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ABSTRACT
Airborne Prokaryote and Virus abundance over the Red Sea
Razan Ziyad Yahya
Aeolian dust exerts a notable influence on atmospheric and oceanic conditions and
human health, particularly in arid and semi-arid regions like Saudi Arabia. Dust is often
characterized by its mineral and chemical composition, but there is a microbiological component
of natural aerosols which has received comparatively little attention. Moreover, the amount of
materials suspended in the atmosphere is highly variable from day to day. Thus, knowing the
loads of dust and suspended microbes and its variability over the year is essential to understand
the possible effects of dust on the Red Sea ecosystem. Here, we present the first estimates of
dust and microbial loads at a coastal side on the Red Sea over a two-year period supplemented
with information from dust samples collected along the Red Sea in offshore water and their
variability. Weekly average dust loads ranged from 4.63 to 646.11 µg m-3, while the abundance
of airborne prokaryotic cells and viral particles ranged from 31,457 to 608,333 cells m-3 and from
69,615.5 to 3,104,758 particles m-3, respectively. These are the first estimates of airborne
microbial abundance that we are aware of in this region. The large number of dust particles and
suspended microbes found in the air indicates that airborne microbes may have a large impact
on our health and that of the Red Sea ecosystem.
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Chapter 1. Introduction and Objective
1.1.

Introduction

The atmosphere serves as a dynamic system transporting a variety of particles known as
aerosols that range from a diverse range of natural to anthropogenic sources, emitted from
marine and freshwater surfaces, plants, soils, humans, animals, industry, agriculture and air
conditioning systems [1], [2]. In addition to metals and organic materials, aerosols contain
microorganisms, such as viral particles, prokaryotic and eukaryotic cells, often with the
potential of being pathogens and producing toxins that might be harmful to humans, animals
and plants [1]. Atmospheric processes play a significant role in the dynamic changes of airborne
microbial abundance by governing aerosolizing and deposition fluxes and of microbes [3], [4],
with wind speed and direction as the main determinants of the fluxes of microbes. Wind speed
must be strong enough to lift microbes above the ground level [5], but once in the air, they
could remain suspended for a long time and be transported across thousands of kilometers
before being deposited onto surfaces [6], [7].
Louis Pasteur first demonstrated the presence of microorganisms and spores in the air and their
transport, which he proposed was responsible for the spread of some infectious diseases [8].
Since then, the study of the release and transport of microbes into the atmosphere has grown
considerably [6], [7], [9]. Yet, the microbial component of natural aerosols has received
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comparatively far less attention than the mineral fraction [10].
Whereas airborne organisms have been extensively reported over land, supporting around 1.9
× 104 bacteria m-3 and 2.4 × 104 fungal spores m-3 [11], information on the airborne microbiota
over marine environments is still limited [3], [6]. Prokaryote concentrations in the marine
atmospheric boundary layer range from 5 × 102 and 8 × 104 cells m−3 of air [7]. More recently,
the load of virus in aerosol samples has been shown to be also high, leading to high deposition
rates of atmospheric virus [12], but these results refer, thus far, to a single location in southern
Spain and may or may not be applicable to areas elsewhere. Similar to prokaryotes, some
viruses may be effectively transported through the air as they remain suspended for a long
period of time because of their small size [13]. However, viral particles are never found as
independent aerosols as they require a host to survive and, thus, are typically associated with
suspended particles [12], [14], Indeed, the atmosphere is a conduit for the rapid transport of
microbes, prokaryotes and viruses, both of marine and terrestrial origin, with characteristic
transport distances of thousands of kilometers [7], [15]. Wind-driven aerosolizing and
resuspension processes, delivering cells from land and marine ecosystems to the atmosphere
and depositional processes transferring airborne microbes to land and ocean support the highly
dynamic load and transport of microbes over the marine boundary layer of the atmosphere [3],
[7]. Many factors might affect the survival of prokaryotes and viruses in the air (e.g. high
temperature, desiccation and exposure to intense UV radiation). Thus, it is difficult to
determine how many prokaryotes and viruses reach the end of their atmospheric transport in a
viable state and, therefore, to quantify the real impact of atmospheric microbial transport on
the receiving ecosystems [16].
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Desert dust is recognized as one of the main sources of airborne microorganisms [17], where
the atmosphere contains a high load of microbes that can be transported over wide distances
[18]. Dust deposition is, however, concentrated across a number of global hot spots that act as
sink for airborne microbes, which may affect the general human and ecosystem health in some
seasons [19]. The Arabian Peninsula is one of the major hotspots of Aeolian dust in the planet
[20], supporting intense sand storms as the region is affected from dust generated in the
Arabian Peninsula as well as the Sahara Sea. The Red Sea, located in between these two dust
sources, is a global hot spot for dust deposition, receiving a very large input of dust, estimated
at 6 Mt of dust annually [20]. Whereas these inputs have received attention in terms of the
effects on atmospheric processes [20] and their role as a potential source of nutrients to the
oligotrophic Red Sea [21], the associated loads and potential inputs of prokaryotes and virus
have not been examined.
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1.2.

OBJECTIVE and HYPOTHESES

Here we hypothesize that the high dust loads over the Red Sea, a large sink for dust in the
planet, are likely to be related to high loads of airborne organisms, including prokaryotes and
virus. We tested this hypothesis through a two-year assessment of temporal variability of dust
concentration as well as Prokaryotes and Virus loads in dust collected in a coastal location in
the central Red Sea, supplemented with information from dust samples collected in research
cruises along the Red Sea in offshore water.
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Chapter 2. Materials and methods
2.1.

Dust Sampling Sites

Total Suspended Particulates (TSP) and airborne microbes were collected for two years (from
December 2015 to December 2017) from a coastal site on the Red Sea at KAUST (King Abdullah
University of Science and Technology, Thuwal, Saudi Arabia, 22° 18' 17.5788'' N, 39° 6' 8.6832''
E), In addition, samples were collected offshore in the Red Sea at different locations sampled

X

Cruise number

Latitude

along 9 different research cruises along the Saudi EEZ of the Red Sea (fig. 1, Table 1).

Longitude
Figure 1. Sampling sites. Each number and colored dot represent different cruise along the
Red Sea, while (X) represent the coastal site on the Red Sea at KAUST, Thuwal, Saudi Arabia.

17
Table 1. Cruises number, date, latitude, longitude and samples collection for total suspended particle (TSPs), prokaryotic cells and viral particles
per cruise

Cruise Date

Cruise number

17.February to 29. march/ 2016

1

11-13 may / 2016

2

21- 24 July /2016

3

21- 27 Sep / 2016

4

4.Oct – 30. Nov /2016

5

1.Dec/2016 – 26. Jan/2017

6

3-19 March / 2017

7

15-19 April/ 2017

8

13-21 July / 2017

9

Type and number of samples
collected

Latitude (N)

Longitude(E)

25° 16' 9" - 27° 24' 0"

34° 52' 4" - 36° 54' 4"

18° 47' 0" - 19° 19' 8"

40° 30' 6" - 40° 34' 2"

27° 2' 8" - 27° 51' 4"

35° 19' 9"- 35° 30' 8"

17° 32' 7" - 20° 42' 18"

39° 9' 12"- 41° 27' 30"

Seven TSPs and six Prokaryotic
cells

35° 54' 0"- 41° 26' 28"

Sixteen TSPs and ten Prokaryotic
cells

35° 33' 21"- 38° 56' 0"

Twelve TSPs

18° 9' 16" - 27° 28' 5"

35° 15' 1" - 41° 32' 24"

Eight TSPs, five Prokaryotic and
five viral particles

17° 36' 14" - 21° 9' 8"

38° 43' 2" - 41° 29' 3"

18° 48' 0" - 26° 3' 9"

36° 11' 5" - 40° 17' 1"

16° 55' 1" - 26° 36' 54"
22° 14' 1"- 28° 17' 0"

Four TSPs

Two TSPs

Two TSPs

Three TSPs

Five TSPs
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2.2.

Sampling collection and preparation

Regular sampling of Total Suspended Particles (TSPs) was performed using automatic sequential
high-volume samplers (MCV-CAV), (fig. 2), equipped with TSP cut off inlets at a flow rate of 20
m3 hr-1 over periods of 24 hours to one week. Air was sampled through the inlet by means of an
in-built pump. The ambient air was filtered to collect the suspended particles on acid treated low
metal glass (borosilicate and binder free) microfiber filters suitable for DNA binding and
purification (Whatman 150 mm diameter, Grade GF/F). Before sampling filters were combusted
at 200oC for 24 hours and pre-conditioned at ambient temperatures and relative humidity (21OC
and 60% RH) prior to sampling. The mass concentration of TSP was determined by weighing the
filters before and after sampling, and expressed as µg m-3.
Moreover, the high-volume sampler on board the research vessel was placed on a peer at an
elevation of ~ 7.5 m high over the sea level and it was equipped with a weather vane, which
would switch off the pump and thus cease sampling immediately whenever the sampler was
downwind of the ship’s exhaust, thereby avoiding contamination.
Samples of airborne microbes were collected weekly and prepared according to [3] . Samples for
quantitative estimates of prokaryote and virus abundance were carried out using a commercially
available cyclonic collector (Coriolis sampler, Bertin Technologies), (fig.3), located on a peer at
an elevation of ~3 m high over the sea level. while the sampler on board the research, vessel was
placed on a peer at an elevation of ~ 7.5 m high over the sea level and started whenever the
ship’s is moving.
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all elements of the sampler in contact with the sampling solution were cleaned by immersion in
a 4% HCL solution for at least 12 hours before sampling and washed with Milli-Q water and
covered with cleaned Ziplock bags. Air was aspirated into the cone and pre-filled up to 15 ml with
collection liquid containing Milli-Q water and 0.005% Triton X-100 in a whirling motion to form a
vortex at 300 L min-1 over 6 h (equivalent to 108 m3). Particles are pulled against the wall due to
centrifugal force and separated from air to be concentrated in the liquid. in order to determine
the quantity of collection liquid to inject every minute the evaporation losses were determined
experimentally before each sampling event by sampling for 10 minutes, then measure the
evaporation during this time and divide the evaporated volume by ten. Before sampling, a field
blank was collected by priming the solution into the cone via the hoses that connected to both
the air intake and the collection liquid bottle and will process with the sample. Immediately after
the sample was collected, five milliliters of the sample were fixed with 2%final (concentration)
formaldehyde for 10 minutes for prokaryotic cells counting. Cells were filtered onto 0.4 µm black
polycarbonate filter and stained with DAPI (4ʹ, 6- diamidino-2-phenylindole, 1 μg ml−1 final
concentration) using Polymeric Vacuum Filter Holders (Millipore). The cells were mounted on
microscope slides and stored at -20° until analysis. However, five milliliters of sample were fixed
with glutaraldehyde (0.5% final concentration) for viral particles counting. Particles were filtered
onto 0.2 µm filter and snap-frozen in liquid nitrogen and stored at -80˚C until use. Viral particles
samples were counted before and after dust particles detachment procedure, in order to
determine the dust attached (free) and total vital particles, the detachment of viral particles from
aerosol particles procedure was done according to [12]. This procedure used a chemical
treatment containing sodium pyrophosphate (0.1% final concentration), followed by the
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detergent Tween 20 (0.5% final concentration), followed by shaking the samples at ~720 r.p.m
for 30 min and sonication for 1 min. The viral particles were then extracted by centrifugation
using 1 ml of Nycodenz that placed under 1ml of the treated aerosol sample using a syringe
needle in Eppendorf tube. The tubes were centrifuged in (Eppendorf 5415 R) centrifuge at
(14,000 g) for 90 minutes at 4 °C. Four layers (supernatant, viral particles layer, Nycodenz, dust
pellet) will be obviously visible using light source due to the centrifugation, the viral cell layer will
be placed into vials and fixed aging with glutaraldehyde, and stored at −80 °C until counting by
flow cytometry.

Figure 2. Automatic sequential high-volume sampler (MCVCAV)

Figure 3. Commercially available cyclonic collector (Coriolis
sampler, Bertin Technologies)

21

2.3.

Microbial abundance

A Leika DM 1000 epifluorescence microscope was used to determine the prokaryotic cells
abundance under 1,000 magnifications. The microscope used was supplied with an HBO 50
mercury arc lamp and a filter cube containing a 360/40 BP excitation filter, a 400-nm dichromatic
mirror and a 470/40 BP emission filter.

Bright strongly-blue fluorescence particles were

identified as prokaryotes, as result from DAPI bound to DNA at 390 nm when excited with 365
nm light [22].At least 200 cells were counted per sample in at least 8 different fields and a similar
number of fields were counted from its corresponding blank.
To determine the prokaryotic cells number /m3, this formula was used
Average of counting cells in all fields x filter diameter(mm) x collection liquid volume (ml)
=
Counting field area (µm2) x Volume filtered for counting (mL) x Sampled air volume (m3)
The sampled air volume = Time (minutes) x Air Flow (m3 min-1), while the counting field area =
length x width, in which it can be different if the counting has been done via the microscope or
the computer screen.
Viral particles were prepared for counting by flow cytometry following [23] , samples were
liquefied in a cold-water immersion, and diluted 50–100 fold in filtered Tris-EDTA, and stained
with 100x SYBR green (1× final concentration) and incubated at 80° water bath for 10 minutes
followed by incubated at dark for 5 minutes at room temperature, before running the sample 107
beads was added. A BD Fascinator II Flow Cytometer was used to determine the quantification
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of Viral particles. The plot of green fluorescence (FITS) against the site scatter (SSC) was used to
detect the viral population. Each sample was run for 2 minutes, Viral particles in the air sampled
was then calculated, using the formula
Viral particles(mL) x collection liquid volume (mL)
=
Volume filtered for counting (mL) x Sampled air volume(m3)
In which the sampled air volume = Time (minutes) x Air Flow (m3 min-1).

2.4.

Deposition flux and Trajectory calculation

We calculated the deposition flux for dry deposition only as precipitation in this desert region is
negligible. The deposition flux (FD) is estimated by:
!" = $" %&
Where VD is the dry deposition velocity (cm s-1) and Cp is the concentration of particles/viruses or
Prokaryotes in air (µg/cells m-3). The deposition velocity of airborne material can be determined
by the aerosol diameter and density, and from wind speed, temperature and humidity [24] . Wind
speed was averaged over the six-hour sampling period. The deposition velocity of viruses was
determined by the deposition velocity of particles as viruses exist on the surface of dust aerosols.
We calculated deposition of viruses (as dust particles) based on a particle density of 1.5 g cm-3
and diameter of 2 µm, and for prokaryotes with a density of 1.1 g cm-3 and 0.5 µm [3].
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Air mass back trajectory analysis is a useful tool for observing the large-scale movement of air
masses over a period of time. Air masses can carry atmospheric aerosols long distances from the
point of origin, and provide insight into the potential sources of atmospheric particulates. We
calculated 72-h air mass backward trajectories, the calculated median suspension time of
bacterial cells in the atmosphere (Mayol et al. 2017) arriving to our sampling location at KAUST,
for elevations of 100, 300 and 500 m above sea level. The location of our sampling site, roughly
halfway down the lateral coast of the Red Sea, can be affected by prevailing Northerly winds
(most common), Saharan or Arabian Peninsula air masses or, less frequently, air mass from the
Southern Red Sea and Arabian Gulf. Air mass back trajectories were calculated using the HYSPLIT
transport and dispersion model (https://www.ready.noaa.gov/HYSPLIT.php) .
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Chapter 3. Results
3.1.

Quantification of aerosols Dust Particles and airborne microbes over the

Red Sea
The aerosol dust suspended particles at the coastal location in the Central the Red Sea (KAUST)
ranged from 4.63 to 646.11 µg m-3, (average 110 µg m-3). while the airborne prokaryotic cell
concentration ranging 20-fold between 31,457 to 608,333 cells m-3, (averaged 153,663 cells m-3)
cells m-3). The total viral cell concentration ranged 45-fold from 69,615.5 to 3,104,758 particles
m-3, (averaging 561,415 particles m-3). Most, 95%, of the virus were attached to particles, as the
free viral particles load ranged between 18 and 346,186. particles m-3 (average 47,228 particles
m-3) (fig. 4, Table 2). Hence, there was ratio of about 4:1 viral particles per prokaryotic cell in the
airborne community (range from 0.41 to 39.23, median = 3.1). The abundance of airborne
prokaryote cells and viral particles was independent from the dust load (P > 0.05), indicating a
likelihood of higher loads of dust loads and airborne microbiota in the summer (fig. 5), when
temperature is highest (P > 0.05). There was, however, a negative correlation between the
abundance of viral particles and wind speed (R² = 0.02431, P = 0.18), while a positive correlation
relationship for TSP and prokaryotic cells with wind speed variable (R² = 0.04 and R² = 0.12,
respectively P < 0.05).

The dust load in samples collected offshore along the Saudi Coast ranged from 30 to 664 µg m-3,
(average 110 µg m-3), while the airborne prokaryotic and free viral particles were ranged between
23,088 and 221,489 cells m-3 (average 118,859 cells m-3) and 70,317 to 1,118, particles m-3
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(averaged 358,826 particles m-3), respectively, and were, therefore, about half of the airborne
microbe concentration in the coastal station in the Red Sea, despite a similar average dust load.
The lowest abundances of dust suspended particles and airborne prokaryotes and viral
abundance were detected around 25◦N and 26◦N, respectively (fig. 6), with a viral particle to
prokaryote cell ratio of about 6:1 (median = 1.5), (fig. 7).

Total suspended particles (µg m-3)
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T

o
t

X 106 Prokaryotic cells m-3

a

X 106 Viral particles m-3

Total viral particles
Free viral particles

Figure 4. Abundance of A. Total suspended particles (blue circles), B. prokaryotic cells (red circles), C. total viral
particles (green circles) and free viral particles (purple circles)
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Table 2. Abundance, deposition fluxes of aerosols prokaryotic and viral cell samples in the coastal site on
the Red Sea at KAUST, Thuwal, Saudi Arabia and samples collected in research cruises along the Red Sea
in offshore water.

Location

KAUST, Thuwal

Abundance

Estimated deposition

(particle m-3)

flux (particle m−2 s−1)

31,457 _ 608,333

46.5 _ 1027.5

(153,663)
Prokaryotic cells

23,088 and 221,489
Cruise data
(118,859)

(264.1)
43.9 _ 420.8
(234.7)

69,615 _ 3,104,758

0.03 _ 608.55

(561,415)

(74.7)

70,317 to 1,118, 141

52.6 _ 222.7
(130.2)

KAUST, Thuwal
Total viral particles
Cruise data
(358,826)
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B.

A
.

C.

Figure 5. Seasonal variation of A. Total suspended particles, B. Prokaryotic cells and C. viral particles
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B.

Latitude

6

X10 Prokaryotic cells m

-3

Total suspended particles (µg m )

Latitude

A.
A

-3

Longitude

Longitude

C.

Latitude

6

X10 Viral particlesm

-3

Longitude

Figure 6. concentration of A. Total suspended particles, B. Prokaryotic cells and C. viral particles in
offshored sampling along the Red Sea in which the lowest concentration represented in purple circles
and the highest concentration represented in red circles.

0.12

1.2
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1

6

6

0.8

0.08

X10 Prokaryotic cells m

X10 Viral particles
-3
m

0.1

0.6
0.06
0.4

-3

0.04

0.2

0.02

0

0
2-Mar-17

4-Mar-17

6-Mar-17

8-Mar-17

10-Mar-17

12-Mar-17

-0.2
14-Mar-17

Date(D/M/Y)

Figure 7. prokaryotic to viral particles abundance in cruise number 7. prokaryotic
cells represented by (red circles) and total viral particles represented by (green
circles)

3.2.

Deposition fluxes and transport of dust particles and airborne

microbes
The calculated depositional flux of prokaryotic cells at the Central Red Sea location sampled over
two years ranged from 46.5 to 1027.5 cells m−2 s−1, (averaged 264.1 cells m−2 s−1) while the
deposition flux of total viral particles ranged from 0.03 to 608.55 particles m−2 s−1 (averaged 74.7
particles m−2 s−1 ). moreover, the calculated deposition flux of prokaryotic cells and viral particles
in samples collected offshore along the Saudi Coast ranged from 43.9 _ 420.8 cells m−2 s−1
(averaged 234.7 cells m−2 s−1) and from 52.6 to 222.7 particles m−2 s−1 (averaged 130.2 particles
m−2 s−1 ), (table 2).
Backward air mass trajectory analyses showed that most of the Total suspended particles
samples collected in the Central Red Sea were transported by air masses from the North west (15

31
% of sampling events), followed by North east (14 % of samples), and South (13 % of samples),
besides form east and southeast (14 % of samples), with limited contributions from the west air
masses (8 % of samples, fig. 8). TSPs abundance was relatively similar, regardless of air mass
origin, although air masses traveling from the web supported the lowest particle loads (fig. 8). In
contrast, however, the abundance of airborne microbiota was strongly dependent on the source
air mass, with air masses originating in the West (i.e. Africa), supporting average prokaryote loads
about 3 to 4-fold higher than air masses traveling from other bearings (fig. 8), (table 3). This was
in contrast with the finding for viral particles, where the highest loads were found for air masses
originating in East, the Arabian Peninsula, which supported loads of viral particles 2 to 3-fold
higher than those from other bearings (fig. 9).
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A.

B.
A

X106 Viral particles m-3

C.
A

Figure 8. Air mass Backward trajectories of A. Totals suspended particles, B. Prokaryotic cells
and C. Viral particles.
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Table 3. Frequency, direction of each TSPs, Prokaryotic and Viral particles in the coastal site on the Red
Sea at KAUST, Thuwal, Saudi Arabia.

Direction

Total Suspended Particles

N

NE

E

SE

S

SW

W

NW

12%

14%

12%

14%

13%

12%

8%

15%

10%

7%

12%

10%

9%

12%

29%

11%

Frequency
Prokaryotic cells and viral
particles
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A.

B.
Total viral

Total suspended particles (µg m-3)

X 106 Prokaryotic cells m-3

Total suspended particles (µg m-3)

particles

C.

X106 viral particles m-3

X 106 Prokaryotic cells m-3

Total viral particles

Figure 9. Air mass backward trajectories. A. Total suspended particles to prokaryotic cells, B. Total suspended
particles to viral particles and C. prokaryotic to viral particles
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Chapter 4. Discussion
The results pretended confirm the presence of high loads of prokaryote and virus particles
in dust in the atmosphere over the Red Sea. The only global assessment available to-date, which
used the same methods as applied here, reported an average of 8020 cells m−3 across the
subtropical and tropical open ocean [3], 20-fold lower than the average of reported here for the
Central (153,663 cells m-3) Red Sea, but 34-fold higher than the offshore (234.7 cells m−3). The
airborne prokaryote loads observed here are also an order of magnitude higher than those (about
1.9 × 104 bacteria m-3 ) characteristic of the atmosphere over land [11]. Some of these differences
may be due to differences in methods used, as different collection methods and counting
methods are available, such as, qPCR [25], plates counting [26], flow cytometry [27] and
microscopic counting [28]. However, collecting airborne microbes using liquid systems, as in our
case, might result in sample losses by re-aerosolizing [29], which would lead to an
underestimation, not overestimation, of prokaryote loads.
Hence, our results characterize the atmosphere over the Red Sea as a hot spot for prokaryote
concentration in the world. This is consistent with the very high dust loads in the Red Sea (mean
110 µg m-3). Yet, there was no significant relationship between dust loads and the concentration
of prokaryote cells or virus cells particles, and, thus, the load of airborne biota is not proportional
to dust loads, and may be governed by microbial abundance in the source sites, soils or ocean,
and survival of the organisms during atmospheric transport. Strong winds play an important role
in transporting airborne particles far away from the source by the adhesion of microbes to dust
particles [10], consequently, in this study a positive correlation relationship between the dust
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particles with the wind speed and temperature variables has been indicated. Additionally, there
are some studies indicated that airborne bacteria are mostly attached to dust [30], [15], [1]or to
organic particles[31], [32], but less indication of dust carrying viruses [33]. Long-distance
transport at high altitudes expose microbes to challenging conditions, particularly very low
humidity and intense UV radiation, which may act as a strong selective force, leading to transport
of the best adapted microbes [34]. The most likely survivors of long-distance transport in dust
clouds are bacterial spores [10], [35]. Furthermore, airborne prokaryote cells appear to be
associated with transparent exopolymeric particles that absorb UV wavelengths and might
prevent complete dehydration[12] .Thus, these particles may contribute to the persistence of
prokaryotic cells and viral particles in the atmosphere through long distance transport.
The ratio of virus particles to prokaryote cells was 4:1 the coastal station in the Central Red Sea,
and somewhat higher 6:1 in the offshore Red Sea which might due to longer residence times of
viruses in the atmosphere, due to their small size, that may allow them, therefore, to be
transported further than prokaryotes [12]. Most (95%) viral particles were associated with
particles, consistent with previous reports [12].
The backward trajectories of the air masses sampled here over the coastal site in the Red Sea
reflect the NW dominance of winds in the Central Red Sea, and suggests that dust load is
relatively independent of air-mass source. In contrast, however, the load of prokaryotes and virus
particles was strongly dependent on the origin of the air mass, with prokaryotes being particularly
abundance in samples from air masses transported from the West, along the African continents,
while virus particles were enriched in air masses transported from the Arabian Peninsula. The
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positive relationship between dust, prokaryote and viral load and temperature also suggests that
dues and bio aerosols are most abundance in the summer months, Seasonal changes in airborne
microbial abundance have been reported in the past [36].
Calculated depositional fluxes over the Red Sea were estimated to average 234.7 prokaryotic cells
m−2 s−1 and 130.2 viral particles m−2 s−1, as the larger size of prokaryotic cell allowing them to fall
down faster. Moreover, the small size of virus allowed them to be suspended longer. The
depositional flux of prokaryotes is six-fold greater than the maximum values previously reported
fort the global subtropical and tropical ocean (Mayol et al. 2017). Provided a prokaryote
concentration of about 105 cells m-2 in the surface waters of the Red Sea and characteristic
turnover times of about 10 days [37], the deposition of airborne prokaryotes would contribute
0.3 % of prokaryote turnover on the top meter of the ocean, but may, however, play a role in
seeding populations that are not present in the receiving community.
In conclusion, our results demonstrate that the Red Sea is a hot spot for loads of dust and
associated airborne prokaryotes and virus, and supports a very large depositional flux of
prokaryotes, particularly in the near shore, while airborne prokaryote and virus abundance are
reduced to half in the atmosphere offshore over the Red Sea. However, we found no evidence
for a direct relationship between the loads of prokaryotes and virus and that of dust. Our results
provide evidence, however, for a tendency for elevated loads of dust and airborne microbe in
summer over the Red Sea.
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