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Abstract
Airborne eukaryotic communities (AEC), rank among the least studied aerobiological components, despite their adverse 
impacts on human health and the environment. Here, we describe the AECs in the global dust belt, the area between the 
west coast of North Africa and Central Asia, which supports the highest dust fluxes on the planet. We sampled atmospheric 
dust over 14 months (fall 2015–fall 2016) from onshore and offshore locations of the Red Sea, the only waterbody that 
entirely encompassed in the global dust belt. We also sampled surface water samples to determine the potential transfer of 
taxa across the air-sea interface. To target the eukaryotes, we performed Miseq sequencing of atmospheric dust and surface 
water samples. Analysis of amplicon sequencing indicates a total pool of 18,816 sequence variants (SVs). Among 33 unique 
eukaryotic phyla in the AEC over the Red Sea, the most dominant taxa were Streptophyta, Apicomplexa, and Ascomycota. 
Aerosol eukaryotes originated from various sources and formed more diverse communities than eukaryotic communities 
of the Red Sea surface water. AECs were dominated by phylotypes released from plant material and soils, and including 
taxa reported to be harmful to human health. The AEC composition was significantly influenced by sampling locations and 
seasonal conditions but not by the origin of the air masses nor dust loads. This work is original and uses state-of-the-art 
methods and very powerful NGS- bioinformatics and statistical approaches. The selected study site has high interest and 
it has been well chosen because of the unique combination of high loads of dust deposition, being the only fully contained 
seawater body in the area acting as a sink for the atmospheric dust, and the lack of riverine inputs and watershed effects 
empathizing the role of atmospheric inputs in the ecology of the system.
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1  Introduction

The atmosphere plays a fundamental role in transporting 
microorganisms across ecosystems and connecting the 
planet’s microbial habitats on the Earth’s surface (Fröh-
lich-Nowoisky et al. 2016; Mayol et al. 2017). Bioaerosols 
communities include many diverse and important micro-
bial organisms such as plant cell debris, pollen, fungi, 
microalgae, cyanobacteria, bacteria, and viruses, many 
of which may affect the plant, animal, and human health 
(Yamaguchi et al. 2012; Wiśniewska et al. 2019). Airborne 
eukaryotic communities are among the least studied fields 

in aerobiology. Characterizing the presence of eukaryotic 
eDNA (including microeukaryotes and eukaryotic debris 
and fragments) in air masses is fundamental to identify 
sources of micro- and macro-eukaryote-derived allergens 
and harmful agents. Eukaryotic eDNA can help understand 
air quality, as well as an environmental and metrological 
process affecting airborne communities (Woo et al. 2013; 
Clare et al. 2021). Airborne Eukaryotic Communities (AEC) 
include large biological particles (> 2 µm), which may be 
transported across thousands of kilometers over the ocean 
in a concentration ranged between 1 × 102 and 1.8 × 104 cells 
m−3 air (median 3.2 × 103 m−3 air) before deposition (Mayol 
et al. 2017). AEC appear to be impacted by environmental 
factors to a greater extent than airborne bacteria do (Tanaka 
et al. 2019). Therefore, adaptation to the conditions of the 
harsh environment characteristic of the airborne lifestyle 
(Aalismail et al. 2019) might allow AEC to remain viable 
during airborne across long distances.
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Several unicellular eukaryotes have been found to be 
associated with atmospheric dust particles (Griffin 2007). 
The atmosphere is particularly enriched in dust particles in 
the “global dust belt”, a massive dusty region that extends 
from the west coast of North Africa, through the Mid-
dle East, into Central Asia (Prospero et al. 2002). In this 
region, the only fully contained seawater body is the Red 
Sea, therefore, can act as a sink for about 6 Mt of annual 
atmospheric dust (Prakash et al. 2015). In general, air-
mass and atmospheric events have been known as carriers 
of toxins, bioaerosols, and pollutants which reported to 
cause decline or shift in some marine populations after the 
atmospheric depositions (Vila-Costa et al. 2013; Tovar-
Sãnchez et al. 2014; Rahav et al. 2016; Bianco and Pas-
sananti 2020). Hence, transported dust particles can be the 
sources of microbial eukaryotic communities shifts in the 
Red Sea, which requires a characterization of the airborne 
eukaryotic communities over the Red Sea.

Characterizing AEC is particularly important in the 
context of rising atmospheric dust loads as a conse-
quence of global warming and increased desertification 
with global (IPCC 2013). While the Red Sea is located 
in a desert region and receive inputs of micro-eukary-
otes from heavy dust loads, it may also act as a source 
of micro-eukaryotes to the atmosphere (Genitsaris et al. 
2014). Since there are no riverine inputs into the Red 
Sea, atmospheric inputs represent a particularly impor-
tant conduit for inputs of biological particles and trace 
metals, which might enhance the biological productivity 
as a consequence of nutrients richness. While a number 
of recent studies examine the airborne prokaryotic com-
munity (APC) over water bodies (Cho and Hwang 2011; 
Genitsaris et al. 2017; Michaud et al. 2018; Yahya et al. 
2019; Aalismail et al. 2020), the AEC in the marine eco-
system has received limited attention.

We studied the abundance and diversity of the AEC 
over the Red Sea and compare this to the eukaryotic com-
munity in Red Sea surface waters. To do so, we character-
ize communities in dust samples collected every 1–7 days 
over a period of 1 year from onshore and offshore sites in 
the Eastern Red Sea, as well as surface water samples for 
comparative purposes.

We used amplicon sequencing of 18S rRNA to charac-
terized likely sources and community structure of the AEC 
along the coast and above the Red Sea and its associa-
tion with the pelagic planktonic eukaryotic comminutes. 
To estimate the sources of airborne dust, we computed 
the air-mass backward trajectories using HYSPLIT (Stein 
et al. 2015). In this study, we tested four hypotheses: (1) 
the structure of AEC is similar to the Red Sea surface 
water eukaryotic communities, (2) the AEC will include 

pathogens to human, plants, and animals, (3) the diversity 
of AEC will be influenced by the long-range atmospheric 
transport history, and (4) the AEC structure will vary 
according to seasonal conditions.

2 � Materials and Methods

2.1 � Study Area and Samples Collection

Airborne dust particles were sampled using an air pump at a 
flow rate of 20 m3 h−1 over periods of 24 h to 1 week using 
automatic sequential high-volume samplers (MCV-CAV) 
until the filter was clogged, which involved sampling peri-
ods ranging from 24 h, during dust storms, to 1 week, when 
dust loads were lowest. The air suspended particles were 
collected on quartz fiber filters (WhatmanTM 1810-150 Acid 
Treated TCLP Filter for EPA Method 1311 with Low Met-
als, diameter: 15 cm, pore size: 0.6–0.8 μm). Onboard the 
research vessel, the atmospheric dust collector was placed 
on the top deck at a height of ∼ 7.5 m over the sea level. It 
was equipped with a weather vane, which would switch off 
the pump and thus terminate sampling promptly at whatever 
point the sampler was downwind of the ship’s exhaust. The 
dust particle concentration was measured by weighing the 
filters before and after sampling and expressed as µg m−3. 
Atmospheric dust samples were collected at two sites, the 
onshore (KAUST samples) and offshore (Thuwal samples) 
regions of the Red Sea (Fig. S1) from September 2015 to 
November 2016 (Table S1). The onshore sampling site is an 
international university with many constructions and indus-
trial activities.

At the coast of KAUST, surface Red Sea water was col-
lected in 20 L plastic bottles and filtered through 0.22 μm 
membrane filters (Millipore) every two weeks from June 
2016 to November 2016. Individual filters were stored in 
15 mL tubes and immediately frozen at − 20 °C.

Different filters were used for air and water samples 
because the filters with a pore size (0.6–0.8 μm) are large 
enough to collect airborne dust particles, where the cells 
are attached (~ > 2.1 μm) (Li et al. 2011), as the aim was 
to collect dust-associated cells. However, pelagic plank-
tonic eukaryotic comminutes contain both free-living and 
particle-associated cells, thus sample collection requiring 
smaller pore size filters (0.22 µm). Surface water samples 
were collected only for community structure comparisons, 
thus the seasonal sampling for pelagic planktonic eukaryotic 
comminutes was not required. Moreover, after sequencing 
and during the analysis, a subsampling step was obtained for 
the normalization. Therefore, different sample sizes may did 
not consider as a limitation for this study.
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2.2 � DNA Extraction

DNA was extracted from 129 dust filters samples and ten 
water filters samples using phenol–chloroform extraction 
protocol. To keep samples for further studies, we used a 
quarter of each sample filter for DNA extraction. A new 
clean filter was used as an extraction control. Filters were 
sheared into pieces to aid the performance of lysis buffer 
[0.5 M EDTA, 1 M Tris–HCl (pH 8) and NaCl]. In a 15 mL 
centrifuge tube, we added to the filter pieces 5 mL of the 
lysis buffer, 1 mg/mL lysozyme (Sigma-Aldrich, St. Louis, 
MO, USA), ca. 100 mg of 0.1 mm glass beads (BioSpec 
Products, Bartlesville, OK, USA), and ca. 100 mg of 0.1 mm 
zirconia beads (BioSpec Products, Bartlesville, OK, USA) 
for better DNA yield (Bürgmann et al. 2001). After mixing 
by shaking machine for 30 min, tubes were incubated at 
37 °C for 30 min with inverting halfway through the incuba-
tion. After that, we added 205 μL of 20% SDS and 10 μL of 
proteinase K (QIAGEN, Valencia, CA, USA Cat. No. 19133) 
to each tube and vortexed them for 10 s before incubating 
at 55 °C for 2 h. During the incubation time, tubes were 
inverted every 30 min to increase the extraction yield. Five 
ml of phenol–chloroform-isoamyl alcohol (Sigma-Aldrich, 
St. Louis, MO, USA) was then added and the sample was 
centrifugation for 10 min at maximum speed. Carefully and 
without disrupting the white interference layer, the super-
natant was transferred to a new microcentrifuge tube. Then, 
phenol was removed from the mixture by adding 5 ml of 
chloroform-isoamyl alcohol (AppliChem, GmbH, Darm-
stadt, DE) to each tube, followed by microcentrifugation for 
5 min. After spinning, we transferred the supernatants to 
10,000 MW cutoff Amicon Ultra centrifugal filters (Milli-
pore, Burlington, MA, USA) and twirled samples for 15 min 
on a swinging rotor. The lower tube filtrates were thrown 
away and 5 ml of 10 mM Tris–HCl was added to each tube 
and centrifuged until the volume reduced to < 250 μL. Once 
more, we removed filtrates and 10 mM Tris–HCl was added 
to each tube to reach 250 μL after mixing. The upper layer 
volume, which contained the extracted DNA was moved to 
size 2 mL Eppendorf tubes.

Qubit dsDNA HS (High Sensitive) Assay Kit (Thermo 
Scientific, Invitrogen, Carlsbad, CA, USA) and Promega® 
GloMax-Multi Detection System (Promega Corporation, 
Madison, WI) were used for DNA quantification.

2.3 � 18S rRNA Gene Amplicon Library Preparation 
and Sequencing

The V4 variable region of 18S rRNA was amplified for 
Illumina sequencing using the universal primers fused with 
Illumina adapter overhang nucleotide sequences.

The primer pair (0.3 μL, 10 μM) specific sequences were 
the forward primer (5′TCG​TCG​GCA​GCG​TCA​GAT​GTG​

TAT​AAG​AGA​CAG​CCA​GCASCYG​CGG​TAA​TTC​C3′) 
and the reverse primer (5′-GTC​TCG​TGG​GCT​CGG​AGA​
TGT​GTA​TAA​GAG​ACA​GAC​TTT​CGT​TCT​TGA​TYRA-3′) 
(Stoeck et al. 2010) targets a 350–425 bp region.

Library preparation and amplification were performed 
using Qiagen Taq PCR Master Mix Kit in 20 μL reaction 
volume. A strategy of two-step PCR amplification was fol-
lowed, the conditions were 95 °C for 15 min, 15 cycles 
of 98 °C for 10 s, 53 °C for 30 s, and 72 °C for 30 s, 20 
cycles of 98 °C for 30 s, 48 °C for 30 s, and 72 °C for 30 s, 
with a final extension at 72 °C for 10 min. A PCR control 
with no template DNA was included. PCR products were 
visualized on a 1% agarose gel. Amplicon libraries were 
purified according to Illumina guide (http://​www.​illum​ina.​
com/​conte​nt/​dam/​illum​ina-​suppo​rt/​docum​ents/​docum​entat​
ion/​chemi​stry_​docum​entat​ion/​16s/​16s-​metag​enomic-​libra​
ry-​prep-​guide-​15044​223-b.​pdf) using AMPure XP beads 
(LABPLAN; Naas, Ireland).

Libraries purity and quantification were checked using gel 
electrophoresis and Qubit fluorometer. According to their 
quantification measurements, the targeted amplicon librar-
ies were mixed in equal concentrations into two pools and 
quantified using Applied Biosystems Power SYBR Green 
PCR Master Mix and Agilent DNA 1000 Kit (Agilent Tech-
nologies, CA, USA). Size and purity assessments were done 
using Agilent 2100 Bioanalyzer (Agilent Technologies, CA, 
USA). Six pM of the denatured library pools were spiked 
with 25% of PhiX following Illumina library protocol. The 
pools were sequenced into two different Illumina MiSeq 
lanes at the Bioscience Core Lab facilities at KAUST using 
2 × 300 bp MiSeq reagent kit v3 (Illumina Inc., CA, USA).

2.4 � Bioinformatics Analysis of Amplicon Library 
Sequences

For sequence analysis, the DADA2 pipeline was used, which 
has been shown to produce a high resolution of microbial 
populations (Callahan et al. 2016). It performs the process-
ing steps of trimming, sequencing error corrections, filter-
ing of phiX reads, chimeric removing, and quality control. 
The airborne eukaryotic communities (AEC) was described 
using unique sequence variants (SVs), where the sequences 
present as taxons identifier. Prior to quality filtering, primers 
were first removed from the sequence using CUTADAPT 
(Martin 2011) with an allowance of one error per 10 bp in 
the primer sequence. In brief, DADA2 package (Callahan 
et al. 2016) in R version 3.5.1 (http://​www.R-​proje​ct.​org/) 
was used to run the read analysis pipeline. Within the work-
flow (available at: https://​github.​com/​ngera​ldi/​dada2-​and-​
insect-​pipel​ine), forward and reverse reads were trimmed to 
115 and 95 bp based on visual inspection of the error rates 
using the fastqPairedFilter function with two expected errors 
per read. The reads were then de‐replicated (derepfastq 
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function), and the SVs were determined using the dada 
function based on the reads from all samples. The perfectly 
matched paired reads were merged (mergePairs function), 
and chimera reads were removed using the removeBime-
raDenovo function. To assign taxonomic classification to 
each SV at successively broader taxonomic levels, we used 
the RDP classifier that implements a naïve Bayesian clas-
sifier method (Lan et al. 2012). The assignTaxonomy func-
tion was used to assign taxonomy with the default values, 
except for minboot which was set at a more conservative 
value of 70 instead of the default of 50. A reference library 
was created from the SILVA database (version 132 SSU 
Nr99), and sequences were filtered based on in silico ampli-
fication using virtualPCR function from the insect package 
(Wilkinson et al. 2018) (https://​github.​com/​ngera​ldi/​Train​
ing_​datas​ets).

2.5 � Backward Trajectory Calculation

Backward trajectories of individual air samples were cal-
culated using the Hybrid Single Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) model (https://​www.​ready.​
noaa.​gov/​HYSPL​IT.​php) developed by the National Oceanic 
and Atmospheric Administration (NOAA) (Stein et al. 2015) 
at the two sampling sites in the Red Sea region (offshore 
and onshore). A total of 129 air mass backward trajecto-
ries reaching the middle of the global dust belt were iden-
tified at three different ending altitudes of 200 m, 300 m, 
and 800 m. The meteorological data obtained from archived 
data through the Real‐time Environmental Applications and 
Display System and archived in the Global Data Analysis 
System (GDAS1) sampled backward up to 120 h (might 

consider as a long rang transport) using metrological data 
of the archived analysis.

2.6 � Statistical Analyses

Differences between environmental variables and factors 
were tested using analysis of variance (Kotz et al. 2004) and 
t test. A p value of 0.05 was used to determine significance 
unless noted otherwise. Alpha-diversity calculations and 
subsequent diversity analyses were performed in R ver-
sion 1.1.463. The analysis of structural differences between 
eukaryotic communities (β-diversity) was performed using 
Bray–Curtis metrics. Statistical analyses and graphs were 
produced with JMP 14 (SAS Institute Inc. Cary, North Caro-
lina, USA, and R software, primarily using the microbiome 
package phyloseq, the statistical package vegan, and the 
graph package ggplot2 (http://​www.R-​proje​ct.​org/) (Wick-
ham 2016). The numbers of SV by sampling locations were 
visualized using a three-way Venn diagram plot constructed 
using the online resource of Bioinformatics and Evolution-
ary Genomics (http://​bioin​forma​tics.​psb.​ugent.​be/​webto​ols/​
Venn/).

3 � Results and Discussion

We identified a total pool of 18,816 sequence variants (SVs) 
among the total 8,235,928 reads encompassed by the data 
set, with an average of 59,251 reads per sample. SVs dis-
tributed among 33 unique eukaryotic phyla throughout 
the study, where Streptophyta dominated the communi-
ties, accounting, on average, for 25.35% of the SVs found 
throughout the study. Sequence variants richness in individ-
ual samples ranged from 2 to 2,265, with an average (± SE) 
of 572 ± 43.46 SVs per sample based on the Chao1 index 
at the phylum level. A total of 5562 SVs were identified 
more than 2 times among the total 4,161,129 reads were 
identified in the onshore air samples. In the offshore air sam-
ples, 2444 SVs with ≥ 2 counts among 2,843,534 total read 
counts. However, the Red Sea surface water contains 1831 
SVs with 2 or more counts among the total 1,095,969 reads.

Reads that were retrieved from airborne dust samples 
were comprised mainly by Streptophyta (29.26% represented 
mainly by Rosids and Liliopsida), Apicomplexa (12.93% 
represented only by Conoidasida), Ascomycota (6.20% rep-
resented mainly by Sordariomycetes and Saccharomycetes), 
Basidiomycota (6.14% affiliated mainly by Malasseziomy-
cetes and Tremellomycetes), Chordata (4.23% represented 
mostly by Mammalia (Cetacea) and Aves), Annelida (1.85% 
dominated by Polychaeta), Chlorophyta (1.23% represented 
mainly by Chlorophyceae), and Chytridiomycota (1.54% 
represented mainly by Chytridiomycetes).

Fig. 1   Comparison of eukaryotic populations at phylum level in three 
sampling locations in the Red Sea region (onshore air, offshore air, 
surface water). a Taxonomic composition of eukaryotic reads at the 
phylum level. b Three-way Venn diagram of unique and common 
eukaryotic phyla by sampling locations: onshore air, offshore air and 
surface water. C) Alpha diversity measurements of eukaryotic com-
munities in the three sampling locations. Each panel represents one 
alpha diversity measure as follow: observed = total number of SVs 
observed; Chao1 and ACE = richness estimators (estimate the total 
number of SVs present in a community); Shannon, Simpson and 
InvSimpson = microbial indexes of diversity; Fisher = parametric 
index of diversity that models taxa as logseries distribution. d Beta 
diversity as Principal coordinates analysis (PCoA) derived from 
Bray–Curtis distances among samples of the three populations. The 
closer the samples in the graph, the higher their similarity. Each data 
point represents sample type, and different colors represent different 
sampling locations. In the same panel, a network that represents dis-
tance relationships between phyla among sampling locations based on 
similarity of co-occurrence relationships inferred from bray distance 
matrix. Thicker lines representing stronger correlations. Each data 
point represents an individual sample, and different colors represent 
different sampling location

◂
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From offshore air, reads of 18S rRNA genes mostly 
belonged to the following phyla: Streptophyta (39.64% 
represented mainly by Liliopsida), Apicomplexa (10.15% 
represented only by Conoidasida), Dinoflagellates (6.90% 
represented by Dinophyceae), Basidiomycota (6.44% rep-
resented mainly by Malasseziomycetes and Tremellomy-
cetes), Chordata (4.94% represented mostly by Mammalia 
(Primates and Cetacea) and Aves), Ascomycota (4.16% rep-
resented mainly by Sordariomycetes and Saccharomycetes), 
Chlorophyta (0.97% represented mainly by Chlorophyceae), 
Annelida (0.95%% dominated by Polychaeta), and Chytridi-
omycota (0.13% represented mainly by Chytridiomycetes).

Sequences identified from onshore air samples pre-
dominantly belong to the following phyla: Streptophyta 
(22.04% represented mainly by Liliopsida), Apicomplexa 
(14.87% represented only by Conoidasida), Ascomycota 
(7.61% represented mainly by Sordariomycetes and Sac-
charomycetes), Basidiomycota (5.94% represented mainly 
by Malasseziomycetes and Tremellomycetes), Chordata 
(3.74% represented mostly by Mammalia and Aves), Dino-
flagellates (2.70% represented by Dinophyceae), Annelida 
(2.48% dominated by Polychaeta), Chytridiomycota (2.39% 
represented mainly by Chytridiomycetes), and Chlorophyta 
(1.41% represented mainly by Chlorophyceae).

Reads of 18S rRNA gene region retrieved from surface 
waters (one m depth) were associated to the following phyla: 
Dinoflagellates (50.95% represented by Dinophyceae), 
Arthropoda (10.16% mainly belong to Hexanauplia), Chlo-
rophyta (6.65% affiliated mostly by Mamiellophyceae and 
Chloropicophyceae), Chordata (2.79% represented only by 
Appendicularia), and Cnidaria (2.09% affiliated by Hydro-
zoa) (Fig. 1a, S2A).

The number of SVs shared by the three sampling domains 
(onshore air, offshore air, and surface water) was surpris-
ingly small, only 14 SVs, whereas 348 SVs were shared 
between onshore air and offshore air (Fig. 1b). Surprisingly, 
11,568 SVs were unique to onshore air samples, while 5,224 

and 3,183 SVs were unique to offshore air and surface water 
samples, respectively.

Significant differences (ANOVA, p < 0.001) of AEC SVs 
were observed among onshore air, offshore air, and surface 
water communities (Fig. S3A) based on Non-metric multidi-
mensional scaling (NMDS) and principal coordinates analy-
sis (PCoA) (Fig. 1d). The community structure of airborne 
eukaryotes was also different between onshore and offshore 
air based on PCoA and NMDS (p < 0.002). Shannon diver-
sity of AEC SVs differed significantly among sampling loca-
tions (ANOVA, p = 0.017), which were higher in the air-
borne samples collected at offshore and onshore regions than 
in Red Sea surface seawater samples (Table S2, Fig. 1c). 
The average alpha diversity explained 8% of the variance in 
community structure (ANOVA, p = 0.001).

The contribution of different taxa to AECs communities 
sampled along 14 months showed slight variations in the rel-
ative abundances among the four seasons. The most detected 
eukaryotic phyla in winter were Streptophyta (22.53%), 
Apicomplexa (20.86%), Basidiomycota (4.07%), Chloro-
phyta (2.76%), Chordata (2.42%), Ascomycota (1.85%), 
and Annelida (1.61%). In addition, the main classes driv-
ing those phyla were Conoidasida, Liliopsida, Spirotrichea, 
Colpodea, Chlorophyceae, Tremellomycetes, Dinophyceae, 
Mammalia (Cetacea), Polychaeta, Saccharomycetes, and 
Florideophyceae.

The spring airborne dust samples harbored high numbers 
of Streptophyta (19.23%), Apicomplexa (17.25%), Basidi-
omycota (13.07%), Chordata (6.50%), Ascomycota (5.66%), 
Arthropoda (1.47%), and Annelida (1.21%) represented by 
Conoidasida, Liliopsida, Spirotrichea, Colpodea, Chloro-
phyceae, Tremellomycetes, Dinophyceae, and Mammalia 
(Cetacea).

During the summer sampling period, the AEC was domi-
nated by Streptophyta (48.87%), Annelida (3.28%), Ascomy-
cota (2.07%), and Chordata (1.76%), Apicomplexa (1.21%) 
mainly belong to Conoidasida, Malasseziomycetes, Mam-
malia, Sordariomycetes, Liliopsida, Spirotrichea, Dinophy-
ceae, Colpodea, Tremellomycetes, Saccharomycetes, and 
Polychaeta (Fig. 2a, S2B).

There was significant clustering (ANOVA, p < 0.001) dif-
ferences among AEC SVS among seasons based on NMDS 
and PCoA (Fig. 2c, S3B) of Bray–Curtis distances among 
samples. The average alpha diversity of the AECs has sig-
nificantly differed among seasons, which explained 8% of 
the variance in community structure (ANOVA, p = 0.001) 
(Fig. 2b, Table S2, ANOVA, p < 0.001). The richest and 
most diverse samples were those sampled in Spring 2016, 
with diversity being lowest in Fall 2016 (Fig. S4).

Most of the dust samples (69%) originated from air 
masses from the northwest, the dominant wind direction in 
the Red Sea (Bower and Farrar 2015; Eladawy et al. 2017). 
The contribution of different phyla to AECs suspended in 

Fig. 2   Comparison of eukaryotic populations at phylum level in four 
seasons in the Red Sea region. a Taxonomic composition of eukar-
yotic reads at the phylum level. b Alpha diversity measurements of 
eukaryotic communities per sampling seasons. Each panel repre-
sents one alpha diversity measure as follow: observed = total number 
of SVs observed; Chao1 and ACE = richness estimators (estimate 
the total number of SVs present in a community); Shannon, Simp-
son and InvSimpson = microbial indexes of diversity; Fisher = para-
metric index of diversity that models taxa as logseries distribution. 
c Beta diversity as Principal coordinates analysis (PCoA) derived 
from Bray–Curtis distances among samples of the four populations. 
The closer the samples in the graph, the higher their similarity. Each 
data point represents sample type, and different colors represent dif-
ferent season. In the same panel, a network that represents distance 
relationships between phyla among seasons based on similarity of co-
occurrence relationships inferred from bray distance matrix. Thicker 
lines representing stronger correlations. Each data point represents an 
individual sample, and different colors represent different season
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air masses sampled from different trajectories was rather 
conserved among air masses. The most frequently detected 
taxa were Streptophyta in the samples that came from SE 
and E, Apicomplexa in N, NE, and S backward trajecto-
ries, Ascomycota in the N samples, Basidiomycota in the W 
atmospheric source, Chordata in the S, E, and NW backward 
trajectory, Chytridiomycota in S origins, Annelida in SW 
and W air sources, Bacillariophyta in N, W, and NW air-
borne dust samples, Chlorophyta in W and S air sources, and 
Arthropoda and Nematoda in NE and NW samples (Fig. 3a, 
S2C).

No significant clustering (ANOVA, p < 0.83) of AEC SVs 
between different backward air mass trajectories (Fig. 3c, 
S3C) based on NMDS and PCoA of Bray–Curtis distances 
among samples. The history of the atmospheric air trans-
portation has no significant effect on the AEC diversity and 
richness (Fig. 3b, ANOVA, p = 0.76).

The relationship between dust load and AEC diversity 
indexes was tested using linear regression analysis (Fig. 4). 
There was no relationship between dust concentration and 
the AEC diversity and richness (R2 = 0.014, 0.001, p = 0.18 
and 0.67, for Shannon and Chao1 index, respectively).

Characterization of atmospheric eukaryotic communities 
in the Red Sea region provide a representation of the taxa 
in the air and their relative abundance in regard to sampling 
domain, dust origins, and sampling seasons. The most abun-
dant micro and macro eukaryotes in the Red Sea atmosphere 
are similar to those reported elsewhere, such as those typi-
cally reported in the atmosphere of Spain (Caliz et al. 2018), 
China (Liu et al. 2019), Japan (Tanaka et al. 2019) and Bra-
zil (Womack et al. 2015), which may be due to the influence 
of marine and terrestrial environments as point sources for 
aerosolized micro and macro eukaryotes to the atmosphere.

In general, the AEC over the Red Sea was dominated 
by Streptophyta (Liliopsida (Poaceae)), a plants clade that 
release large amounts of pollen into the atmosphere trans-
porting from arid terrestrial habitats (Bouchenak-Khelladi 
et al. 2014) that might cause allergic respiratory disease 

(García-Mozo 2017) in different regions and seasons based 
on changes in land uses and climate (García-Mozo et al. 
2016). Streptophyta bioaerosols were mostly transported to 
the Red Sea region from the Arabian Peninsula in all sea-
sons. However, Streptophyta was not in detectable quantity 
in the Red Sea surface water. Dust particles in the global 
dust belt originate from arid regions, and is, therefore, 
expected to contain significant loads of arid plant material, 
as demonstrated here for dust over the Red Sea, receiving 
inputs from the Sahara Desert and deserts in the Arabian 
Peninsula.

The interaction between surface waters and airborne dust 
in the Red Sea (Parajuli et al. 2020) could be the main reason 
for Dinophyceae being aerosolized into the atmosphere since 
this group dominates the phytoplankton community in the 
Red Sea (Touliabah et al. 2010). In addition, the aerosolized 
biological materials of Annelida (Polychaeta) over the Red 
Sea might also result from air-sea interactions (Reuscher 
2016).

In the atmospheric dust, the high number of SVs 
belonging to Apicomplexa (Conoidasida), a parasitic 
alveolate that infects all mammals, some birds, some 
fish, some reptiles, and some amphibians in their gastro-
intestinal tract, might be of concern in regard to human 
and animal health exposed to these air masses (Oborník 
2020). The Apicomplexa group has been recently reported 
in suspended dust in airplane cabins (Sun et al. 2020) and 
reported in the southeast Mediterranean atmosphere (Katra 
et al. 2014). Ascomycota (Sordariomycetes and Saccharo-
mycetes) are large classes comprise some plant and mam-
malian pathogens and many members with a role in nutri-
ent cycling (Llopis et al. 2014; Li et al. 2016). They are 
found in terrestrial, freshwater and marine habitats glob-
ally (Oborník 2020) and commonly identified in indoor 
and outdoor atmospheres (Adams et al. 2013). Transported 
mostly from the west, Basidiomycota (Malasseziomy-
cetes and Tremellomycetes) consists of commensal and 
pathogenic organisms and spores that are associated with 
allergies in humans (Moelling and Broecker 2020). This 
fungal phylum is associated with humid ecosystems and 
releases the spores in the night when atmospheric humid-
ity is relatively high (Elbert et al. 2007; Gusareva et al. 
2019). Hence, the entire globe and especially the Red Sea 
atmosphere, characterized by high humidity, would be a 
suitable environment for Basidiomycota, particularly as 
atmospheric humidity increases as a result of the global 
warming (Raymond et al. 2020).

A number of Chordata-related SVs identified in the air-
borne dust represented by Primates, Cetacea and Aves, 
while represented by Appendicularia in the Red Sea sur-
face water. Identifying aerosolized biological materials 
from Primates, Cetacea and Aves support the fact that 
micro-sized tissue fragments and debris originating from 

Fig. 3   Comparison of eukaryotic populations at phylum level in eight backward air 
trajectories in the Red Sea region. a Taxonomic composition of eukaryotic reads at 
the phylum level. b Alpha diversity measurements of eukaryotic communities per 
backward air trajectory. Each panel represents one alpha diversity measure as fol-
low: observed = total number of SVs observed; Chao1 and ACE = richness estima-
tors (estimate the total number of SVs present in a community); Shannon, Simp-
son and InvSimpson = microbial indexes of diversity; Fisher = parametric index 
of diversity that models taxa as logseries distribution. c Beta diversity as Principal 
coordinates analysis (PCoA) derived from Bray–Curtis distances among samples 
of the eight populations. The closer the samples in the graph, the higher their simi-
larity. Each data point represents sample type, and different colors represent differ-
ent backward air trajectory. In the same panel, a network that represents distance 
relationships between phyla among backward air trajectories based on similarity of 
co-occurrence relationships inferred from bray distance matrix. Thicker lines repre-
senting stronger correlations. Each data point represents an individual sample, and 
different colors represent different backward air trajectories
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humans and animals could be airborne and transported 
through the atmospheric (Després et al. 2012). Detection 
of Appendicularia SVs is expected, as it is one of the most 
abundant zooplankton in the upper layers of the Red Sea 
water (Rasul and Stewart 2019).

Remarkably, a high number of eukaryotic SVs were 
unique to the onshore air samples compared to offshore air 
and surface water, which suggests a combination of both 
soil and marine-derived micro and macro eukaryotes. While 
AEC diversity is significantly differed per sample location 

Fig. 4   The correlations between 
alpha diversity measure Chao1 
and Shannon and the dust con-
centrations along the sampling 
period of AEC. Each data point 
represents an individual sample. 
The blue line represents the 
regression line and the blue 
band around it represents the 
95% confidence for the regres-
sion line
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and type (onshore air, offshore air, and surface water), the 
three sample types share similar phylotypes as a conse-
quence of air-sea exchange processes (Mayol et al. 2014; 
Tesson et al. 2016). However, the higher diversity of ter-
restrial eukaryotes in air samples which can be transported 
over long distances (Mayol et al. 2017), indicates that some 
species have spores adapted to the harsh conditions charac-
teristic of the airborne habitat (Aalismail et al. 2019).

A recent study reported that AEC is influenced more by 
environmental conditions compared to airborne prokary-
ote communities (Tanaka et al. 2019). Hence, the airborne 
eukaryotic richness and diversity in the Red Sea region also 
showed variability over seasonal conditions, consistent with 
the eukaryotes in the Red Sea (Pearman et al. 2017). The 
AEC was most diverse in spring, due to the increased loads 
resulting from pollen released by flowering plants (Ruiz-
Valenzuela and Aguilera 2018), as the AEC is dominated 
by plant-related DNA. However, the independence of diver-
sity and richness of the origin of the air masses sampled 
and dust concentrations may relate to the suspension period 
of AEC in the global dust belt, as eukaryotic cells can be 
suspended and transported freely through the atmosphere 
without attachment to dust particles.

4 � Conclusion

In summary, our results show a diverse Airborne Eukar-
yotic Community (AEC) in the atmosphere over the Red 
Sea. High percentages of terrestrially derived micro and 
macro eukaryotes are detected in the air, showing a signifi-
cant transport of soil, plant, and animal-related unicellular 
eukaryotes, especially, during the spring flowering seasons, 
in addition, the free DNA or cell debris of several eukaryotes 
are emitted from the upper layers of the Red Sea water to 
the atmosphere. The study outcomes indicate the presence 
of human, plant, and animal pathogens in the air over the 
Red Sea, pointing at a role of atmospheric transport as a 
vector potentially transporting human pathogens across large 
distances, while large-scale transport of pollen may play an 
important role in the genetic connectivity of arid plants pre-
sent across the Global Dust Belt. Eukaryotes eDNA in the 
air from seawater may also be transported and exchanged 
across water bodies that are partially, Arabian Gulf and the 
Mediterranean Sea, or entirely, the Red Sea, overlaid by the 
Global Dust Belt.
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