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Abstract

The SARS-CoV-2 pandemic has revived the debate about the routes of virus transmission and their likelihoods. It is of utmost
importance to assess the risks of contamination of susceptible people by infectious individuals and to evaluate the level of
SARS-CoV-2 and other respiratory viruses transmission in the community. Most countries have imposed non-pharmaceutical
measures to contain SARS-CoV-2 transmission, including physical distancing and mask wearing. Here we evaluated the
spreading of viruses in open air using harmless Escherichia coli bacteriophages as a surrogate. Phages were sprayed towards
Petri dishes seeded with bacteria at different lengths and angles. Our results showed that the transmission rate decreased
exponentially with distance. The highest recorded transmission rate was 9 x 10~% PFU/plate when phages were sprayed from

a 1 m distance, suggesting that the probability of transmission of a single virus at a 1 m distance is 1:100,000.
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Introduction

The current COVID-19 pandemic has renewed the dis-
cussion about the mechanisms through which respiratory
viruses, such as SARS-CoV-2 spread and contaminate sus-
ceptible people. It is widely believed that SARS-CoV-2
spreads through droplets transmitted by infected people.
These droplets, often released via coughing, sneezing or by
regular breathing or talking (Riediker and Tsai 2020), can
be broadly classified into large (> 5 pm in diameter) and
small droplets (~ 5 pm in diameter) (Bar-On et al. 2020).
Large droplets fall rapidly to the ground or to the nearest
flat surface, while small droplets can remain airborne for
an extended period of time (Wang et al. 2020). SARS-
CoV-2 diameter is about 100 nm, the diameter of a drop-
let nuclei produced by coughing is about ten times larger,
but it should be noted that expelled respiratory viruses are
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usually contained in even larger droplets (Yang et al. 2007).
The mean size of droplets produced by sneezing and regular
speech varies substantially and it is in the range of ten to
hundreds of micrometers (Han et al. 2013). Viral transmis-
sion can occur by touching the nose or mouth mucosae with
hands that have got previously in contact with surfaces con-
taminated by large droplets. Indeed, influenza control poli-
cies were based on the premise that most respiratory infec-
tions are transmitted by large respiratory droplets (Fennelly
2020). However, several studies have shown that humans
produce infectious influenza droplets containing both aer-
osols (small particles) and larger droplets (Bischoff et al.
2013; Fabian et al. 2008; Lindsley et al. 2010). The situation
with SARS-CoV-2 is less certain, but it seems that COVID-
19 propagates both via airborne and droplet transmission
(Domingo et al. 2020; Morawska and Cao 2020; Tang et al.
2020; Wilson et al. 2020). While contamination by large
droplets should be directly proportional to the proximity to
the index subject (Brankston et al. 2007), airborne transmis-
sion which occurs via small nuclei droplets in infectious
aerosols has a much further reach. In confined spaces and
particularly in superspreading events, such as choir rehears-
als (Hamner 2020) and prisons (Wallace 2020) small virus
particles are released by infected people and accumulate in
the air resulting in high transmission rates.
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During the COVID-19 pandemic governments and
health agencies have been recommending or imposing
different measures aiming at reducing virus transmis-
sion. Among them the requirement of physical distanc-
ing and the use of face masks. These distancing measures
varied from country to country, from a recommendation
to maintain 1-2 m distance among each other to strict
home confinement. The 1-2 m distancing recommenda-
tion (WHO 2020) was based on the idea that virus trans-
mission occurs via large droplets, as proximity to the
index case was mainly associated with higher transmis-
sion (Fennelly 2020). Different countries adopted distinct
approaches regarding face masks, while a few countries
have not recommended mask wearing at all, others have
made face masks mandatory in all public spaces, indoors
and outdoors, and some only in confined spaces such as
public transportation and shops. As of January 2021, only
a handful of countries do not recommend the use of masks
under any circumstance, while most required the use of
masks at least in places where physical distancing is not
possible (masks4all 2020). In the most extreme cases,
mask wearing was required everywhere, even outdoors in
sparsely crowded spaces, such as parks and beaches. In
some countries, only certain states or provinces require
the use of masks as is the case of Australia, Brazil and the
United States. In the state of Sdo Paulo in Brazil, citizens
older than 3-years old are required to wear masks in all
public spaces, including in open air, under the threat of
heavy fines (ALESP 2020). Currently, the WHO recom-
mends the use of face masks in settings where it is not
possible to maintain a distance of at least 1 m from others
(WHO 2020).

In principle, mask wearing by infected individuals may
prevent the spread of viruses via large droplets, but only
well fit respirators may offer protection from inhalation of
infectious aerosols (Gawn et al. 2008). Nevertheless, ran-
domised controlled trials in community settings have shown
moderate to null protective effect of surgical masks or res-
pirators on the transmission of respiratory viruses (Aiello
et al. 2010, 2012; Bundgaard et al. 2020; Cowling et al.
2009; Larson et al. 2010; MaclIntyre et al. 2009; Simmer-
man et al. 2011; Suess et al. 2012). Interestingly, there are
no studies that evaluated the benefits of mask wearing out-
doors. Here we evaluated the spreading of viruses in open
air using Escherichia coli A bacteriophages as a surrogate
for human respiratory viruses such as SARS-CoV-2 and
Influenza. A and other bacterial phages are similar in size
to SARS-CoV-2 and have been used extensively in many
fields of biology research, including as models for the study
of airborne and not airborne eukaryotic viruses (Black et al.
2010; Kormuth et al. 2018; Turgeon et al. 2014). In addi-
tion, they are easy to manipulate and are entirely harmless to
humans and to the environment, an important pre-condition
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to perform experiments outside the laboratory walls. A set of
experiments were conducted to test the effect of distance and
movement relative to the infectious source in open settings.

Material and methods
Strains and growth conditions

E. coli strain CSH109 (ara A(gpt-lac)5 supE gyrA argE,,
metB rpoB) (Miller 1992) was used as a 4 Y1 phage host.
Lysogeny broth (LB) and Lysogeny agar (L-agar) are the
standard complex media used in this study (Miller 1992).
Bacteria were grown overnight in LB medium. On the next
day, 0.1 ml of the bacterial culture were diluted in 4 ml
R-Top-agar (Miller 1992) and plated on L-agar. Bacteria
were grown either in liquid or solid media at 37°C.

Phage lysate preparation

A phage lysate was prepared as described (Miller 1992).
Briefly, an overnight culture of strain CSH110 was diluted in
LB medium and grown up to an ODg, of 0.3. 200 pl of this
culture were mixed with 100 pl of a solution containing 10’
AY1 phages and 50 pl 0.1 M MgSO,. The mixture was incu-
bated in a water bath at 37 °C for 10 min. 5 ml R top-agar
was then added and the mixture was poured onto an L-agar
plate. The plates were incubated overnight. On the next day,
the R Top-agar was scraped from the plate, which was sub-
sequently washed with 1 ml LB medium supplemented with
0.01 M MgSO, and the suspension was centrifuged at 5000
xg for 20 min. To the supernatant a 1/20 volume of chloro-
form was added. The lysate was stored under refrigeration
until used.

Before every phage dispersion experiment the phage titer
was evaluated by mixing serial dilutions of the lysate in SM
solution (5.8 g NaCl, 2.0 g MgSO,, 50 ml Tris-HCI 1M
pH 7,5 and 0.01% (m/v) gelatine in 1 L of water) with 5
ml R Top-agar and 100 pl of an overnight culture of strain
CSH110. The mixture was poured over L-agar and the plates
were incubated overnight at 37°C. Plaques were counted to
obtain the PFU/ml concentration.

Phage dispersion

The experiments that evaluated phage dispersion were per-
formed using a trigger sprayer (Pulverizador Uniluk 500
ml, SP-Brazil) filled with a suspension containing a known
concentration of phage 4 Y1 diluted in a 0.1 M MgSO,. In
most experiments, phage concentration in the spray bottle
was ~ 1.5 x 10° PFU/ml. Each new phage dilution was tit-
tered as described in the Phage lysate preparation section
to check the actual PFU concentration. A typical spraying
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event released a range of droplet sizes with a total volume
of 0.7 ml. With the exception of one experiment, all others
were carried out outdoors. The spray bottle was always
handled in an upright position. Plates seeded with bacteria
were held at different relative positions as shown in Fig. 1
normally at 1, 2 or 3 m away from the sprayer. The plates
were kept open for 1 min following the spraying and then
incubated overnight at 37 °C. On the next day, the plates
were inspected for the presence of plaques and the PFU
were counted. The outdoor phage dispersion experiments
were carried out on four different occasions (9th Septem-
ber, 21th September, 28th September and 1st October
2020) always between 10 and 11 AM. The temperature,
relative humidity and wind speed were, respectively, as
follows: 24 °C, 61% and 8 Km/h (E) on 9th Sept.; 17 °C,
82% and 21 Km/h (S) on 21th Sept.; 27 °C, 40%; 3 Km/h
(E) on 28th Sept. and 30 °C, 45% and 11 Km/h (N) on
Ist Oct. It should be noticed that the wind was partially
blocked by nearby buildings. All outdoors experiments
were performed in the shade so the phages or the plates
were never under direct sunlight.

Transmission rate calculation

Transmission rates were computed assuming a Poisson
distribution of phage plaques and by counting the num-
ber of plates containing 0 PFU in each tier (Luria and
Delbruck 1943). The average number of plaques forma-
tion was calculated using the formula A = —InP,, where
P, represents the ratio of plates with no plaques over the
total number of plates. To obtain the transmission rate the
A value was divided by 10° (number of phages released by
each spraying event).

Droplets size measurement

Droplet size evaluation was performed at the LAPAR,
Departamento de Ciéncias da Produgdo Agricola (UNESP
- Campus de Jaboticabal) using a Laser Diffraction Particle
Size Analyzer (Mastersizer S®, version 2.19) as described
(Fernandes et al. 2007). The spraying was driven by a trig-
ger pump bottle (Pulverizador Uniluk 500 ml) filled either
with water or with a 1 M NaCl solution, positioned at 40
cm away from the laser beam. No significant difference
between water and NaCl droplets was observed. Drop-
let samples were evaluated at 1.5 s while a full spray jet
passed through the laser. From the information generated
by the Mastersizer software, the volumetric median diam-
eter (VMD), the coefficient of uniformity (Span) and the
percentage of droplet volumes were recorded.

Statistical analysis

The standard error of the mean was calculated according to
the formula SEM = 2, where SD is the standard deviation

Nz,

(Cumming et al. 2007). The coefficient of variation of the

mean was calculated as follows: CV .., = SEM

mean’

Results

To evaluate the pattern of virus dispersion in open air, 4
phages were sprinkled using a trigger spray bottle. Petri
dishes seeded with A-sensitive E. coli K-12 bacteria (strain
CSH110) were used to detect the presence of phages in the
sprayed emissions. To establish a correlation between the
distance from the phage source and the number of PFU on
the plates, the phage sprayer was positioned at the same
height but at increasing 10 cm intervals from the plate
(Fig. 2B). In this experiment, the sprayer was filled with a
suspension containing an average phage concentration of
3,575 PFU/ml. Each spray released 0.7 ml, i.e., 2,500 PFU.
As expected, the farthest the plate from the bottle nozzle the
lowest the number of plaques Fig. 2B. When sprayed from
10-30 cm the phage plaques formed countless aggregates
on the plate lawn, but from 40 to 100 cm the PFU number
decreased exponentially, such that only 0.15% of the phages
landed on the plates when sprayed from a 100 cm distance.
Thus the ability of the phage droplets to travel through air
in a straight line decreases exponentially with distance. This
experiment was conducted indoors.

To test the pattern of phage dispersion in open air, bac-
teria-seeded plates were placed at three different distances
(1, 2 or 3 m) and angles (0°, 45° or 180°) away from the
sprayer. Figure 1A—C illustrates the several experimental
settings that were conducted, all performed in open air.
With the exception of one experiment, in which the plates
were positioned on the floor facing upwards (Fig. 1C), in all
experimental sets the plates were handled upright (mimick-
ing the position and angle of a human face), roughly 160
cm above ground and kept opened for 60 s following the
spraying of phages. In these experiments, ~ 10° PFU were
sprayed each time from a bottled containing a phage concen-
tration of ~ 5 x 103 PFU/ml. Overall, phage plaques were
observed in 42 out of 258 plates. The PFU/plate concen-
tration obtained in each experiment is depicted in Fig. 2A.
The highest PFU count was observed in 3 plates that were
placed at 1 m distance face up on the floor (299, 234 and
154 PFU), in one plate positioned at a 1 m distance 45° to
the left (236 PFU) and in one plate placed at 1 m in front of
the phage sprayer (93 PFU). However, even at the shortest
distance (1 m) the majority of plates (63 out of 86) displayed
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Fig. 1 Experimental settings
of virus spreading. A trigger
sprayer containing ~ 1.5 - 10°
PFU/ml of 4 phages was

used to spray top-agar plates
freshly seeded with ~ 5 - 108
susceptible E. coli bacteria.
Each spray ( 0.7 ml) contained
approximately 10° phages. A
Phages were sprayed towards
plates positioned at the same
height but at different horizontal
arrangements: Front, Back, 45°
to the left and 45° to the right.
In each situation, the plates
were positioned at 1, 2 or 3 m
away from the phage source
(sprayer). Plates lids were
removed and the plates were
held vertically for 1 min follow-
ing the spray shot. B imme-
diately following the spray-

ing event lidless plates held
vertically at 1, 2 or 3 m from
the phage source were circularly
moved at walking pace either
clockwise or anti-clockwise. C
Phages were sprayed towards
open plates at the floor at 1, 2
or 3 m away. D Approximatelly
2,500 PFU were sprayed each
time towards open plates held
vertically at 10-100 cm away
from the phage source
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no plaques at all. Table S1 shows the PFU in each plate that
did present plaques. Most plates that were placed in front
of the sprayer at a 1 m distance (9 out of 12) developed at
least one plaque, while 2 m distance, only one plate (out of
12) with a single plaque was observed. No plaques were
found in plates distant 3 m from the sprayer. Under all other
arrangements back, right, left, clockwise or anti-clockwise
movement, only the minority of plates presented plaques and
at low numbers. One exception was a plate placed at 45° left
at 1 m distance, which displayed 236 PFU. It is worth notic-
ing that in some cases the droplets were carried by a wind
gust of up to 21 Km/h blown at the precise time of spraying.
The occurrence of these wind gusts might explain the high
number of plaques in some plates and the presence of PFUs
in plates placed at distances larger than 1 m. In the absence
of wind (most plates placed more than 1 m away) recorded
no plaques.

Given the fact that the distribution of phages on the plates
are rare positive events that occur in a continuum of space
and time, the rate of transmission could be calculated by
applying a Poisson distribution to the PFU results. The rate
of transmission was thus computed for each experimental
setting (Table 1). The highest transmission rate —9 x 107
was, as expected, observed in plates directly sprayed with
phages from the short distance of 1 m. Under the other
experimental conditions the transmission rate went from 0
to 5.4 x 10~%plate. In principle, the transmission rate should
have been directly proportional to the distance from the
phage source, but this was not always the case. For instance,
spraying from a 1 m or 3 m distance in the opposite direction
of the plates ("Back’ in Table 1) resulted in a null transmis-
sion rate, but at a 2 m distance, the transmission rate was
1.7 x 107%. This divergence was caused by the incidence of
weak wind gusts during some of the spraying events that
shifted the path of the phage droplets towards or away from
the plates as already pointed out.

Virus particles can be released by infected individuals
through droplets having a range of sizes, from less than 1 pm
to more than 100 um (Han et al. 2013; Dhand and Li 2020;
Riediker and Tsai 2020). To assess the size of the drop-
lets produced by our sprayer, a laser diffraction particle size
analysis was conducted. The size of the produced droplets
ranged from 5 to 815 pm. The median size was 127 pm, with
50% of the droplets between 60 and 160 pm. Figure 2C show
the distribution of droplet sizes discharged by the sprayer
used in this study.

Discussion

In this study, we followed the spreading of phages out-
doors as a surrogate for virus transmission in public open
spaces. The experiment was purposely set in open air where

wind and other physical conditions might have some influ-
ence on the transmission rates. At the closest distance and
straight angle from the phage spreading source (1 m Front
in Fig. 2A) the calculated transmission rate was slightly less
than 107> /plate, suggesting that even at this close distance
(akin to an infectious individual sneezing towards a suscepti-
ble subject), the probability of getting infected with a single
phage was 1:100,000.

Ever since the pioneer work of (Ellis and Delbriick 1939)
on the infection and growth of bacterial viruses, it is known
that bacteriophage adsorption to the bacterial host stops
upon dilution of the bacteria:phage mixture. Namely, these
authors showed that by simply diluting the phage-bacteria
mixture 10, 000X the infection is effectively brought to a halt.
Phage dispersion in open air follows a similar dilution path,
and it is even more pronounced than in liquid media because
only small droplets or aerosols continue floating in the air,
while large size phage-containing droplets rapidly fall to
the ground. In addition, in open air the extent of dilution is
orders of magnitude higher than 10,000 times. Thus, unlike
a non-ventilated confined space where small virus particles
accumulate in the air for an indefinite amount of time or until
reaching a flat surface, in the outdoors these airborne parti-
cles simply disperse or get diluted. In addition, emitted small
droplets are normally warmer than the surrounding environ-
ment and tend to move upwards getting further diluted in
the air. Accordingly, it has been shown that outdoor air in
residential and urban areas was mostly devoid of SARS-
CoV-2 particles in both northern and southern Italy during
the peak of the pandemic in May 2020 (Chirizzi et al. 2020).

The amount of SARS-CoV-2 particles emitted through
cough varies from 0.000277 to 36,030/cm?/cough
(Riediker and Tsai 2020). A typical virus emitter coughs
250 ml of 0.277 virus particles/cm? (Riediker and Tsai
2020), i.e., 69.25 copies of virus per cough. While a single
cough releases ~3,000 droplets, sneezing might produce
an estimate of 40,000 droplets (Cole and Cook 1998).
However, no reliable estimates of SARS-CoV-2 infectious
particles released by sneezing could be found. Each phage
spraying event emitted ~ 0.7 ml, containing approximately
107 active phages. This number is thus about 1,444 times
higher than the average number of SARS-CoV-2 particles
released in a single cough by a typical emitter. The pre-
cise infectious dose for SARS-CoV-2 is unknown, but it is
believed to be closer to that of SARS and lower than that
for MERS - requiring something between 500 and 50,000
PFU (Ryan et al. 2021). The phage dispersion experiments
showed the maximal transmission rate of 9 X 107, which
indicates that only 1 in ~ 100, 000 phage particles are able
to reach the plate at a 1 m distance. At larger distances the
transmission rate was even lower. In our setting a spray at a
1 m distance resembles a sneeze, cough or speech directed
towards the face of a nearby individual. In that case, our
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results suggest that an infectious individual coughing or
sneezing should shed 107 virus particles in order to infect
a susceptible person at a 1 m distance with a minimal
infectious dose of 100 virus particles, provided that the
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Can SARS-CoV-2 and phage particles be compared? A
and other bacteriophages have been used as surrogates for
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«Fig.2 A Distribution of PFU on plates sprayed with 10° phages.
Plates freshly seeded with E. coli cells were sprayed with A phages as
described in Fig. 1A—C. Each time droplets containing approximately
10° phages were released through the nozzle of a trigger sprayer. The
plates containing the bacteria were kept open for 60 s following the
spray and incubated overnight. On the next day the phage plaques
were counted. The legend at the right describes the position of the
plates relative to the phage sprayer. Al, A2 and A3 represent plates
positioned at 1 m, 2 m and 3 m in front of the sprayer, respectively;
B1, B2 and B3 represent plates positioned at the rear of the sprayer
(at a 180 ° angle); C1, C2 and C3 represent plates positioned at the
left with a 45 ° angle from the sprayer nozzle; D1, D2 and D3 is
as above except that the plates were positioned at the right; E1, E2
and E3 represent plates moving from one side of the sprayer to the
other making a 180 ° arch in a clockwise direction; F1, F2 and F3
is the same as above except that the plates were moved in an anti-
clockwise direction. Finally, G1, G2 and G3 represent plates placed
on the floor face up. With the exception of the G1, G2 and G3 set-
ting, in all other experiments the plates were kept open in an upright
position. In all cases, 1, 2 and 3 respectively represent 1 m, 2 m and
3 m distance between the sprayer and the open plate. B. PFU number
in plates exposed to phage spraying at a 40-100 cm range. A phages
were sprayed towards plates seeded with E. coli from a spray bottle
containing an average of 3,575 PFU/ml. The plates were positioned
in front of the bottle nozzle 40-100 cm distance, as shown in Fig. 1D.
Each point represents the mean +S.E.M. of at least 5 independent
experiments. C. Distribution of droplets size emitted by the trigger
sprayer. The size of the droplets emitted by a single discharge was
assessed by a laser diffraction particle size analysis

Table 1 Transmission rates in each experimental setting

Position Transmission rate  Position Transmission rate
Front-lm 9 x 107 Left-1m 4.0x107°
Front-2m 8.7 x 1077 Left-2m 8.0x 1077
Front-3m 0 Left-3m 44 %1070
Back-1m 0 Right-1m 2.9x107°
Back-2m 1.7 x107° Right-2m 0
Back-3m 0 Right-3m 8.7x 1077
CW-1m 8.7 x 1077 anti-CW-1m 8.7x 1077
CW-2m 2.9%107° anti-CW-2m 4.0 x 10”7
CW-3m 0 anti-CW-3m 8.7 x 1077
Floor-Im 54 x107¢

Floor-2m  8.7x 1077

Floor-3m 0

eukaryotic viruses in many instances (Black et al. 2010;
Chen et al. 2004; Kormuth et al. 2018; Yang et al. 2011;
Turgeon et al. 2014). In terms of size, the circular SARS-
CoV-2 has a diameter of 100 nm, while the A phage has
an icosahedral head with about 60 nm in diameter, and a
non-contractile tail with about 150 nm in length (Furth
et al. 1983; Hendrix and Casjens 2005). Given their simi-
lar dimensions both types of particles should be contained

in similar droplet sizes (small and large) and follow thus
comparable spreading paths. The median diameter size of
the droplets produced by our sprayer was 127 pm, which is
compatible with sneeze and speech droplets size but larger
than that of cough particles (Han et al. 2013). A droplet
diameter of 127 pm corresponds to a volume of 0.001 pl.
Given that the phage concentration in the sprinkler was
150,000 phages/ml, each droplet should carry about 0.15
phages, i.e., roughly only 1 in every 6 droplets contained
a phage particle. We can therefore be confident that each
observed plaque on the plates derives from a single phage.

The reported size of the droplets produced by human
respiratory activities is inconsistent (Han et al. 2013;
Fabian et al. 2008; Yang et al. 2007; Buckland and Tyr-
rel 1964). Nevertheless, the diameter of droplets produced
by cough tend to be smaller than the ones produced by
our sprayer. Aerosols, in particular, consist of very small
particles (< 5 pm) that can in the absence of air currents
or ventilation remain airborne for extended periods of
time (Fennelly 2020). However, in open air, these small
droplets tend to dilute immediately as already pointed out.
The ones that may be the cause of concern in the open air
are the high-velocity larger droplets produced by sneeze
and those emitted by regular speech. Here we showed that
this type of infectious droplets are able to infect an open
Petri dish with a 9 cm diameter (area = 64 cm?) at a 1
m distance at the low rate of 10™. At a 2 m distance the
transmission rate drops even further. It should be noticed
that the exposed area in a Petri dish is considerably larger
than the total mucosal area in a human face.

In conclusion, we presented here a simplified test for
the dispersion of viruses in open air. For obvious reasons,
such an experiment could not be performed with live
human viruses outside the laboratory, but by using a bacte-
rial virus that is completely innocuous to all living beings,
except for a narrow range of E. coli strains, harmless to the
environment and that resembles in size respiratory viruses
it was possible to evaluate the pattern of outdoors trans-
mission. Our results suggest that virus transmission at a 1
m distance, i.e. not very crowded open air settings, such
as streets and parks or in well-ventilated sites has a very
small likelihood. Therefore, the use of face masks or any
other protective shield outdoors is not required as long as
a minimal distance of 1 m is kept among each other, as
already recommended by the WHO and adopted by many
countries (WHO 2020; masks4all 2020).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00203-021-02382-8.
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