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V a c c i n e s  section three

Comparing H1N1 Virus 
Quantification with a Unique Flow 
Cytometer and Quantitative PCR
by Patricia C. Stepp, Kirk A. Ranno, Erica D. Dawson, Kathy L. Rowlen, and Matthew M. Ferris

A novel influenza A (H1N1) virus 
was discovered in Mexico in 
early 2009 (1). Infections from 
this strain led to declaration of 

a pandemic midyear, with about 61 
million patients and 13,000 deaths 
reported by the US Centers for Disease 
Control (2). Although the pandemic 
officially ended in August 2010 (3), 
vaccines are still in demand to protect 
people against the H1N1 strain that is 
now expected to circulate seasonally for 
years to come. To best respond to 
pandemic outbreaks and annual 
composition changes, the vaccine 
industry must be able to produce large 
quantities of product in a short amount 
of time (4). New methods for culturing, 
clone screening, scale-up, and 
production require analytical methods 
that can rapidly quantify virus to ensure 
enhanced productivity. Ideal new virus 
quantification methods would be fast, 
precise, robust relative to a wide range 
of viruses, and would correlate well 
with established methods (5). 

Established methods for influenza 
virus quantification include viral plaque 
titer assays, tissue culture infective dose 
(TCID50) assays, fluorescence focus 
assays (FFAs), transmission electron 
microscopy (TEM), and quantitative 
real-time polymerase chain reaction 
(qPCR) technology (6). Plaque assays, 
TCID50, and FFA measure infectious 
counts, TEM provides total viral 
particle counts, and qPCR measures 
total genome copy numbers. Relative 

errors associated with the plaque assay 
have been shown to be 10–100%, 
whereas TCID50 has about a 35% error 
(7, 8). The immunofluorescence FFA 
assay is useful for cell lines that do not 
exhibit detectable cytopathic effects, 
but it requires target-specific antibodies 
(9). Infectivity assays provide invaluable 
results, but they are time consuming as 
well as reagent- and personnel-
intensive. 

Two primary “physical” methods 
are used to quantify viruses: TEM 
and qPCR. Transmission electron 
microscopy has been used for a 
number of years and is conceptually 
straightforward, with results 
determined from the number, shape, 
and size of imaged virus particles on a 
f lat surface. But TEM is expensive, its 
sample preparation is tedious, and the 
technique requires a skilled operator 
(10). Quantitative PCR has emerged 
relatively recently as a useful tool for 
use with some viruses. Once a well-

characterized primer set has been 
developed, it can be used to quantify 
the viral nucleic acid concentration of 
a sample within a matter of hours (11). 
In addition, qPCR can analyze low 
virus concentrations due to nucleic 
acid amplification, and it has been 
shown to successfully quantify 
numerous viruses: influenza A and B 
(12), baculovirus (13, 14), hepatitis B 
virus (15), human immunodeficiency 
virus (16), and dengue fever virus (17). 
However, qPCR also requires a skilled 
operator, and it suffers from myriad 
potential causes of failure and 
contamination (18). Given influenza’s 
susceptibility to mutation, PCR 
primer design is potentially a problem. 
Genetic change in the priming region 
could necessitate primer redesign for 
accurate results over time (19). 

Efforts continue toward improving 
existing assays (20, 22), and new 
analytical methods for virus 
quantification are being developed to 
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supplement those methods and 
overcome their limitations. Emerging 
methods must be evaluated relative to 
the standard techniques to compare 
precision, linear dynamic range, and 
time savings. One new possibility is 
flow cytometry, which offers the 
benefit of rapid sample analysis (23). 
Although this technology traditionally 
has been used for quantifying surface 
and intracellular antigens or nucleic 
acids (24), it has been used in virus 
quantification by detecting influenza A 
virus infection of Madin Darby canine 
kidney (MDCK) cells (25). But the 
researchers — and nearly all current 
flow cytometry applications for virus 
quantification — used indirect 
detection and quantification of infected 
cells rather than virus particles. 
InDevR’s Virus Counter (VC) flow 
cytometer was designed specifically to 
directly quantify virus particles. 

The specialized VC system 
capitalizes on the benefits of f low 
cytometry while providing a sensitive 
detection system that directly 
quantifies virus particles following a 
universal staining preparation step (26, 

27). Other f low-cytometry–based virus 
quantification protocols require 
expensive antibodies and a virus-
specific, multistep staining protocol 
that takes hours to perform (23). By 
contrast, the one-step VC staining 
process requires only a 30-minute 
incubation period using inexpensive, 
commercially available dyes that are 
nearly universal for all viruses. Once 
instrument settings have been 
determined, analysis time is <10 

minutes per sample. The bench-top 
VC instrument and assay represent a 
new platform for real-time virus 
quantification. 

This instrument quantifies the total 
number of virus particles per unit 
volume, which is similar to TEM 
results. In a VC assay, intact virus 
particles are quantified in suspension 
using fluorescence to detect particles 
with colocalized proteins and nucleic 
acids. A Combo Dye reagent — 

Figure 1:  Raw data screenshot of influenza A/H1N1 displaying peak data; a partial screen capture 
from the Virus Counter software shows raw data for an influenza A H1N1 sample  
(~4 × 108 vp/mL). Raw PMT signals for nucleic acid (blue) and protein (red) channels in top panel 
show 3 ms of data, and the bottom panel shows 75 ms. Threshold values for both channels (0.70 V) 
are shown as horizontal overlapping lines in the top panel.
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consisting of one dye specific for 
proteins and one specific for nucleic 
acids — is used to stain samples 
regardless of virus type. The 
instrument quantifies virus particles 
per milliliter (vp/mL) based on the 
number of events occurring 
simultaneously in two distinct 
f luorescence channels and a measured 
sample flow rate (27, 28). Figure 1 is a 
partial screen capture from InDevR’s 
Virus Counter software, which shows 
an example of the raw data obtained 
during VC sample analysis. The 
software displays photomultiplier tube 
(PMT) fluorescence signals for protein 
(red) and nucleic acid (blue) channels 
in the top and bottom panels, 

respectively displaying 3 ms and 75 ms 
segments of data. Threshold values 
(shown as overlapping horizontal lines 
in the top panel), are used to 
discriminate virus events from 
background noise and signal. 

Here we compare the VC system 
with qPCR using influenza A/H1N1 
samples to evaluate the new 
instrument and assay’s suitability as a 
rapid alternative for influenza virus 
quantification. 

Materials and Methods

Sample Preparation: We purchased 
frozen, purified, swine-origin influenza 
A/California/4/2009 (H1N1, 10-280-
500, lot #9K0019) from Advanced 
Biotechnologies, Inc. of Columbia, 
MD. The virus stock came as a 
suspension in Dulbecco’s phosphate 
buffered saline (DPBS) at pH 7.2 with 
a manufacturer-reported concentration 
of 3.16 × 106 TCID50/mL and  
1.6 × 1010 vp/mL (as determined by 
TCID50 assay and TEM, respectively). 

We prepared H1N1 dilutions for 
both the Virus Counter and qPCR 
methods using InDevR’s Sample 
Dilution Buffer (SDB) matrix: from 
50-fold to 2.5 × 1011-fold from the 
stock. For each dilution, we prepared 
300-µL samples for VC analysis and 
600-µL samples for qPCR analysis. 
Each dilution was analyzed in triplicate 
(n = 3), with VC analysis performed on 
a single day by one operator with a 
single instrument and qPCR analysis 
performed by one operator on a single 

instrument over a three-day period 
(replicate analyses on three consecutive 
days). We ran both negative and 
positive controls in addition to the 
prepared samples for both assays.

Virus Quantification By qPCR: Each 
600-µL sample was divided into three 
200-µL aliquots to allow for triplicate 
analysis (Table 1). For nucleic acid 
extraction of all specimens, we used a 
MinElute virus spin kit on the 
QIAcube automated nucleic acid 
extraction system (both from Qiagen 
in Valencia, CA) using 200 µL of 
starting material and a 60-µL elution 
volume. All other steps were 
performed according to the 
manufacturer’s recommended protocol, 
and we subsequently stored the 
extracted nucleic acid at –80 °C until 
use. Our experiments used InfA 
primers and probes from Biosearch 
Technologies (Novato, CA) as 
described in the CDC protocol 
covering real-time RTPCR for 
Influenza A (H1N1) (29). We used a 
Stratagene Mx3005p real-time PCR 
thermal cycler from Agilent 
Technologies (Santa Clara, CA). 
Brief ly, reactions are prepared using a 
SuperScript III Platinum One-Step 
qPCR kit with ROX from Invitrogen 
(Carlsbad, CA) according to the 
recommended protocol in a template-
free area with 5 µL of extracted 
nucleic acid used as a template. 

We collected f luorescence data on 
both the FAM and ROX channels, 
with the ROX channel measuring 

Figure 2:  Representative amplification plots of a qPCR assay for influenza 
A (H1N1) showing six tenfold dilutions (n = 3) with a representative error 
bar for each; the inset graph compares average Ct values against log 
dilution values, with a linear regression fit to the data (R 2 = 0.99). Error bars 
represent ±1σ from the mean. 
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Figure 3:  Comparing qPCR and VC results (vp/mL) for influenza A (H1N1); 
average threshold cycle (Ct) values (n = 3) represent the qPCR results, and 
log average vp/mL values (n = 3) represent measured VC results. 
Determination coefficient (R2) for the linear regression fit was 0.96; error 
bars represent ±1σ from the mean, and statistically significant correlation 
of results is indicated by Pearson correlation coefficient –0.98 (p < 0.001). 
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f luorescence of the ROX reference dye 
provided premixed in the reagent kit. 
We included a positive control 
specimen and a no-template negative 
control to assess for PCR failure/
inhibition and monitor potential 
contamination in each batch of 
specimens. Because the starting 
specimen was not human clinical 
material, we did not use the 
recommended internal control reaction 
(targeting human RNase P). Each 
batch of specimens was considered 
valid only if the positive control 
amplified with a threshold cycle (Ct) 
<40 and if the accompanying 
no-template negative control did not 
amplify or had a Ct value >40. 

Virus Quantification By Flow 
Cytometry: We used the 
manufacturer’s recommended 
protocols to conduct our VC assay. 
Brief ly, the Virus Counter instrument 
is validated at the beginning of each 
analysis session with a nonbiological 
positive control to ensure proper 
instrument function and performance. 
Samples are stained with a working 
Combo Dye solution (1:2 ratio of dye 
to sample) and incubated for 30 
minutes at room temperature before 
analysis. We used a 3 × 108 vp/mL 
dilution of H1N1 (based on TEM) to 
develop sample and matrix-specific 
settings. Each analysis was completed 
in ~10 minutes, including intersample 
washes.

Samples in a complex matrix 
require empirical determination of 
their sample quantification limit 
(SQL) using a negative control (matrix 
material without virus present). This is 
determined by replicate analysis of a 
negative control sample and calculated 
using the following equation:

SQL = Xneg + t99% (σneg)

where Xneg is the mean value for n 
measurements of a negative control, 
t99% is the statistical t value for N – 1 
degrees of freedom at 99% confidence, 
and σneg is the measured standard 
deviation for the negative controls. 
Our negative control consisted of a 
stained aliquot of SDB.

Statistical Analysis: We performed 
Pearson-correlation analysis to 

determine the linear correlation 
between the log-scale results of each 
assay after determining correlation 
coefficients (r) and p-values using 
Prism 5 software from GraphPad 
Software (La Jolla, CA). Statistical 
significance was confirmed with 
p-values <0.05. We used Microsoft 
Excel 2007 for linear-regression 
analysis.

Results and Discussion

We analyzed serially diluted samples 
to determine the working range for 
each assay. Figure 2 shows 
representative amplification curves 
from a series of tenfold diluted 
samples analyzed by the H1N1 qPCR 
assay. We measured the diluted 
samples in triplicate, and a 
representative error bar is shown for 
each sample. As expected, each sample 
shows the exponential, linear, and 
plateau phases of amplification as a 
function of cycle number. The 
no-template negative control 
(represented by the dotted black line) 
had no detectable f luorescence above 
background, which demonstrates no 
sample—sample carryover or 
contamination present. The inset 
graph compares average Ct values 
against the log dilution factor, with a 
linear-regression fit to the data. As 
expected, the Ct values exhibit 
excellent linearity with the log of 
dilution (based on dilution from 
original stock concentration). We 

obtained a 0.99 coefficient of 
determination, indicating successful 
amplification with minimal variation 
among repeated measurements and 
accurate dilution preparation. The 
lowest copy number quantified by 
qPCR corresponded to a 25,000,000× 
dilution of the stock. 

We determined the Virus Counter 
instrument’s sample quantification 
limit to be 9.8 × 104 vp/mL (log = 
4.99, n = 5) using the negative control 
and Equation 1. All VC results greater 
than the SQL value were considered 
statistically distinguishable from the 
negative control (“background”) and 
therefore reported. The lowest 
concentration the f low cytometer 

Table 1:  Summary results for Virus Counter (VC) and qPCR methods

Sample/Dilution Log VC Results* (vp/mL) qPCR Results* (Ct)

50× 8.65 ± 0.12 17.1 ± 1.2

250× 7.63 ± 0.03 20.2 ± 0.9

500× 7.21 ± 0.09 21.3 ± 0.9

2,500× 6.55 ± 0.09 23.5 ± 1.4

5,000× 6.30 ± 0.08 23.8 ± 1.4

25,000× 6.02 ± 0.12 26.5 ± 0.5

50,000× 5.78 ± 0.15 28.4 ± 1.0

250,000× 5.01 ± 0.04 30.9 ± 0.9

2,500,000× N/A 35.9 ± 1.7

25,000,000× N/A 39.0 ± 0.6
* Measured with the reported value being the mean ± 1σ  (n = 3)

Table 2:  Influenza A/H1N1 concentrations from different assays

Sample
TCID50 Concentration1 

(TCID50/mL)
TEM Concentration1 

(vp/mL)
VC Concentration2  

(vp/mL)

Influenza A/H1N1 3.16 × 106 1.6 × 1010 (1.6 ± 0.7) × 1010

1 Provided by influenza sample manufacturer             2 Measured with the reported mean value ± 1σ  (n = 3)

•
Not all viruses have 
commercial qPCR 
quantification kits  
available, and those 
are relatively 
expensive. 
Contamination is 
common in both set-
up and sample 
handling.
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quantified corresponded to a 250,000× 
dilution of the stock. Table 1 
summarizes both the VC and qPCR 
results obtained for all samples. 

Figure 3 shows the relationship 
between the measured VC and qPCR 
Ct values. As expected, the qPCR Ct 
values exhibit an inverse correlation 
with the log of the VC results because 
decreasing Ct values indicate an 
increase in virus concentration (20). 
We observed a statistically significant 
Pearson correlation (r = –0.98, p < 
0.001) along with a linear regression 
fit (R2 = 0.96) between qPCR and VC 
analysis. Also of note is that the f low 
cytometer’s measured precision (1.3 ± 
0.6% RSD) was less than that for 
qPCR (4 ± 2% RSD).

In published studies, both 
techniques correlated well with the 
traditional plaque titer assay (20, 27). 
Our study verifies that these virus 
quantification assays also correlated 
significantly with each other. Both 
assays quantify total viral 
concentration (infectious and 
noninfectious viruses) much faster 
than do traditional infectious assays. 
However, qPCR assays have are 
significant drawbacks. For example, 
not all viruses have commercial kits 
available, and designing primers and 
probes for a virus requires substantial 
expertise. The few commercially 
available kits are relatively expensive, 
with a higher cost per sample than VC 
analysis. Contamination is another 
common issue in both set-up and 
sample handling for qPCR assays. 
Furthermore, results are often five 
orders of magnitude higher than 
plaque titer assay results — often even 
higher than TEM results — because 
qPCR amplifies all target nucleic acid, 
whether it comes from a virion or is 
free in solution. 

We compared VC results obtained 
in our study with provided 
manufacturer values (TEM and 
TCID50) to provide additional points 
of reference. Table 2 summarizes 
H1N1 concentrations of the stock 
sample determined by TCID50, TEM, 
and VC methods. However, qPCR 
concentration could not be calculated 
because a control template of known 
concentration had not been used to 

develop a standard curve. The VC 
concentration (1.6 × 1010 vp/mL) is 
higher in magnitude than that obtained 
from TCID50 (3.16 × 106 TCID50/mL), 
which is reasonable given that TCID50 
quantifies only infectious virus 
particles. The VC concentration 
measured for the H1N1 sample was 
identical in magnitude to that reported 
by TEM (1.6 × 1010 vp/mL), which is 
not surprising because both assays 
quantify total virus counts. The flow 
cytometer, however, simultaneously 
detects protein and nucleic acid in 
solution to obtain its results rather than 
basing its detection on molecular size 
and shape (8). That imparts more 
biological relevance to results from the 
Virus Counter instrument. 

Virus concentrations are commonly 
determined using multiple assays. The 
specific assays used by each laboratory 
vary depending on user preference and 
specific needs, as do the preferred 
“standard” assays. The VC assay can 
rapidly quantify intact virus particles 
from a small sample volume and could 
prove useful in various steps during 
vaccine production, such as clone 
screening and culture-harvest time 
determination. The technique requires 
no virus-specific reagents, offers a 
more affordable per-sample assay cost 
than qPCR or TEM, uses a 
combination dyes specific for nucleic 
acids and proteins to ensure accurate 
virus particle counts, and has 
demonstrated precision better than or 
equivalent to existing assays.

Our study demonstrates the 
reliability of virus quantification 
results from the f low cytometry–based 
VC assay compared with those from 
qPCR, TCID50, and TEM. Along 
with observed precision, correlation of 
results indicates that the new assay 
presents an excellent option for rapid 
influenza virus quantification. Both 
qPCR and VC assays are valid for 
virus quantification, but the Virus 
Counter method offers advantages in 
robustness and universal applicability. 
Comparison with calculated TEM 
and TCID50 results further 
corroborate that the f low cytometer 
meets the criteria of speed, robustness, 
and precision needed with a new virus 
quantification method. The Virus 

Counter instrument is applicable to 
many laboratory environments, 
wherever rapid virus quantification is 
needed. 
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