0.73% 1.05% 0.46%

1:100 45.6% 46.8% 0.9% 109,950 112,801 2077 0.58% 1.24% 0.78%

with lower input levels of the complete template while 
partial genome signals correspondingly increased.

Notably, the percentages of CMV+GFP and polyA-
only signals remained nearly identical across all 
sample ratios. This is expected based on the restriction 
enzyme digest used to generate the partial genome 
proxies, which yields one fragment spanning CMV 
to GFP and another containing only the polyA region. 
The balanced representation of these two fragment 
types confirms the assay’s quantitative accuracy. 
Table 4 further highlights the high precision of these 
measurements, with all %CVs under 3%.
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To further evaluate the performance of this assay, we 
tested two genome integrity ratios across four input 
levels (100,000 to 5,000 molecules) using the 3-plex 
Integrity Assay B. This assay targets the 5’ end (CMV 
promoter), transgene (GFP), and 3’ end (hGH polyA) of 
the viral genome. As shown in Figure 7, the observed 
percentages of complete and partial genomes remained 
consistent across the dilution series. This demonstrates 
that Countable PCR provides reliable, quantitative genome 
integrity measurements across a broad dynamic range.

Having established the performance of the assay using 
synthetic proxies, we next applied it to a purified AAV 
sample to assess genome integrity in a native context. 
Testing this extracted sample on the Countable Labs 
3-plex Integrity Assay A showed ~53% of the transgene 
molecules were fully intact (Table 5), from the CMV 

Figure 7. Consistent quantification of partial and complete viral 
genome fragments across a 100,000 to 5,000 molecule input range 
using 3-plex Integrity Assay B (CMV promoter (Ch04), GFP (Ch02), 
hGH polyA (Ch03)). Two different ratios of partial to complete viral genome 

proxies were tested. Across both ratios, the observed proportion of partial 

and complete viral genomes remained consistent throughout the dilution 

series (n=3). This demonstrates that the assay reliably maintains quantitative 

discrimination between partial and complete genomes across a wide 

dynamic range. Data was generated using gBlock proxies representing the 

partial and complete genomes, quantified with the 3-plex Integrity Assay B.

Table 5. Detection of full-length AAV genomes from purified AAV samples using Countable PCR. Linkage summary output for a purified AAV sample analyzed with 

Countable Lab’s 3-plex Integrity assay. Two replicates are shown, with the proportion of complete genomes being ~53% in both replicates. These results are consistent 

with the expected ranges for full-length genome content based on orthogonal AAV characterization methods. 

Channel Ch01_only Ch02_only Ch03_only Ch01_02 Ch01_03 Ch02_03 Ch01_02_03
Total 
Molecule 
Counts

% 
“Complete”Target CMV 

enhancer GFP hGH polyA
CMV 
enhancer  
+ GFP

CMV enhancer  
+ hGH polyA

GFP + hGH 
polyA

CMV enhancer 
+ GFP + hGH 
polyA

Rep 1 1160 882 1080 873 599 1013 6441 12048 53.46%

Rep 2 985 783 998 712 492 832 5400 10202 52.93%

enhancer to the poly A region. This was consistent with 
orthogonal methods of integrity verification, such as 
analytical ultracentrifugation (AUC) and anion exchange 
chromatography (AEX), which typically place the full-length 
fraction of AAV preps at ~50-70% 5, 6. This concordance 
highlights the utility of the Countable assay as a quantitative 
method for assessing AAV genome integrity.

Conclusion
Countable PCR offers a novel approach for cell and gene 
therapy researchers seeking to accurately and quantifiably 
assess the genomic integrity of viral vectors by directly 
measuring the linkage of genomic regions on a viral DNA 
molecule. Countable PCR’s platform achieves this by:

	■ Offering a broad dynamic range to avoid error and bias 
from excessive dilution.

	■ Enabling true single-molecule isolation in compartments 
resulting in low-interference linkage assignment.

	■ Providing automatic counts of each target molecule, 
including their linkage assignments, avoiding the 
subjectivity of manual thresholding.

Further, the low cost and versatility of Universal Multiplexing 
(UM) chemistry make it easy to design assays specific 
to transgene targets, enabling rapid turnaround time in 
developing genome integrity assays that incorporate the 
transgene for improved measurement reliability.

Countable PCR offers a robust and flexible pathway to 
viral genome linkage analysis. With direct counts and fast 
turnaround times, Countable PCR represents a more accurate 
and powerful tool for finding critical quality attributes.
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Learn how Countable PCR brings speed to your viral 
vector genome integrity assays.

To talk to a Countable specialist about integrating one-step viral titering and 
Pre-designed Assays into your CGT program, visit countablelabs.com/contact.
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