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Methods for rapid detection and quantification of infectious viruses in the environment are urgently needed
for public health protection. A fluorescence-activated cell-sorting (FACS) assay was developed to detect
infectious adenoviruses (Ads) based on the expression of viral protein during replication in cells. The assay was
first developed using recombinant Ad serotype 5 (rAd5) with the E1A gene replaced by a green fluorescent
protein (GFP) gene. Cells infected with rAd5 express GFP, which is captured and quantified by FACS. The
results showed that rAd5 can be detected at concentrations of 1 to 104 PFU per assay within 3 days,
demonstrating a linear correlation between the viral concentration and the number of GFP-positive cells with
an r2 value of >0.9. Following the same concept, FACS assays using fluorescently labeled antibodies specific
to the E1A and hexon proteins, respectively, were developed. Assays targeting hexon showed greater sensitivity
than assays targeting E1A. The results demonstrated that as little as 1 PFU Ads was detected by FACS within
3 days based on hexon protein, with an r2 value greater than 0.9 over a 4-log concentration range. Application
of this method to environmental samples indicated positive detection of infectious Ads in 50% of primary
sewage samples and 33% of secondary treated sewage samples, but none were found in 12 seawater samples.
The infectious Ads ranged in quantity between 10 and 165 PFU/100 ml of sewage samples. The results indicate
that the FACS assay is a rapid quantification tool for detecting infectious Ads in environmental samples and
also represents a considerable advancement for rapid environmental monitoring of infectious viruses.

Waterborne viral infection is one of the most important
causes of human morbidity in the world. There are hundreds of
different types of human viruses present in human sewage,
which, if improperly treated, may become the source of con-
tamination in drinking and recreational waters (6, 12, 19).
Furthermore, as water scarcity intensifies in the nation, so has
consideration of wastewater reuse as a valid and essential al-
ternative for resolving water shortages (31).

Currently, routine viral monitoring is not required for drink-
ing or recreational waters, nor is it required for wastewater that
is discharged into the environment. This lack of a monitoring
effort is due largely to the lack of methods that can rapidly and
sensitively detect infectious viruses in environmental samples.
In the past 20 years, tremendous progress has been made in
detection of viruses in the environment based on molecular
technology (32, 33, 35). PCR and quantitative real-time PCR
(qPCR) methods have improved both the speed and sensitivity
of viral detection compared with detection by the traditional
tissue culture method (2, 11, 17, 18). However, they provide
little information on viral infectivity, which is crucial for human
health risk assessment (22–24, 35). Our previous work using a
real-time PCR assay to detect human adenoviruses (Ads) in
sewage could not differentiate the infectious viruses in the
secondary treated sewage from those killed by chlorination
disinfection (15). In this research, we pursued an innovative
approach to detecting infectious viruses in water using fluores-
cence-activated cell sorting (FACS). This method is rapid and

sensitive, with an established record in microbiological re-
search (29, 34, 39).

FACS is a specialized type of flow cytometry which provides
a method for counting and sorting a heterogeneous mixture of
biological cells into two or more kinds, one cell at a time, based
upon the specific light-scattering and fluorescent characteris-
tics of each cell (4, 25, 34, 38). It is a useful method since it
provides fast and quantitative recording of fluorescent signals
from individual cells (14, 16, 34, 47). The FACS viral assay is
based on the expression of viral protein inside the recipient cell
during viral replication (16). Specific antibody labeled with
fluorescence is bound to the target viral protein, which results
in fluorescence emission from infected cells. Viral particles
outside the cell will not be captured, because the size of virus
is below the detection limit of flow cytometry. Therefore, de-
tection of cells, which can be captured with fluorescently la-
beled viral antibody, is a definitive indication of the presence of
infectious virus.

This research used human Ads as the target for development
of the FACS method. The rationale for this choice is as fol-
lows. (i) Ads are important human pathogens that may be
transmitted by water consumption and water spray (aerosols)
(26, 32). The health hazard associated with exposure to Ads
has been demonstrated by epidemiological data and clinical
research (1, 7, 9, 35, 40, 43). (ii) Ads are among the most
prevalent human viruses identified in human sewage and are
frequently detected in marine waters and the Great Lakes (17,
32, 33, 35). (iii) Ads are more resistant to UV disinfection than
any other bacteria or viruses (3, 5, 10, 24, 41, 42, 44). Thus, they
may survive wastewater treatment as increasing numbers of
wastewater treatment facilities switch from chlorination to UV
to avoid disinfection by-products. (iv) Some serotypes of Ads,
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including enteric Ad 40 and 41, are fastidious. They are diffi-
cult to detect by plaque assay, and a routine assay of infectivity
takes 7 to 14 days (8, 20).

In this study, recombinant Ad serotype 5 (rAd5) with the
E1A gene (the first transcribed gene after infection) replaced
by a green fluorescent protein (GFP) gene was first used to test
for sensitivity and speed of the assay. Two other viral proteins
were then used as targets for development of FACS assays
using Ad serotype 2 (Ad2) and Ad41. This study demonstrated
the feasibility, sensitivity, and reliability of the assay for detec-
tion of infectious Ads in environmental samples.

MATERIALS AND METHODS

Adenoviruses, host cells, and plaque assays. Ad2 and rAd5 were obtained
from the University of Southern California (courtesy of Michael Lai). rAd5 is a
recombinant virus in which the E1A gene is replaced by the GFP gene, which can
express GFP during viral replication within cells. Ad41 was kindly provided to
the laboratory by Shawn Tompson at the Los Angeles Sanitation District.

A human embryonic kidney cell line (HEK-293A) was also obtained from the
University of Southern California (courtesy of Michael Lai) and was used in this
study between passages 42 and 50. HEK-293A is a mutant of the original Gra-
ham HEK-293 cell (ATCC CRL-1573), which expresses the viral proteins from
transforming genes of Ad5, including E1A and E1B (13). HEK-293A has a better
ability to adhere to a petri dish surface to form a monolayer culture for plaque
assay (20). Human lung carcinoma cell line A549 was obtained from the Los
Angeles Sanitation District (courtesy of Shawn Thompson) at passage 108 and
was used in this study between passages 115 and 123. The culture conditions for
these two cell lines have been described by Jiang et al. (20).

Adenovirus plaque assays using HEK-293A and A549 were developed and
described previously (20). Briefly, serially diluted Ads were inoculated onto
confluent cells in 6-well plates and incubated for 1.5 h, with gentle rocking every
20 min for viral adsorption. Then, inoculated cells were overlaid with 1.25%
agarose, containing nutrients and antibiotics. A second overlay was applied at 4
to 5 days postinfection. Inoculated cell cultures were examined microscopically
daily up to 2 weeks postinfection, and plaques were counted at 10 days.

FACS analyses. FACS analysis was performed using a BD FACSCanto II flow
cytometer (BD Biosciences, San Jose, CA). The instrument was set up to mea-
sure forward-angle scattered light (FSC) (483 to 493 nm), side-angle scattered
light (SSC) (483 to 493 nm), green fluorescence light (FL-l) (515 to 545 nm), and
red fluorescence light (FL-4) (653 to 669 nm). Data were collected for at least
10,000 events in the BD Cell Quest software program (BD Biosciences) and were
analyzed offline using the free software program WinMDI (version 2.9; available
at http://facs.scripps.edu/software.html).

For detection of rAd5 with GFP, HEK-293A cells grown in 12-well plates
(3 � 105 cells/well) were infected with rAd5 at concentrations between 1 and 104

PFU per well for 1, 2, 3, 4, and 5 days. The cells were collected, washed with
prewarmed phosphate-buffered saline (PBS) and 1� binding buffer (BB) (1.4 M
NaCl, 0.025 M CaCl2, and 0.1 M HEPES), and then fixed with 2% formaldehyde
in 1� BB before injection into a FACS. Infected cells emitting GFP fluorescence
were detected by the FL-1 filter (515 to 545 nm).

Detection of rAd5 was also performed based on the viral hexon protein to
compare with the rAd5 GFP assay. HEK-293A cells grown in 12-well plates (3 �
105 cells/well) were infected with rAd5 at concentrations between 1 and 104

PFU/well for 3 days. The cells were then collected, washed with prewarmed PBS
and 1� BB, and incubated with 50 �l of permeate buffer (BD Biosciences) and
50 �l of hexon primary antibody (Natutec, Frankfurt, Germany) at a concentra-
tion of 10 �g/ml, 20 �g/ml, or 30 �g/ml for 30 min on ice or at 4°C in the dark.
After two washes in PBS with 10% fetal bovine serum (FBS), the cells were
incubated with 50 �l of permeate buffer and 100 �l of a 1:400 dilution (2 mg/ml)
of goat antimouse secondary antibody labeled with Alexa Fluor 647 (Invitrogen,
Carlsbad, CA) on ice for 30 min in the dark. After two more washes, the cells
were fixed in 1� BB with 2% paraformaldehyde and analyzed for green (515 to
545 nm) and red (653 to 669 nm) fluorescence by flow cytometry.

FACS detection of rAd5, Ad2, and Ad41 by using viral hexon protein in
HEK-293A cells was also tested for 2, 3, and 5 days of incubation. The experi-
mental setup for these assays was similar to the viral hexon assay described above
except that the optimized hexon antibody concentration of 20 �g/ml was used.
Infected cells were analyzed for red (FL-4; 653 to 669 nm) fluorescence by flow
cytometry.

For FACS assay of Ads based on viral E1A, A549 cells grown in 12-well plates

(3 � 105 cells/well) were used to replace HEK-293A because HEK-293A inter-
feres with the assay of the viral E1A protein due to the presence of the trans-
formed viral gene. Ad2 was inoculated into A549 cells at concentrations between
1 and 104 PFU/well for 5 days. Detection of Ad2 based on the viral E1A protein
was performed using an experimental setup similar to that for the hexon protein
except that mouse anti-E1A monoclonal antibody (Abcam, Cambridge, MA) was
used as the primary antibody. After secondary antibody binding and fixation, the
cells were injected into the FACS for detection of fluorescent cells using red
fluorescence (FL-4; 653 to 669 nm).

Comparison of FACS and qPCR assay of Ads. Approximately 105 PFU/ml
rAd5 in PBS was exposed to 254-nm UV light in a 6-well cell culture plate (BD
Falcon, NJ). A collimated-beam UV apparatus (Spectrolinker XL-1000 UV
cross-linker; Spectronics Corp., Westbury, NY) emitting nearly monochromatic
UV radiation at 254 nm was used, and the UV intensity was set at 0.5 W/cm2.
After periods (0, 80, 160, and 280 s) of UV exposure, samples (100 �l each) were
taken and subjected to FACS assay and qPCR assay. The UV exposure doses
were 0, 40, 80, and 140 mJ/cm2 in the present study, which were calculated from
the exposure time and UV intensity.

A FACS assay based on rAd5 GFP after a 3-day incubation was performed as
described above. For qPCR, the Ad genome was extracted from the UV-treated
samples using a QIAmp viral RNA minikit (Qiagen Inc., California). PCR
protocols and primers were essentially the same as previous described by He and
Jiang (15). Briefly, qPCR was carried out in 25-�l reaction mixtures consisting of
12.5 �l of 2� TaqMan master mix (Invitrogen, California), 2 �l primers, 1 �l
TaqMan probe, 5 �l template DNA, and 4.5 �l double-distilled water (ddH2O).
The final thermocycling profile for adenoviruses was 95°C for 15 s, 56°C for 15 s,
and 62°C for 30 s with 1 s of automatic increment every cycle for 45 cycles. The
serially diluted rAd5 virus was used to establish the standard curve. PBS was used
as the negative control.

The Ad genome reduction was calculated based on qPCR results using log10

(Nt/N0), where N0 and Nt are the concentration of rAd5 before and after expo-
sure to UV irradiation, respectively. The Ad infectivity reduction was calculated
based on the FACS-GFP assay using changes in GFP fluorescence of cells before
and after exposure to UV irradiation.

Environmental samples. Primary sewage effluent and secondary effluent sam-
ples were collected from two southern California domestic wastewater treatment
facilities. Sewage samples (20 ml) were centrifuged at 288,000 � g, 4°C, for 90
min using a Beckman ultracentrifuge (Beckman L8-ML) with an SW 41 Ti rotor.
Pellets were resuspended in 200 �l PBS (pH 7.4). Seawater samples were col-
lected over a weeklong period in February 2009 at the coastal Pacific Ocean near
Los Angeles, CA. Twelve different samples were tested for the presence of
infectious Ads using FACS. Seawater samples (500 ml) were concentrated
�1,000-fold to a final volume of �500 �l, using a Centricon Plus-80 ultrafiltra-
tion system with a 100-kDa-molecular-mass-cutoff membrane (Millipore Inc.) as
previously described (17, 18). Concentrated sewage and seawater samples were
stored frozen at �80°C immediately and used later for infection of cells. Before
inoculation onto confluent HEK-293A in 12-well plates; the concentrated sewage
and seawater samples were clarified by filtering through 0.2-�m-pore-size filters
(PES [4 mm, low protein binding]; Whatman, Piscataway, NJ). The FACS assay
targeting the hexon protein after 3 days of incubation on HEK-293A cells was
used for environmental samples. Highly diluted rAd5 was used as a positive
control, while PBS was used as a negative control.

RESULTS

FACS assay of rAd5 based on GFP. Figure 1A shows the
sensitivity of FACS detection of rAd5 based on GFP at differ-
ent incubation times on HEK-293A cells. A dose-response
relationship was observed between the number of PFU of
rAd5 used for inoculation and the proportion of GFP-positive
cells. The GFP-positive cells were detected within 24 h of
incubation at an inoculation density of 100 PFU per well. For
incubation times of 3 and 4 days, GFP-positive cells were
detected at inoculation densities of 1 and 0.1 PFU per well of
rAd5, respectively. Prolonging the incubation time to 4 to 5
days resulted in a decrease in the GFP signal in samples with
a viral density of �100 PFU per well. This is due to cell death
at the high level of infection. Thus, the results suggest that a
3-day incubation may be the optimal time for assay of envi-
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ronmental samples when viral density is generally in the low
range. A linear correlation with an r2 value of 0.97 was ob-
tained by plotting the percentages of GFP-positive cells versus
the initial numbers of rAd5 inoculated at concentrations rang-
ing from 1 to 104 PFU/well after 3 days of incubation (Fig. 1B).

FACS assay of rAd5 based on hexon protein. Hexon is the
most abundant structural protein in Ads, with 240 copies of the
trimeric molecule in the capsid, accounting for 63% of the total
protein mass (30, 37). Optimization of the FACS assay based
on the hexon protein was performed using a serial dilution of
rAd5 incubated on HEK-293A cells for 3 days and with differ-
ent concentrations of Ad hexon antibody. As shown in Fig. 2,
the efficiencies of rAd5 detection based on the hexon protein
were lower than those using GFP, especially in samples with
the higher rAd5 inoculation density. In comparing the assay
sensitivity and the amount of hexon antibody used in FACS
assay, the results showed that 50 �l of 20 �g/ml hexon antibody
was optimal for the FACS-hexon assay under the study condi-
tions. The nonspecific adsorption of hexon antibody increased
with the increase in the amount of hexon antibody, which only
made the background fluorescence of HEK-293A cells higher.
The final concentration of 20 �g/ml was used for subsequent
experiments owing to the higher sensitivity and lower antibody
consumption.

Comparison of FACS assay of Ad2, Ad5, and Ad41 based on
hexon protein. Figure 3 compares the efficiencies of FACS
detection of different Ad serotypes based on the viral hexon
protein. Although the hexon antibody used in the study has
affinity toward a broad spectrum of Ad serotypes, the binding
efficiency may differ by serotype. The results demonstrated that

all three serotypes could be detected in 3 days at an inoculation
concentration of 1 PFU/well. The fluorescence signals at 3 days
of incubation (about 2.5 to 3.5% positive), although relatively
low, were significantly above the cell-only background level
(set at 1.5%) (Fig. 3). Prolonging the incubation time to 5 days
did not increase the efficiency of detection for Ad5 but im-
proved the efficiency for Ad41. A significant amount of cell
death was detected at 5 days of incubation at inoculation con-
centrations of 1,000 PFU/well and greater.

FACS assay of Ad2 based on E1A protein. This experiment
explored using the Ad E1A protein as the target for a FACS
assay to improve the speed of detection because E1A is the
early protein expressed during viral infection. The cell line
A549 was used with Ad2 because HEK-293A is unsuited for an
E1A assay (see Materials and Methods) and previous studies
in our laboratory showed that A549 supported the replication
of Ad2 at a higher rate (20). Figure 4 shows the sensitivity of
the FACS assay based on E1A at 5 days of incubation was
greater than that based on the hexon protein at an inoculation
density of 10 PFU/well. However, at an inoculation density of
�100 PFU/well of Ad2, the signal of the hexon protein was
greater than that of the E1A protein (Fig. 4). Comparing the
FACS Ad assay using A549 with that using the HEK-293A cell
line, the sensitivity and efficiency with the A549 cell line were
significantly lower (Fig. 4). More than 15% of fluorescent cells
were detected using HEK-293A cells with hexon antibody at
the inoculation density of 100 PFU/well for a 5-day incubation,
while only less than 6% fluorescent cells were present when
A549 was used for the same inoculation density and incubation
period (Fig. 4). These results suggest that the sensitivity of the
cell line is a more important factor for the FACS assay than the
viral protein used as a target. Thus, the HEK-293A cell line in
combination with the hexon antibody is the best choice for a
FACS assay of a broad spectrum of Ad serotypes (hereinafter
referred to as the FACS-hexon assay).

Quantification of Ads by FACS assays. Based on the above
results, standard curves for quantification of infectious Ads by
FACS-hexon assay were developed for the 3-day incubation on
HEK-293A cells. A linear correlation was obtained by plotting
the percentages of hexon-positive cells versus the logarithm of

FIG. 1. (A) Effects of the initial viral concentration and incubation
time on FACS detection of rAd5 GFP on HEK-293A cells. (B) Dose-
response curve for rAd5 by FACS-GFP assay after 3-day incubation on
HEK-293A cells. The linear correlation is expressed as follows: y �
18.1 log10x � 0.81; r2 � 0.97. Each data point represents replication of
three or more wells.

FIG. 2. Optimization of the hexon primary antibody concentration
(10 �g/ml, 20 �g/ml, and 30 �g/ml) for FACS-hexon assay using rAd5
incubated on HEK-293A cells for 3 days. In comparison with the
FACS-GFP assay, the FACS-hexon assay showed a lower sensitivity.
Each data point represents replication of three or more wells.
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initial Ads inoculated at concentrations ranging from 1 to 104

PFU/well (Fig. 5). The correlation efficiencies were greater
than 0.9 for all three Ad serotypes over the 4-log concentration
range, indicating that the FACS assay based on the hexon

protein could be used as a quantification tool for detecting
infectious Ads. However, as shown in Fig. 5, the slope of the
equation was different for each serotype due to the different
affinities and replication rates of each serotype with the cell
line (20, 48).

Comparison of FACS and qPCR assay of Ads. As shown in
Fig. 6, the viral infectivity detected by FACS declined rapidly
for rAd5 exposed to increasing UV doses from 0 to 80 mJ/cm2.
Infectious rAd5 was nearly undetectable at the highest UV
dose (140 mJ/cm2). Taking into account that the detection limit
of the GFP-based FACS assay was 1 PFU/well after a 3-day
incubation, the reductions were approximately a 4 log10 inac-
tivation for a UV dose of 140 mJ/cm2 at an initial concentra-
tion of 104 PFU/well (Fig. 6). However, the qPCR assay indi-
cated that less than 1 log10 reduction of genome copy was
achieved with the same UV dose of 140 mJ/cm2 (Fig. 6).

Validation of FACS assay for Ads in environmental waters.
The application of the FACS-hexon assay to concentrated en-
vironmental water samples demonstrated positive detection of
Ads in 3 of 6 trials using primary sewage effluents and in 3 of
12 trials for the secondary treated sewage samples (Table 1).
The percentages of hexon-positive cells were 5 to 8% and 4 to

FIG. 3. Effects of the initial viral density and incubation time on
FACS-hexon detection of rAd5, Ad2, and Ad41 on HEK-293A cells.
Each data point represents replication of two or more wells.

FIG. 4. Comparison of FACS assay of Ad2 based on E1A and hexon
protein and FACS-hexon assay using A549 cells and HEK-293A cells
after 5-day incubation. Each data point represents replication of two or
more wells.

FIG. 5. The standard curves for quantification of infectious Ads by
FACS-hexon assay after 3 days of incubation on HEK-293A cells. The
correlations are as follows: y � 9.43 log10x � 2.89 [r2 � 0.99]; y � 7.95
log10x � 0.66 [r2 � 0.97]; and y � 4.33 log10x � 1.26 [r2 � 0.97] for Ad5,
Ad41, and Ad2, respectively. Each data point represents replication of
two or more wells.

FIG. 6. Comparison of FACS and qPCR assays of adenovirus after
UV irradiation. rAd5 before and after UV exposure was detected by
FACS-GFP after 3 days of incubation and qPCR assay. Each data
point represents replication of two or more wells.
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6% after a 3-day incubation for primary and secondary efflu-
ent, respectively, which were significantly above the back-
ground fluorescence threshold of 1.5%. None of the 12 con-
centrated seawater samples showed positive detection of
infectious Ads by FACS-hexon assay (Table 1), nor did any
samples test positive by PCR assay (data not shown). Compu-
tation of Ads in sewage samples using standard curves esti-
mated 10 to 165 PFU/100 ml for primary sewage and 10 to 105
PFU/100 ml for secondary sewage. The range of estimation of
infectious viruses was due to the unknown serotype of Ad
present in sewage samples and the difference in the standard
curve for each serotype.

DISCUSSION

The results of the present study demonstrated that FACS is
a rapid and quantitative method by which to detect infectious
Ads in water and clearly distinguish them from inactivated
viruses. This assay has shortened the viral detection time from
7 to 14 days using a traditional plaque assay or cell cytopathic
effect (CPE) assay to 1 to 3 days (Table 2). In comparison with
the qPCR assay, it is shown that although qPCR has a proven
record of sensitivity and speed for viral detection (Table 2),
past reports and this study have also demonstrated its defi-
ciency in separating infectious viruses from inactivated ones
(22–24). The qPCR is especially insensitive to viral genome
damage during UV disinfection, as has been demonstrated in
this study, because the qPCR assay requires a short nucleic
acid sequence as the target to achieve high efficiency (11, 22,
35). UV exposure breaks the viral genome in multiple locations
but does not necessary completely degrade the short DNA

fragments. We have shown that the qPCR assay led to a 3-log
overestimation of rAd5 after UV exposure. FACS, on the
other hand, detects only infectious viruses because viral pro-
teins outside the cell will not be captured by the flow cytometer
(their sizes are beyond the detection limit).

Table 2 also compares the FACS assay with epifluorescence
microscopy direct observation for virally encoded GFP during
infection. Although microscopy can easily identify rAd5 infec-
tion based on GFP expression on HEK-293A cells with greater
sensitivity and speed, it cannot quantify the infected cells.

The detection time and sensitivity of FACS were similar to
those of the integrated cell culture with reverse transcription-
PCR (ICC-RT-PCR) assay, which detects viral mRNA during
replication in cells (Table 2). ICC-RT-PCR has been shown
to be a viable method for detecting infectious Ads in envi-
ronmental samples (22, 23). However, ICC-RT-PCR involved
complicated procedures of cell culture, RNA extraction, and
RT-PCR assay, while the FACS assay relies on the fluorescent
cells detected by flow cytometry, which has the potential for
developing into an online sensing system.

The speed and sensitivity of the FACS assay depend on the
expression rate and level of target viral protein in infected cells
and the efficiency of capture of target protein by primary and
secondary antibodies. Ad replication starts as soon as the viral
DNA enters the nucleus, about 30 min after virus adsorption to
host cells (22). The first protein to be made is the E1A protein,
but the hexon protein is the most abundant of the structural
proteins, accounting for 63% of the total protein mass (37).
Transcription of the E1A gene is known to persist throughout
infection, whereas the hexon is gene involved in the assembly
of virions and is transcribed preferentially at later times after

TABLE 1. Detection of infectious adenoviruses in environmental samples by FACS based on viral hexon protein

Sampling sourcea Sampling dateb Sample type No. positive
by FACS

Hexon-positive
cells (%)

Estimated Ads in water
samples (PFU/100 ml)

Coastal Pacific, Los Angeles 02/26/09–02/13/09 Seawater 0 of 10
S. Cal. sewage treatment facility 03/31/09–04/08/09 Primary effluents 4 of 6 5 to 8 10–165
S. Cal. sewage treatment facility 03/31/09–04/08/09 Secondary effluents 4 of 12 4 to 6 10–105

a S. Cal., southern California.
b Month/day/year.

TABLE 2. Speeds and sensitivities of adenovirus detection by different methods

Detection
time

Detection limit for method

qPCR
(PFU)

Epifluorescence microscopy
based on rAd5 GFP on
HEK-293A cellsa (PFU)

FACS based on rAd5
GFP on HEK-293A

cells (PFU)

FACS based on hexon
protein on HEK-293A

cells (PFU)

FACS based on
hexon protein on

A549 cells
(PFU)

Plaque assay
on HEK-293A

cells (PFU)

ICC
qRT-PCR (IU)

3–�4 h 1–10
1 day 1 100
2 days 0.1 10
3 days 0.01 1 1–10 5
5 days 0.01 0.1 1 10
7–14 days 3–10 0.1
Reference This study This study This study This study This study Jiang et al.,

2009 (20)b
Ko et al., 2005

(23)c

a Detection of infectious rAd5 by epifluorescence microscopy is based on the expression of GFP in HEK-293A cells. This method reveals the rAd5 infection by
observing GFP by microscopy but cannot quantify the number of infectious Ads.

b In the work of Jiang et al., the detection limit for mixed primary/secondary sewage was 10 PFU Ads, and that for primary sewage was 3 PFU Ads.
c In the work of Ko et al., the detection limit was 5 IU for Ad41 with 3 days’ incubation and 0.1 IU with 7 days’ incubation.
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infection, reaching higher copy numbers during infection (22,
31). Thus, both the hexon protein and E1A are logical targets
for development of the FACS assay.

The FACS assay based on rAd5 GFP showed a higher sen-
sitivity and greater speed than the assay based on viral hexon
(Table 2). This is likely due to the efficiency of capture of the
target protein by primary and secondary antibodies. Although
hexon expresses at a higher level than GFP (which replaced
E1A in rAd5) during viral replication in cells (22), the fluo-
rescence emission from hexon also depends on antibody bind-
ing. The hexon primary antibody has to get into the host cell
and captures the hexon inside HEK-293A cells. The secondary
antibody also has to enter the cell to bind with primary anti-
body. The efficiency with which the hexon primary antibody
captures the hexon protein inside the infected cells is affected
by the specificity of primary antibody, the ratio of antibodies to
cells, the rate of penetration, and the condition of cell mem-
brane. As a result, the percentages of GFP-positive cells were
higher than those of hexon-positive cells. However, both GFP-
based and hexon-based FACS showed adequate sensitivity for
detection of low concentrations of infectious Ads in infected
cells after 3 days of incubation.

The comparison of FACS based on E1A and that based on
the hexon protein using Ad2 on A549 cells showed that hexon-
based FACS was more sensitive than E1A-based FACS after 5
days of incubation at an inoculation density of �10 PFU/well.
This result is likely due to the accumulation of the hexon
protein in cells 5 days after infection. Previous studies also
showed primers designed based on hexon were more sensitive
than those designed based on E1A in the ICC-RT-PCR assay,
which detects viral mRNA in host cells (22).

In addition to a good viral target, a high efficiency of anti-
body binding, and fluorescence capture, the cell line is another
critical factor that determines the speed and sensitivity of the
assay. The comparison of the FACS-hexon assay on A549 and
HEK-293A cells indicated greater sensitivity on HEK-293A
cells (Table 2). The reason may be that the HEK-293A cells
can express E1A and E1B, which can “jump start” viral repli-
cation in cells. The previous study in our laboratory showed
that the HEK-293A cell line was more sensitive than A549 in
detection of Ads by 50% tissue culture infective dose (TCID50)
(20).

Various Ad serotypes have different replication rates in
HEK-293A cells (20, 22), and their affinities to hexon antibody
may also differ. These differences result in variability of FACS
assay efficiency for different serotypes. Separate quantification
curves may be used to accurately determine infectious Ads of
different serotypes. However, this issue is not limited to the
FACS assay. Previous studies in our laboratory also showed
that Ad5, Ad2, and Ad40 required different incubation times
to produce CPE. The ICC-RT-PCR method also requires
longer incubation times after infection for some serotypes than
for others (22). As a result, a FACS assay of environmental
samples can give a range of Ad numbers using the standard
curves of different serotypes, because serotypes of Ads in en-
vironmental samples are still largely unknown. Nevertheless,
the Ad numbers in sewage samples estimated by FACS were
similar to those in a previous study using a plaque assay (20).

In conclusion, we have developed a new method for rapid
detection of infectious Ads in environmental water samples.

This method has the potential for application in detection of
infectious Ads in environments and evaluation of viral stability
and inactivation during the water treatment and disinfection
process.
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