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A B S T R A C T

Virus seasonality is affected by many environmental factors. UV radiation is a less studied but potentially 
important factor in virus outdoor aerosol transmission. Virus aerosol transmission in an Arctic environment was 
simulated by nebulizing Phi6 outdoors to study longer range (0-75 m) transmission. Aerosolized viruses were 
collected using host-containing agar plates, Biosamplers and filter collectors. Additionally, the effects of long- 
term exposure to solar UV radiation were studied on Phi6 and its host bacteria Pseudomonas phaseolicola. Phi6 
remained infectious in aerosols for at least 50 m outdoors, however, potential for longer transmission distance 
still exists. Exposure to solar UV radiation did not significantly affect Phi6 viability, however, a decreasing trend 
was seen over an 8 h exposure time. Potential UV radiation related damages were found in the host bacteria’s 
genome, but not in Phi6. This study shows that some viruses can remain infectious and travel for relatively long 
distances outdoors. Solar UV radiation was found to have minimal or no effect on Phi6 aerosol transmission at 
these distances, however, Phi6 is known to be resilient against UV radiation. Further studies are required with 
longer distance collection to understand the full potential of virus aerosol transmission outdoors. Additionally, 
other model viruses should be experimented with to understand how different viruses remain infectious in 
aerosols.

1. Introduction

Respiratory viruses cause up to a billion infections yearly (WHO 
2024 a-b, 2023), making them a major influence in global health and 
economy (Courville et al 2022). The recent SARS-CoV-2 pandemic urged 
multiple studies on aerosol transmission of these viruses both indoors 
and outdoors (Dinoi et al. 2022), however, long distance transmission 
remains poorly studied. Previously, only avian influenza has been shown 
to remain infectious for up to 70 meters, however, aided by exhausted 
air (Torremorell et al., 2016).

Respiratory virus infections are commonly known to be seasonal. 
The seasonality of airborne virus infections is affected by many envi
ronmental factors, such as temperature, humidity (Sajadi et al 2020), 
and air pollutants (Groulx et al 2018). Solar ultraviolet radiation (UVR), 
however, is a much less studied, but potentially important factor in virus 

seasonality (Carvalho et al 2021; Guasp et al 2020). UVR is divided into 
three bands according to its wavelength, with UV-C including the 
shortest (200–280 nm), UV-B medium (280–315 nm), and UV-A the 
longest wavelengths (315–400 nm). UV-C and UV-B radiation induce the 
formation of cyclobutane pyrimidine dimers and pyrimidine-6, 
4-pyrimidone photoproducts in DNA by forming covalent bonds at 
di-pyrimidine sites, leading to DNA breakage and replication arrest 
(Rastogi et al 2010). While UV-A induces these changes at di-pyrimidine 
sites at a lower rate, it can also promote mutations in other parts of DNA 
by forming reactive oxygen species (Mullenders 2018). The effects of UV 
radiation on RNA resemble those on DNA, with the addition of uridine 
and cytidine hydrate formation (Singer 1971). Additionally, viruses tend 
to be more susceptible to shorter wavelengths of UVR (Ma et al., 2021). 
UV-C also promotes site-specific self-cleavage in viral RNA 
(Ariza-Mateos et al., 2012). Furthermore, viruses with a single-stranded 
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genome are more susceptible to UVR induced genomic damage (Qiao 
et al., 2018), while those with shorter genomes are better protected from 
it (Rodriguez et al., 2014).

The spectrum of solar UV that reaches Earth’s surface differs from 
that of germicidal UV lamps. The Earth’s ozone layer absorbs UV-C ra
diation completely and the UV-B wavelengths of the solar spectrum 
partially, leaving only UV-A and some UV-B radiation reaching Earth’s 
surface (Lubin & Jensen 1995). Germicidal UV lamps, or mono
chromatic lamps, usually emit only UV-C radiation at a specific wave
length, most commonly at 254 nm, which is close to the wavelength of 
DNA’s peak absorption. The lack of UV-C and part of UV-B in surficial 
solar UV spectrum makes viruses less sensitive to solar UV than to 
germicidal lamp, requiring longer exposure times under solar UV for 
significant viral inactivation (Weyersberg et al., 2022). While UVR 
inactivation of viruses is well-studied (Carvalho et al 2021; Rockey et al 
2021), the effects of solar UVR on aerosolized viruses remain poorly 
studied.

The aim of this study was to measure longer distance (0-75 m) virus 
aerosol transmission and short-term effects of solar UVR on virus inac
tivation. Phi6 was used as a model virus to study enveloped virus aerosol 
transmission as it is harmless to humans and the environment, requires 
no biosafety precautions, and is a commonly used model virus for 
aerosol transmission of respiratory viruses such as influenza and coro
naviruses (Oksanen et al 2022; Turgeon 2014). Previous research has 
demonstrated that Phi6 is relatively resilient to UV radiation (Ma et al 
2021; Weyersberg et al. 2022). Here we experiment this resilience to
wards solar UVR in a natural outdoor environment combined with the 
potential for long distance aerosol transmission. Solar UVR spectrum is 
highly specific and difficult to reproduce in vitro indicating the impor
tance of experimental research in real outdoor environments.

2. Materials and methods

2.1. Description of the research site

Exposure tests and field simulations were conducted at the Finnish 
Meteorological Institute Arctic Space Centre in Sodankylä (67◦N, 23◦E). 
The Centre is a research station where infrastructure enables multidis
ciplinary laboratory and field simulations by offering versatile mea
surements of weather and atmosphere. The site is 7 km south of the 
Sodankylä village near the river Kitinen. The surrounding area is char
acterized by pine forest and swamp. In June, the temperature range is 
typically from +5◦C to +20◦C, and the weather is continental. In June, 
the minimum solar zenith angle (SZA) is around 45◦, and the sun is 
almost constantly above the horizon due to the location being north of 
the Arctic circle.

The field simulations were conducted at the test field around one of 
the satellite antennas near the sounding station. The field was a 
100×200 m2 open area surrounded by pine forest (Supp. Fig. 3). A test 
automatic weather station (AWS) and a test mast measuring wind, 
temperature and relative humidity were in the field.

UV exposure tests were conducted in both the measurement platform 
of the sounding station and in the optical laboratory of the site (Lakkala 
et al., 2016). The measurement platform has several solar radiation 
measurements which routinely measure global radiation, UV radiation 
and total ozone. The horizon is free from trees until around SZA 80◦. 
Meteorological data were obtained from the official AWS of the site, next 
to the sounding station (World Meteorological Organization site code 
02836). Control samples were kept out of UV exposure in a synoptic 
station weather box in outdoor conditions next to the AWS and the 
sounding station.

2.2. Meteorological data

Temperature, relative humidity, wind speed, direction, and gusts 
were downloaded from the official AWS via FMI’s database as 1 minute 

data for outdoor UV exposure tests. For outdoor simulations, similar 
meteorological parameters were downloaded from two FMI’s test 
weather stations. Each time, the weather station located closest to the 
simulation was chosen. PT100- (Pentonics AB, Sweden) and HMP155D- 
sensors (Vaisala Oyj, Finland) were used to monitor temperature and 
humidity respectively. The wind speed and wind direction data were 
recorded as one- or ten-minute averages with an acoustic anemometer 
UA2D (Adolf Thies GMBH & CO.KG, Germany). Thermochron data 
loggers were used to continuously monitor the temperature next to the 
nebulizer, at 5 m in three directions and at 30 m downwind. A Ther
mochron data logger was also placed in the weather box together with 
the control samples. The temperature next to the virus and bacteria 
samples was monitored on the measurement platform using a Hanna 
Checktemp pocket thermometer model HI 98501.

2.3. UV measurements

2.3.1. Outdoor measurements
Two Brewer spectroradiometers, Brewer#037 and Brewer#214, 

measured UV radiation at the measurement platform of the sounding 
station. Their measurement schedule included both total ozone mea
surements and UV scans. During the field simulations and UV exposure 
tests, the #214 was optimized to measure several UV scans in a row. The 
Brewer is a scanning spectroradiometer with a wavelength range of 290 
nm to 325 nm (Brewer#037) or to 363 nm (Brewer#214). The #037 is a 
single monochromator and the #214 a double monochromator device. 
They measure incoming global radiation on a horizontal surface. The UV 
irradiance is recorded at 0.5 nm steps, and the whole scanning time is 3 
to 5 minutes. The irradiance scale is traceable to PTB through the na
tional metrological institute MIKES Aalto, and the post-processing of the 
data includes correction for all known errors (Lakkala et al. 2008; 
Mäkelä et al. 2016). Both Brewers are compared against the world 
reference QASUME every 4 years and have shown good stability and 
difference less than 6 % compared to QASUME at wavelengths longer 
than 305 nm.

Two GUV multichannel radiometers (Biospherical Instrument Inc., 
United States) were also used for measurements on the platform next to 
the spectroradiometers. The GUVs are the same that are used for Ant
arctic UV measurements in the Marambio station (Lakkala et al. 2020). 
The GUV radiometer has five UV channels, with a bandwidth of about 10 
nm and center wavelengths at 305, 313, 320, 340, and 380 nm. It also 
has a channel measuring visible radiation at 555 nm and one measuring 
the photosynthetically active radiation (PAR). The GUVs are regularly 
calibrated at Biospherical Instruments Inc. and compared against the 
spectroradiometers in Sodankylä. The difference between both GUVs 
and the Brewer#214 was less than 6 % at SZAs smaller than 60⁰ on June 
4th, 2021.

The one-minute dose rate data from the GUV radiometers were used 
to calculate UV doses for selected UV exposure time periods and for field 
simulations. The DNA damage weighting of DNA damage dose rates of 
the GUV is directly provided by Biospherical Instruments (Bernhard 
et al., 2008) and available at https://gml.noaa.gov/grad/antuv 
/docs/version2/doserates.SetlowBSI.txt (last visited 15 Feb 2024). 
This weighting is a parametrization of the action spectrum described by 
Setlow (1974). In some of the UV exposure experiments, a filter blocking 
the UVB wavelengths (polyester filter) of the solar spectrum was used. 
As we had two GUV radiometers, the diffuser of one GUV was covered by 
a UVB blocking filter, while the other remained uncovered, allowing 
short UVB wavelengths to pass through the diffuser.

2.3.2. Laboratory experiments
A 1 kW tungsten-filament incandescent halogen lamp of type DXW 

was used to expose samples to UV radiation in the laboratory. The same 
setup as for the calibration of the Brewer spectroradiometer was used, 
which is explained in detail by Lakkala et al. (2016). The UV-lamp was 
operated horizontally with a vertical optical axis at 50 cm from the 
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sample. The lamp emits UVC, UVB, UVA, and near infrared radiation, 
and its spectrum is shown compared to a measured solar midday UV 
spectrum in Fig. 1. The room temperature was kept constant at 23◦C, 
and the temperature of the sample was recorded before and after 
exposure. For the calculation of UV doses received by UV samples in the 
laboratory, the Setlow (1974) DNA damage spectrum was parameter
ized following Bernhard et al. (1997) and normalized to 254nm.

2.4. Viruses, microbial strains, and growth media

Pseudomonas syringae pathovar phaseolicola HB10Y (HB10Y) was 
used as the host for Phi6. The bacteria were grown in Luria-Bertani- 
Lennox (LB)-broth containing 0.5 % NaCl at RT (22◦C) with aeration 
overnight. P. syringae and Phi6 were originally obtained from Ann 
Vidaver, University of Nebraska (Vidaver et al., 1973). Agar plates 
containing HB10Y (HB10Y plate) were prepared by mixing 100 µl of 
bacteria grown overnight with 3 ml LB-soft agar and pouring it on 
LB-agar plates. HB10Y plates were used to collect naturally depositing 
aerosols, without external pumps.

Phi6 was purified using the sucrose gradient method described by 
Bamford et al. (1995). Purified virus was used in all UV exposure assays 
as well as outdoor transmission measurements. Phi6 solutions were 
prepared by mixing purified Phi6 (~1•1014pfu/ml) with 20 mM 
K-phosphate for a final concentration of 1•1011 pfu/ml for aero
solization and 1•1010 pfu/ml for UV tests.

2.5. Aerosol particle measurements

Aerosol particle number concentration at >10 nm range was 
measured by a TSI hand-held Condensation Particle Counter (CPC) 
model 3007 (TSI Inc., USA). The CPC data during experiments were 
logged at 1s time resolution. The CPC volumetric flowrate (0.7 LPM) was 
measured before and after the experiment with a flow calibrator (Gilian 
Gilibrator-2, Sensodyne) and the total concentration was compared to a 
reference laboratory CPC (TSI model 3772) and corrected accordingly.

Aerosol particle number size distribution was measured by two 
different techniques: Aerodynamic Particle Sizer (APS) model 3321 (TSI 
Inc., USA) and Optical Particle Sizer (OPS) model 3330 (TSI Inc., USA). 
The APS measurement range is from ~500 nm to 20 µm (aerodynamic 
equivalent diameter), divided into 52 logarithmically spaced channels. 
APS data were recorded at 1-min time resolution. The OPS measurement 
range is from ~300 nm to 10 µm (optical equivalent diameter) divided 

into 16 logarithmically spaced channels. OPS data were recorded at 10 s 
time resolution. The flow rate of APS and OPS were 5 LPM and 1 LPM 
respectively, which were verified prior to, and after, the campaign.

A Wideband Integrated Bioaerosol Sensor (WIBS-NEO, Droplet 
Measurement Technologies Inc., USA) was used to measure the biogenic 
background of aerosol particles by single-particle fluorescence spec
troscopy. It utilizes two excitation wavelengths (280 nm and 370 nm) 
and two emission detection channels (310–400 nm and 420–650 nm). 
Utilizing the different wavelength combinations, 3 main fluorescence 
channels (A: ex.: 280 nm, em.: 310–400 nm; B: ex. 280 nm, em.: 
420–650 nm; C: ex.: 370 nm, em.: 420–650 nm) and their combination 
channels (A+B, A+C, B+C, A+B+C) can be constructed to enhance the 
resolution power between different fluorescent particle species (Savage 
et al. 2017). Additionally, WIBS measures the optical aerosol size dis
tribution and shape factor of individual particles. WIBS measures the 
aerosol in real time with a flow rate of 0.3 LPM and a maximum sam
pling rate of 13 particles/s for the fluorescence analysis.

The aerosols were sampled at atmospheric humidity. Background 
subtraction of naturally occurring atmospheric aerosol was carried out 
for each instrument based on measurement ~30 minutes prior to and 
~30 min following virus collection for each experiment. For the OPS and 
APS, background in each size channel was treated individually. For OPS 
and APS size bins below 1 µm in diameter, and CPC data, a linear 
trendline was fit to background data and subtracted directly from 
experimental data. For OPS and APS size bins larger than 1 µm, where 
concentrations are generally low, the median value for the background 
period was subtracted from experimental data. There are exceptions to 
this method, which are noted where applicable.

The APS, CPC, and WIBS were placed 3 m downwind, and the OPS 
7.5 m downwind, from the nebulizer. All aerosol measurement devices’ 
inlets were at the altitude of the virus source.

2.6. Outdoor virus simulations

2.6.1. Setup
The final setup used in the experiments in Sodankylä was derived 

from the feasibility test setups (Supp. 1). 1.5 m high wooden stands 
(Supp. Fig. 4) were built to hold HB10Y plates at the height of the output 
of the nebulizer. The stands were placed in three directions: downwind, 
and 90◦ to the left and right, according to the preliminary tests. Three 
replicate HB10Y plates were placed on the stands at 1 m, 3 m, 5 m, 7.5 
m, 10 m, 15 m, 20 m, 25 m, 30 m, 40 m, 50 m, 60 m, and 75 m, 

Fig. 1. Solar midday spectrum (SZA 45◦) on June 4th, 2021, and the spectrum of the UV lamp used in the study. The plot also includes both spectra weighted by the 
DNA damage action spectrum. The DNA damage action spectrum normalized to 254 nm is also plotted. Note the logarithmic scale.
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downwind, and 1 m, 3 m, 5 m and 10 m to the left and right. The setup 
was adjusted according to the main wind direction. The meteorological 
factors were monitored as stated above. An Omron compare Pro C900- 
nebulizer was used to aerosolize Phi6 solution at ~0.4 mLPM for 30 min.

2.6.2. Virus transmission
Virus transmission was studied using HB10Y plates, 5 ml Bio

samplers (SKC) and a prototype filter collector (Supp. Fig. 5-6). HB10Y 
plates were used as passive collectors to collect naturally depositing 
aerosols, while the Biosamplers and filter collectors collected actively, 
using a pump. Two Biosamplers filled with 5 ml of HEPES were operated 
with an airflow of 12.5 LPM. Polycarbonate (PC) and cellulose-acetate 
(CA) filters were used in the filter collector, and their pumps were 
operated at a flow of 5 LPM. Controls were taken right before and 30 min 
after the experiments by leaving three HB10Y plates open on the stands 
downwind for 30 min.

2.6.3. UV assay on virus infectivity
Phi6 solution was pipetted and dried onto empty plastic Petri dishes 

in a laminar hood. The dried droplets were exposed to a UV-lamp, or 
solar UV. A weather box was used as a control environment for solar UV, 
as it is impermeable for UV from outside but matches other environ
mental parameters. Control samples for the UV-lamp were kept in the 
same room with the UV-lamp to ensure similar environmental factors. 
The dried droplets were subjected to UV for up to 2 h under the UV lamp 
and up to 8 h under solar UV. Outdoors, the Petri dishes containing the 
dried droplets were placed on the measurement platform. Ice packs were 
placed under the Petri dishes to prevent the samples from heating.

To study the effects of UVA on the viruses outdoors, the droplets 
were covered with UVC and UVB blocking polyester filters. In the lab
oratory, alternatively to the polyester filters, cellulose diacetate filters 
were used to block only the UVC wavelengths of the lamp spectrum. In 
the laboratory, the filters were set up on the lowermost baffle (see Fig. 2
in Lakkala et al. 2016) of the measurement setup. The effect of the filter 
on the irradiance of the lamp can be seen in Supp. Fig. 7.

2.7. UV assay on cell viability

HB10Y UV sensitivity was studied using replica plating technique 
(Lederberg & Lederberg, 1952) for creating multiple plates with com
parable colonies. HB10Y overnight inoculate was plated in dilutions 
from 10− 2 to 10− 8 to produce a plate with optimal amount of single, 
distinguishable colonies for replicating, and incubated overnight at 
room temperature. After the optimal dilution was selected (dilution 
10− 7), a replicating apparatus with sterile velvet cloth was pressed to the 
plate surface and then moved and pressed onto five fresh LB-Lennox 
plates. The plates were incubated overnight at room temperature. The 
replicate plates were used to produce triplicates using replica plating. 
The plates were then exposed to UVR as described above. Controls were 
kept in the weather box described above.

After the UV exposure, replica plates were incubated at RT overnight 
allowing the survived cells to proliferate. On the following day, bacterial 
cells were collected with 0.5 ml of HEPES buffer from the agar surface 
into Eppendorf-tubes, snap-frozen in liquid nitrogen and stored at -80 ◦C 
until analysis.

Once defrosted, the samples were mixed briefly using vortex and the 
cell density (A600) was measured with Nanodrop using sterile cuvettes. 
The absorbance was measured for 200 µl of bacterial samples.

2.8. Nucleic acid extraction

RNA extraction for Phi6-samples was done using QIAamp Viral RNA 
Mini Kit, following the kit protocol. Prior to extraction, 6.16 ml of AVL- 
buffer and 61.6 µl of carrier-RNA-AVE-buffer were prepared afresh. RNA 
samples were eluted into 60 µl of RNase-free water. RNA concentrations 
and the purity of extracted RNA were assessed with Nanodrop (Thermo 
Scientific, USA), results shown in Supp. Tab. 1.

DNA extraction was done according to Sofiev et al. (2022) using only 
lysozyme instead of the enzyme mix, and 600 µl of each sample. Quality 
and quantity of the extracted DNA was assessed using Nanodrop shown 
in Supp Tab 2.

Fig. 2. Infective virus counts in field simulations after 30 min of nebulization. Biosamplers (BS) and the filter collector were situated at 0 m side distance. Values 
presented are averages of all measurements rounded up to the nearest unit.
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2.9. Sequencing and sequence analysis

Phi6 samples with exposure to the highest amount of UVR were 
chosen for sequencing. No replication round was performed for the virus 
samples. For HB10Y, samples were sequenced from one growing and 
three non-growing colonies after UVR exposure. Non UVR exposed 
controls were sequenced alongside both Phi6 and HB10Y.

The extracted RNA was reverse transcribed to cDNA prior to 
sequencing. The cDNA and DNA samples were sequenced using the 
Illumina MiSEQ next generation sequencing platform. Adapters were 
clipped and the reads were trimmed using Trimmomatic. The trimmed 
reads were assembled into contigs de novo with Spades (Prijbelski et al., 
2020) and then sorted against reference genomes obtained from NCBI 
Genome database with Burrows-Wheeler Alignment Tool (BWA).

Using Varscan v.2.4.3 (Koboldt et al., 2012), the variants present in 
the genomes of HB10Y samples RP1-5 were identified and variants 
deviating from those found in RP5. The Phi6 sample genomes were 
scanned with INDELseek (Au et al., 2017) for potential rupture points 
visible as deletions in the genome data. The variants and deletions found 
in samples were visualized with Geneious Prime 2023.2 (https://www. 
geneious.com). Annotations for the reference sequences were acquired 
from NCBI Genome database (access codes: HB10Y: GCF_001294035.1; 
Phi6: NC_003715, NC_003716, NC_00371).

2.10. Statistical analysis

Statistical analyses were performed using GraphPad Prism 10.1.2. 
Correlations were calculated using the two-tailed Pearson correlation 
test.

3. Results

3.1. Field aerosol transmission simulations

Infective viruses were collected up to 50 m downwind from the 
nebulizer with HB10Y plates in three separate simulations, as well as 
with Biosamplers in one simulation. HB10Y plates beyond 50 m 

collected no viruses and Biosamplers were not placed further away. 
Virus numbers collected with HB10Y plates and Biosamplers were high 
at close proximity but diminished exponentially further from the source. 
After 20 m, consistently fewer than 5 viruses were detected on HB10Y 
plates, however, viruses were still detected on most plates (Fig. 2). 
Markedly more viruses were detected with Biosamplers compared to 
HB10Y plates (Fig. 2). The CA-filter collected three times more infec
tious viruses compared to the PC-filter, however the Biosamplers proved 
to be much more efficient, collecting over 1600-fold more than the CA- 
filter (Fig. 2). Control plates exposed before, and 30 min after the phage 
release, were consistently free from plaques, confirming the absence of 
background viruses.

Wind direction played a major role in the transmission of viruses, but 
wind speed was not found to significantly correlate with virus detections 
on HB10Y plates (P=0.81 at 50 m; P=0.38 at 30 m). Wind directions and 
speeds are presented in Supp. Tab. 8. Similarly, the level of UV-radiation 
outdoors during the tests were not observed to affect virus infectivity in 
30 min simulations.

3.2. Aerosol measurements

Fig. 3 shows the mean CPC, OPS and APS aerosol concentration 
enhancement due to the nebulizer during 30 minutes of sample 
collection.

Fig. 4 shows the mean aerosol size distribution for the background 
period before and after each experiment, and during each experiment, 
measured by APS. Elevated aerosol concentrations in size range >0.5 µm 
were observed for 3 out of 5 experiments where APS data is available. In 
the simulation without elevated aerosol concentration, wind direction 
was not optimal for the setup.

With the WIBS, an increase in fluorescent particle count was evident 
when comparing the background and simulation situations. The in
crease was notably visible in particle sizes > 1 µm in diameter and in 
channel A, which has been associated with microbial fluorescence in 
previous studies as well (Savage 2017). Fig. 5 shows the results for all 
the simulations with a comparison to the background aerosol, measured 
within 1 hour of the simulation.

Fig. 3. Median total aerosol number concentration, as measured by CPC (a), OPS (b), and APS (c) at size range >0.01 µm, >0.3 µm and >0.5 µm, respectively. Error 
bars show the interquartile range.
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3.3. UVR exposure experiments

While no statistically significant differences were observed between 
the control and solar UVR exposed samples, a decreasing trend in virus 
concentration of exposed samples could be seen (Fig. 6). A significant 
(p=0.0472) correlation was found between unweighted solar UVR dose 
and virus concentration decrease; however, not with the DNA damage 
weighted UV dose. Blocking UVB seemed to slow down the decrease 
only slightly. Similarly, when exposed to UVR under a UV lamp, the 
UVB+UVA, and UVA exposed samples showed similar decreases in in
fectious virus concentration. Exposure to the full spectrum led to a more 
pronounced decrease (Fig. 7).

3.4. UV measurements

The campaign week was sunny with several mostly cloudless days. 
The daily maximum UV index of 4 was reached each day around solar 
midday. One minute data of UV index, UVB, UVA and PAR radiation are 
shown in Fig. 8 for the whole campaign. The high variability in solar 
radiation measurements, observed for example during June 5th, is due 
to rapidly moving cloudiness which is typical for the site.

3.5. Genome mutation analysis

In Phi6 genomes, eight two-base deletion-like damages were iden
tified, however, none of these were exclusive to the UVR exposed sam
ples. All but one of these mutations occurred in the M segment (Fig. 9). 
Three of these deletions were found in the P3 protein coding area and 
one in the P5 protein coding area. The remaining four were in non- 
coding areas (Supp. Tab. 5). No replication rounds were performed to 
verify the damages as mutations.

We identified 6 recurrent SNPs found in all non-growing HB10Y 
sample genomes but not the growing sample genomes. One additional 

SNP and one two-base substitution were also found in 80 % of the non- 
growing genomes. Out of these mutations, three were transversions of 
purine to pyrimidine: two common to all and one common to 80 % of the 
sequences of non-growing genomes. All detected mutations were found 
in non-coding regions of the genome (Supp. Tab. 6).

4. Discussion

Bacteriophage Phi6 was employed here to investigate airborne virus 
transmission in Arctic outdoor air. The effect of solar UVR on virus and 
host cell viability was also studied in a laboratory. In a simulation first of 
its kind, infectious viruses were detected outdoors up to 50 m away from 
the source with two different collection methods: deposition on host- 
containing agar plates (HB10Y plates) and collection with Bio
samplers. The observed quantity of viruses collected by Biosamplers 
suggests a potential for even longer distance detection of infective 
viruses.

Biosamplers collected on average 500 and 220 times more infectious 
viruses at 30 and 50 m respectively, compared to HB10Y plates (Fig. 2). 
These findings indicate that even though no viruses were observed on 
HB10Y plates after 50 m, they could still potentially be detected using 
Biosamplers. Moreover, this is supported by the fact that detected virus 
counts with Biosamplers were only halved from 30 m to 50 m. Calcu
lating linear regression from these two Biosampler points suggests that 
detection would be possible for up to 65 m. Biosamplers were placed 
furthest at 50 m in this study, however, these suggestions agree with 
previous findings from poultry farms (Torremorell et al., 2016). Aerosol 
samplers should also be tested to determine the most suitable detector 
for outdoor samples. In addition to remaining infectious for at least 50 m 
downwind, infectious viruses were found at least 10 m from the source 
to the sides. As with downwind, longer distance detection using Bio
samplers would provide a fuller view of virus transmission through 
aerosols. Further studies with longer distance collection using 

Fig. 4. Median aerosol size distributions measured by APS, with error bars showing interquartile range for experiments 1-5 (colored lines), and the median of all 
background times (solid black). Size distributions for five of six experiments at Sodankylä were compared to the same median background profile (black line). APS 
data from experiment 6 is missing due to equipment failure.
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Biosamplers are needed to understand the maximum distance viruses 
can remain infectious in outdoor air.

Biosamplers were found to be the best collection method for infec
tious viruses from the air compared to deposition plates and filter col
lectors. With Biosamplers, compared to HB10Y plates, we were able to 
collect an over 1000-fold number of infectious viruses at short distances 
(5 m and 10 m) and 100-fold at longer distances (30 m and 50 m) 
(Fig. 2). The cellulose-acetate filter was found to be better in preserving 
virus infectivity than the polycarbonate filter. Neither of the filters were 
as efficient as HB10Y plates or Biosamplers, however. Additionally, the 
number of viruses detected with the filter collector was inconsistent 
compared to other collection methods. Low infectious virus counts on 
the filters is likely due to inactivation from dehydration during sampling 
(Tseng & Li 2005).

While air dilution undoubtedly has a major effect on virus detection 
at longer, above 10 m distances, its effect compared to virus inactivation 
from eg. dehydration is difficult to assess without data on total virus 
particles. Approximately 1.2⋅1012 pfu of Phi6 were nebulized during 
each simulation, while on average 8.4⋅105 pfu were recovered at 3 m 
using a Biosampler. Furthermore, at 7.5 m 1⋅105 pfu were detected, 
suggesting that a large portion of viruses are inactivated already during 
nebulization. For future studies, collecting samples for qPCR analysis is 
advised to understand what portions of this reduction are due to virus 
inactivation and air dilution.

Phi6 is known to be comparatively resilient against UVR (Ma et al., 
2021; Weyersberg et al., 2022). Solar UVR was found to have minimal 
effect on Phi6 infectivity in the Arctic environment in our dry droplet 
tests. A 0.5 log reduction in infectious viruses, compared to the control, 

Fig. 5. Comparison of fluorescent particles in the background and simulation as a function of particle size. The particle size limits are 0.5–1.0 µm, 1.0–2.5 µm, 
2.5–5.0 µm, and 5.0–10 µm. The background is the left stack bar of the pair, and the simulation is the right. Different fluorescent channels are denoted with different 
colors and the height of the segment reflects the number of particles detected in the corresponding channel. Each pair of bars have been normalized with the higher 
number of particles in the corresponding size range. As can be seen from the figure, most simulations are seen as an increase in the total and fluorescent particles 
especially in the larger particle sizes and in channel A. In a few cases (e.g. size range 0.5–1.0 µm of sim. 210607) the simulation cannot be distinguished from the 
background. The total number of measured particles during the data collection period is shown at the top of the bars. The data collection time may vary slightly 
depending on the simulation, and thus the total number count is not inter-comparable between simulations.
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was seen after 2 h exposure, with the highest reduction of 2 logs being at 
4 h. Phi6 UVR resilience could be partly explained by the high virus 
concentration used in the experiments, which has been found to 
conserve virus infectivity (Bangiyev et al., 2021). The structure of phage 
capsids has been suggested to be responsible for higher UVR tolerance of 
virus particles by Plano et al. (2021). Recent study comparing the UVR 
susceptibility of Phi6 and SARS-CoV-2 supported this theory concluding 

that though Phi6 is similar in size and outer membrane structure, Phi6 
requires much higher dose of UVR for virus aerosols to lose infectivity 
(Weyersberg et al 2022). Though no statistically significant differences 
were detected in virus infectivity compared to the controls, a decreasing 
trend could be seen (Fig. 6). Although different UV lamps cannot be fully 
compared due to differences in their spectra, similar decreases in in
fectious Phi6 concentration with similar UV doses have been reported 

Fig. 6. Recovered infectious virus concentrations after exposure to solar UVR in proportion to the control on a) DNA damage–weighted UV doses (254 nm), b) non- 
weighted UVA dose, c) non-weighted UV dose (including both UVB and UVA) and d) exposure time. The legend labels signify the UVR spectra samples were 
exposed to.

Fig. 7. Recovered infectious virus concentrations relative to control after 120 min exposure under UV lamp.
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before by the US EPA (2020). Lower virus counts on the solar UVA 
exposed samples was likely due to the UVB filter causing the air to not 
circulate as well on the petri dish, causing heating, or to UVA effects on 
virus viability (Bernhard et al., 2023) The effect of UVR on viability was 
more apparent on the host bacterial strain (Supp. Fig. 9), even though 
P. phaseolicola genome is known to contain fitness determinants 
conferring among others, tolerance to UV (Pérez-Martinez et al. 2008). 
According to our findings, bacterial growth was inhibited within a four 
to five hours period if UVB radiation was present. However, if bacteria 
were only exposed to the UVA segment of the spectrum, the effects on 
cell viability remained within confidence intervals. While all genetic 
damages detected were in non-coding areas of the HB10Y genome, it is 
possible that they appeared in regulatory sequences, which could 
explain the growth inhibition. No mutation-like damages were found in 

the Phi6 genomes exclusive to the UVR exposed samples, most likely due 
to reasons stated above. However, common deletion-like damages were 
found in some Phi6 samples, including the controls, indicating that they 
might have resulted from other environmental stress factors. Addition
ally, the Phi6 strain in use could have mutated from the sequence used 
for the comparison during purification, storing and thawing. Most of 
these damages were found in the M-segment of Phi6, indicating that the 
M-segment might be more sensitive to variations than other segments. 
Sequenced virus samples were not passed through a replication cycle, 
meaning the observed damages cannot be verified as mutations. Still, 
these findings help us understand what parts of the Phi6 genome are 
most susceptible to damage. In the host bacteria’s genomes, eight 
possible mutations caused by UVR were identified. Out of these, three 
produced either cytosine or thymine capable of forming pyrimidine 

Fig. 8. UV index, UVB, UVA and PAR radiation measured with the GUV radiometer during the campaign week June 2-9, 2021, in Sodankylä.

Fig. 9. Deletion-like damages (blue) identified in sequenced Phi6 genomes aligned to Phi6 genome from NCBI database (L, M and S fragments acc. numbers 
NC_003715.1, NC_003716.1 and NC_003714.1).
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dimers, commonly caused by UVR (Rastogi et al 2010). Bacteria with 
these mutations were non-growing, indicating that these are weak spots 
in essential genes.

Our findings suggest that UVR most likely has minimal effect on 
potential loss-of infectivity of virus aerosols during short-distance 
transport as tested in this Arctic setup. The solar UVR dose required 
for significant loss of infectivity would translate into several hours of 
time-of-flight exposure depending on weather conditions to take effect 
on Phi6, according to our results. However, in locations with periods of 
high solar UV activity, the significance of solar UVR on viral aerosols 
may be significant. The Phi6 solar UVR resilience test results also need to 
be tested and adapted for virus aerosols instead of dried particles on a 
surface. However, these tests would require conditions with potential of 
higher UVR exposure doses during short time of flight for feasible 
sample collection, which is not available in an Arctic environment. 
Additionally, other model viruses should be experimented with to un
derstand how different viruses remain infectious in aerosols.

This study also has some potential limitations regarding virus 
detection and RNA purity. Firstly, BioSamplers have been observed to 
have reduced ability to collect particles sized <400 nm (Li et al., 2018), 
suggesting that the actual virus concentrations could be higher than 
reported here. Additionally, the vortex in the sampler could partially 
inactivate the collected viruses (Lednicky et al., 2016). Secondly, the 
purified RNA from Phi6 UV-exposure samples was not optimal (Supp. 
Table 1), which could result in sequencing errors. However, quality 
checks on the RNA sequences did not show anything abnormal in 
sequence quality. Moreover, our findings of no UVR-induced damages in 
Phi6 genomes aligns with previous studies on Phi6 resilience against 
UVR, suggesting that RNA purity did not affect the presented results.

We demonstrated that Phi6 remains infectious in outdoor aerosols 
for at least 50 m downwind, with a potential of even longer distance 
detection. Even though wind directions were mostly towards our setup, 
virus-containing aerosols spread not only downwind, but also at least 10 
m to both sides from the source. We detected no genomic damages 
caused by either solar UVR or UVR lamp in Phi6, however, we observed 
multiple UVR-induced SNPs in HB10Y’s genome, some of which could 
result in cell death.
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Herranz, A., Gómez, J., 2012. RNA self-cleavage activated by ultraviolet light- 
induced oxidation. Nucleic. Acids. Res. 40 (4), 1748–1766. https://doi.org/ 
10.1093/nar/gkr822.

Au, C.H., Leung, A.Y.H., Kwong, A., Chan, T.L., Ma, E.S.K., 2017. INDELseek: Detection 
of complex insertions and deletions from next-generation sequencing data. BMC. 
Genomics. 18 (1), 16. https://doi.org/10.1186/s12864-016-3449-9.

Bamford, D.H., Ojala, P.M., Frilander, M., Walin, L., Bamford, J.K.H., 1995. Isolation, 
purification, and function of assembly intermediates and subviral particles of 
bacteriophages PRD1 and σ6. Methods Mole.r Genet. 6, 455–474. https://doi.org/ 
10.1016/S1067-2389(06)80028-2.

Bangiyev, R., Chudaev, M., Schaffner, D.W., Goldman, E., 2021. Higher concentrations of 
bacterial enveloped virus Phi6 can protect the virus from environmental decay. 
Appl. Environ. Microbiol. 87 (21), e0137121. https://doi.org/10.1128/AEM.01371- 
21.

Bernhard, G.H., Madronich, S., Lucas, R.M., Byrne, S.N., Schikowski, T., Neale, R.E., 
2023. Linkages between COVID-19, solar UV radiation, and the Montreal Protocol. 
Photochem. Photobiol. Sci. 22, 991–1009. https://doi.org/10.1007/s43630-023- 
00373-w.

Bernhard, G., Mayer, B., Seckmeyer, G., Moise, A., 1997. Measurements of spectral solar 
UV irradiance in tropical-Australia. Atmospheres 102 (D7), 8719–8730. https://doi. 
org/10.1029/97JD00072.

Bernhard, G., Booth, C.R., Ehramjian, J.C., Quang, V.V.. NSF Polar Programs UV 
Spectroradiometer Network 2006–2007, Operations Report, 16, Biospherical 
Instruments Inc., San Diego, available at. https://gml.noaa.gov/grad/antuv/docs/ 
netOps/CHAPTER4.PDF. (Accessed 14 November 2024).

Carvalho, F.R.S., Henriques, D.V., Correia, O., Schmalwieser, A.W., 2021. Potential of 
Solar UV radiation for inactivation of coronaviridae family estimated from satellite 
data. Photochem. Photobiol. 97 (1), 213–220. https://doi.org/10.1111/php.13345.

R. Malmgren et al.                                                                                                                                                                                                                              Environmental Advances 18 (2024) 100600 

10 

https://doi.org/10.1016/j.envadv.2024.100600
https://doi.org/10.1093/nar/gkr822
https://doi.org/10.1093/nar/gkr822
https://doi.org/10.1186/s12864-016-3449-9
https://doi.org/10.1016/S1067-2389(06)80028-2
https://doi.org/10.1016/S1067-2389(06)80028-2
https://doi.org/10.1128/AEM.01371-21
https://doi.org/10.1128/AEM.01371-21
https://doi.org/10.1007/s43630-023-00373-w
https://doi.org/10.1007/s43630-023-00373-w
https://doi.org/10.1029/97JD00072
https://doi.org/10.1029/97JD00072
https://gml.noaa.gov/grad/antuv/docs/netOps/CHAPTER4.PDF
https://gml.noaa.gov/grad/antuv/docs/netOps/CHAPTER4.PDF
https://doi.org/10.1111/php.13345


de Courville, C., Cadarette, S.M., Wissinger, E., Alvarez, F.P., 2022. The economic burden 
of influenza among adults aged 18 to 64: A systematic literature review. Influenza 
Other Respir. Viruses. 16 (3), 376–385. https://doi.org/10.1111/irv.12963.

Dinoi, A., Feltracco, M., Chirizzi, D., Trabucco, S., Conte, M., Gregoris, E., Barbaro, E., La 
Bella, G., Ciccarese, G., Belosi, F., La Salandra, G., Gambaro, A., Contini, D., 2022. 
A review on measurements of SARS-CoV-2 genetic material in air in outdoor and 
indoor environments: implication for airborne transmission. Sci. Total Environ. 809, 
151137. https://doi.org/10.1016/j.scitotenv.2021.151137.

Groulx, N., Urch, B., Duchaine, C., Mubareka, S., Scott, J.A., 2018. The Pollution 
Particulate Concentrator (PoPCon): A platform to investigate the effects of 
particulate air pollutants on viral infectivity. Sci. Total Environ. 628–629, 
1101–1107. https://doi.org/10.1016/j.scitotenv.2018.02.118.

Guasp, M., Laredo, C., Urra, X., 2020. Higher solar irradiance is associated with a lower 
incidence of coronavirus disease 2019. Clin. Infectious Dis. 71 (16), 2269–2271. 
https://doi.org/10.1093/cid/ciaa575.

Koboldt, D.C., Zhang, Q., Larson, D.E., Shen, D., McLellan, M.D., Lin, L., Miller, C.A., 
Mardis, E.R., Ding, L., Wilson, R.K., 2012. VarScan 2: Somatic mutation and copy 
number alteration discovery in cancer by exome sequencing. Genome Res. 22 (3), 
568–576. https://doi.org/10.1101/gr.129684.111.
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