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During patient care simulations, cauliflower mosaic virus DNA
and bacteriophage MS2 performed similarly as surrogate mark-
ers of pathogen dissemination. These markers disseminated to
the environment in a manner similar to Clostridium difficile
spores but were more frequently detected on skin and clothing
of personnel after personal protective equipment removal.
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Benign surrogate markers such as viral DNA and live non-
pathogenic viruses provide useful tools to study routes of
pathogen transmission [1-6]. Cauliflower mosaic virus DNA
placed on toys in childcare centers or on telephone handles in
a neonatal intensive care unit disseminated widely to hands
and environmental surfaces [1, 2]. Bacteriophage MS2, a non-
enveloped RNA virus, inoculated on hands or surfaces has
similarly been shown to disseminate widely in a variety of set-
tings, including hotels, households, schools, and healthcare
facilities [3-6]. Nonpathogenic viruses have also provided
information on the contamination of healthcare person-
nel during removal of personal protective equipment (PPE)
[7-9]. In many of these studies, reductions in contamin-
ation have been achieved through interventions such as hand
hygiene, environmental cleaning, and education on correct
PPE removal [1,3,4,6,7].

Although benign surrogate markers are valuable tools to
study pathogen dissemination, it is not known if results are
comparable for viral DNA markers and live nonpathogenic
viruses. In addition, it is not known how well findings using
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these surrogates correlate with dissemination of bacterial
pathogens. Therefore, we compared dissemination of cauli-
flower mosaic virus DNA, bacteriophage MS2, and non-
toxigenic Clostridium difficile spores during simulations of
patient care.

METHODS

The protocol was approved by the Louis Stokes Veterans Affairs
Medical Center’s Institutional Review Board. Bacteriophage
MS2 and nontoxigenic C. difficile spores (American Type Culture
Collection 43593) were prepared as previously described [7,10].
A 222 base-pair DNA marker was generated using methods sim-
ilar to those of Oelberg et al [2]. All 210 nucleotides of the cauli-
flower mosaic virus 35S promoter region were used (GenBank:
S$51061.1) [11], with the addition of GAATTC terminal
sequences on each end. The marker DNA sequence was synthe-
sized at Celtek Bioscience and cloned into the plasmid pBlue-
script I SK (Celtek Bioscience). The plasmid was transformed
into ElectroMAX electrocompetent DH10B Escherichia coli cells
(Invitrogen) by electroporation and cultured in Super Optimal
Broth medium (Fisher Scientific) for 1 hour at 37°C. The culture
medium was plated on tryptic soy agar plates containing 100-
pg/mL ampicillin. A colony was selected and cultured in tryp-
tic soy broth, and the DNA marker was extracted by a Qiaprep
Spin Maxi kit for plasmids (Qiagen). For detection of the DNA
marker, polymerase chain reaction (PCR) was performed with
forward primer CCTCAGCAATCGCAGCAAA and reverse
primer GGAAGATCAATACATAAAGAGTTGAACTTC, and
amplicons were visualized on an agarose gel using GreenGlo
(Denville Scientific). The PCR reaction was done in a 20-pL
reaction mixture containing 10 pL of Choice Taq Mastermix
(Denville Scientific), 1 pL of each primer (10 pmol), and 8 pL
of sample. Polymerase chain reaction amplification included 35
cycles of denaturation at 95°C, primer annealing at 55°C, and
extension at 72°C.

Initial experiments were conducted to assess persistence
on dry surfaces and transmissibility by bare hands. Ten-uL
aliquots of phosphate-buffered saline (PBS) containing 10°
plaque-forming units (PFUs) of bacteriophage MS2, 10° colo-
ny-forming units (CFUs) of nontoxigenic C. difficile spores, or
1 pg of cauliflower mosaic virus DNA were inoculated onto steel
disks and allowed to air dry. At 1-21-day intervals for 183 days,
disks were transferred to tubes containing 200 pL of DNAse
free water and vortexed for 2 minutes. Aliquots of solution were
plated on selective media and cultured for C. difficile or bacteri-
ophage MS2 as previously described [7,10]. The limit of detec-
tion for C. difficile or bacteriophage MS2 was approximately
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1log, CFUs or PFUs, respectively. To assess transmissibility, bare
fingertips were imprinted onto contaminated disks and then the
same contaminated fingertip was sequentially imprinted onto
sterile steel disks that were processed as described previously.

To assess susceptibility to disinfectants, the steel disk inoc-
ulation sites were covered with 50 pL of 70% ethanol, a 1:10
dilution of household bleach, or a quaternary ammonium
disinfectant (Virex II 256, Sealed Air) with exposure times of
2, 2, and 10 minutes, respectively. After exposure to the dis-
infectants, 1 mL of Dey-Engley neutralizing medium (Remel
Products) was added, and the disks were processed as described
previously.

The simulations of patient care interactions were con-
ducted as previously described in a simulation room using a
life-size mannequin in a hospital bed [12]. A 1-mL solution
containing 10° PFUs of bacteriophage MS2, 10° CFUs of non-
toxigenic C. difficile spores, and 1 ug of cauliflower mosaic
virus DNA marker was applied to the mannequin’s anterior
chest and abdomen, spread to cover a 10 x 10 cm area, and
allowed to dry for 2 hours. The mannequin was clothed from
the waist down. Healthcare personnel donned a SafetyPlus
Polyethylene Gown (TIDI Products), nitrile gloves (Denville
Scientific), and a face mask. The clinical scenario involved
drawing a privacy curtain, pressing the nurse call button,
moving the bedside table, raising the bed, examining the
mannequin, and closing the privacy curtain. After each sim-
ulation, sterile Fisherbrand Polyester-Tipped Applicators
(Fisher) premoistened with PBS were used to sample the face
mask before removal and the hands and wrists and clothing
after PPE removal. The hands, wrists, and clothing were cul-
tured because they could be a source for transmission; the
face mask was cultured because preliminary observations
demonstrated that it was often touched with bare hands dur-
ing PPE removal. Each subject participated in only 1 simu-
lation. The personnel were not aware of the purpose of the
study and were not told that the mannequin was contami-
nated. After every 5 simulations, swabs were used to sample
several environmental sites that were observed to be fre-
quently touched during simulations in a previous study (eg,
privacy curtain, call button, bedside table, bed controls, and
bed rail) [12]; after cultures were collected, all surfaces in
the room except the walls, ceiling, and floor were thoroughly
disinfected with bleach. For each day of sampling, 5 negative
control swabs that were opened with no surface contact were
processed identically.

Statistical Analysis

The frequencies of environmental, personnel skin and/or cloth-
ing, and face mask contamination were compared for the viral
surrogates and C. difficile spores using a test of proportions with
post hoc pairwise tests using a Holm P value adjustment. Data
were analyzed using R version 3.1.1.

RESULTS

On steel disks, recovery of bacteriophage MS2 decreased over
time from approximately 4.5 PFUs to approximately 1 PFU
at day 11 after inoculation and was not detected after day 11.
In contrast, nontoxigenic C. difficile spores and cauliflower
mosaic virus DNA marker remained detectable at 183 days.
After imprinting a bare fingertip on contaminated disks, each
of the viral markers and C. difficile spores were recovered after 9
sequential transfers to sterile steel disks.

After a 2-minute exposure to bleach, each of the viral mark-
ers and C. difficile spores were undetectable. The 70% ethanol
exposure had no impact on C. difficile spores or the cauliflower
mosaic virus DNA marker, but resulted in lack of recovery of
bacteriophage MS2. The quaternary ammonium disinfectant
had no impact on the DNA marker or C. difficile spores; bac-
teriophage MS2 continued to be recovered, but the level was
reduced by approximately 2 logs.

Figure 1 provides a summary of the frequency of contam-
ination of environmental sites, face masks, skin, and clothing
for 35 healthcare personnel participating in the simulations.
There was no significant difference in the frequency of contam-
ination of environmental sites for the DNA marker, bacterio-
phage MS2, and C. difficile spores (P > .30). The cauliflower
virus DNA marker and bacteriophage MS2 were detected with
similar frequency on the face mask and on skin and clothing
after PPE removal (P > .32); C. difficile contaminated each of
these sites less often, although the difference was only statisti-
cally signification for clothing contamination versus the DNA
marker (P = .03). All negative control swabs were negative for
the viral DNA surrogates and C. difficile.

DISCUSSION

In laboratory testing, bacteriophage MS2 was detectable on
steel disks for up to 11 days, whereas cauliflower mosaic virus
remained detectable at 183 days. Bare fingertips were able to
transfer each of the viral markers and C. difficile spores to 9
consecutive clean surfaces. In patient care simulations, cauli-
flower mosaic virus DNA and bacteriophage MS2 performed
similarly as surrogate markers of pathogen dissemination. The
viral surrogates were recovered from environmental surfaces
as frequently as C. difficile spores but more frequently than
C. difficile on face masks and on skin and clothing of personnel
after PPE removal. Because the limit of detection for recovery
of C. difficile spores and MS2 from steel disks was equivalent,
less frequent recovery of spores from face masks and from skin
and clothing might reflect relatively low pick up of spores from
these sites by swabs.

Both cauliflower mosaic virus DNA and bacteriophage MS2
are safe surrogate markers that can be used to study patho-
gen dissemination in healthcare settings [1-9]. Both are easy
to work with but require some level of microbiological and/or
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a mannequin contaminated with a cauliflower mosaic virus DNA marker, bacteriophage MS2, and nontoxigenic Clostridium difficile spores. *P < .05 for C. difficile spores

versus the DNA marker.

molecular biology expertise. One potential advantage of live
viruses such as bacteriophage MS2 is that their susceptibility
to alcohol and disinfectants approximates that of nonenveloped
pathogenic viruses, making it possible to assess the impact of
alcohol hand sanitizer and disinfectants on dissemination [1,
3, 4, 6, 7]. We found that bleach reduced recovery of the DNA
marker, but a quaternary ammonium disinfectant and 70% eth-
anol did not. Bacteriophage MS2 can also be detected by culture
or PCR, whereas PCR must be used to detect cauliflower mosaic
virus DNA [1, 2]. Finally, an advantage of viral DNA markers is
it is feasible to produce multiple unique markers that could be
used to simultaneously study different sources of transmission.

In addition to common pathogens, the viral surrogate mark-
ers can be useful in modeling transmission of potentially fatal
viral pathogens such as Ebola virus. For example, Casanova et al
[8] used bacteriophage MS2 to assess self-contamination dur-
ing removal of PPE used for Ebola patient care. Viral surrogate
markers can also be used to test the efficacy of interventions to
prevent contamination. Koganti et al [13] demonstrated that a
spray disinfectant was effective in reducing bacteriophage MS2
contamination on material from gowns designed for care of
Ebola virus patients and on cover gowns worn by personnel,
but the efficacy was affected by the type of gown material and
the correctness of fit. Future studies with viral surrogate mark-
ers are needed to design and evaluate interventions to improve
environmental cleaning as a strategy to reduce Ebola virus
transmission.

Our study has some limitations. We did not assess the impact
of interventions such as environmental disinfection on dissem-
ination of the viral surrogate markers. We only included C. dif-
ficile spores as a comparator to the viral surrogates. Further
studies are needed with other bacterial pathogens. Because the

viral surrogate markers were recovered more frequently than
C. difficile on face masks and on skin and clothing, it is pos-
sible that use of these markers could lead to overestimation of
the risk for transmission of bacterial pathogens. Finally, the
concentration of the viral surrogates and C. difficile spores was
higher than concentrations typically recovered from hospital
surfaces [10]. Therefore, our findings may overestimate the risk
for dissemination in most clinical settings.
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