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ABSTRACT

The marine macroalgae Ulva sp. is considered an ecosystem engineer in rocky shores of temperate waters worldwide. Ulva
sp. harbors a rich diversity of associated microbial epibionts, which are known to affect the algae’s typical morphological
development and ‘health’. We examined the interaction between airborne microbes derived from atmospheric aerosols and
Ulva ohnoi growth and physiological state. Specifically, we measured U. ohnoi growth rates and photosynthetic efficiency
(Fv/Fm), alongside its microbial epibionts abundance, activity and diversity following dust (containing nutrients and
airborne microorganisms) or UV-treated dust (only nutrients) amendments to filtered seawater. Parallel incubations with
epibionts-free U. ohnoi (treated with antibiotics that removed the algae epibionts) were also tested to specifically examine if
dust-borne microbes can replenish the epibiont community of U. ohnoi. We show that viable airborne microbes can restore
U. ohnoi natural microbial epibionts communities, thereby keeping the seaweed alive and ‘healthy’. These results suggest
that microbes delivered through atmospheric aerosols can affect epiphyte biodiversity in marine flora, especially in areas
subjected to high annual atmospheric dust deposition such as the Mediterranean Sea.
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INTRODUCTION

Marine macroalgae play a pivotal role in the ecology of coastal
environments (Schiel and Foster 2006; Krupnik et al. 2018) and
are considered to be ecosystem engineers (Egan, Thomas and
Kjelleberg 2008; Egan et al. 2013). Macroalgae are important
primary producers (Krause-Jensen and Duarte 2016) and support

ecological niches for many other marine organisms (Haywood,
Vance and Loneragan 1995; Bulleri et al. 2002). Macroalgae have
a tight relationship with diverse populations of epiphytic micro-
bial symbionts that are crucial for the wellbeing of their hosts
(Beleneva and Zhukova 2006; Burke et al. 2011; Wahl et al. 2012).
Some macroalgae species develop a wild-type phenotype only
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when their microbial epibionts are present (Provasoli and Pint-
ner 1980; Nakanishi et al. 1996; Matsuo et al. 2003; Marshall et al.
2006). It has further been shown that microbial epibiont commu-
nities on the seaweed surface may induce the release and settle-
ment of algal spores (Joint, Tait and Wheeler 2007; Weinberger
et al. 2007), affect growth (Keshtacher-Liebson, Hadar and Chen
1995; Croft, Warren and Smith 2006) and induce rhizoid forma-
tion (Ghaderiardakani, Coates and Wichard 2017). The nature of
the association between the macroalgae and their epibionts is
still unclear. While the epiphytic microbes can be specific to the
algae species (Lachnit et al. 2009, 2011), the competitive lottery
model claims that distinct microbial communities with similar
eco-physiological characteristics can thrive on the same algal
species, hence the interaction is not specific to a certain micro-
bial lineage but rather to its functionality and ecological role
(Burke et al. 2011). In both cases, the interactions between the
algae and the epibionts result in obligatory symbioses (Egan et al.
2013).

The microbial epiphytic communities of macroalgae
are diverse and often comprise proteobacterial lineages
(Rhodobacteraceae, Sphingomonadaceae and unclassified
Gammaproteobacteria families), Bacteroidota (Flavobacteri-
aceae, Bacteroidaceae—Bacteroidetes) and Planctomycetaceae
(Longford et al. 2007; Hempel et al. 2008; Staufenberger et al.
2008; Tujula et al. 2010; Burke et al. 2011). The composition of
these communities usually differs from that of the surrounding
seawater (Staufenberger et al. 2008; Burke et al. 2011), highlight-
ing the strong association between these microbes and their
macroalgae host. Yet, the current knowledge on macroalgae’s
epibionts, in particular, their biodiversity, physiology and inter-
action with the surrounding biota, is scarce, and little is known
about how the macroalgae acquire their symbionts (Burke et al.
2011).

Aerosols and dust are transported across the oceans and
were recognized as an important source of micro and macronu-
trients (Herut, Collier and Krom 2002; Jickells et al. 2005; Duce
et al. 2008), thus affecting algae biomass and primary produc-
tion (Mackey et al. 2012; Chien et al. 2016; Rahav et al. 2018a).
In addition, aerosols and dust contain airborne microbes (Grif-
fin 2007; Reche et al. 2009; Rahav et al. 2016c, 2016a), some
of which are known macroalgae epibionts, including Flavobac-
teriaceae and Bacteroidaceae. Airborne microorganisms may
remain viable during atmospheric transport (Womack, Bohan-
nan and Green. 2010; Polymenakou 2012; Rahav et al. 2019a)
becoming active upon deposition to seawater (Rahav et al. 2016b,
2016c; Mescioglu et al. 2019b) or freshwater (Reche et al. 2009;
Peter et al. 2014) bodies. Viable airborne microbes were shown to
fix bicarbonate and dinitrogen, produce phytoplankton/bacterial
metabolites, and express genes needed for antibiotic resistance
(Reche et al. 2009; Peter et al. 2014; Rahav et al. 2016b, 2018b; Li
et al. 2018). To the best of our knowledge, very few studies tested
if and how the microbial communities transported by desert
dust affect downwind coastal ecosystems with Ulva turfs. Here,
we experimentally investigated the impact of airborne microbes
associated with dust collected from the Saharan Desert on the
epibionts and general physiology of the marine green macroal-
gae Ulva ohnoi. We hypothesized that viable airborne microbes
can replace U. ohnoi natural microbial epibiont communities,
consistent with the ‘competitive lottery’ theory (Egan et al. 2013).

MATERIAL AND METHODS

Experimental design

Ulva ohnoi specimens were collected from an outdoor 1
m3 tank with seawater flow-through to maintain ambient

temperature, light and nutrient levels at the Israel Oceano-
graphic & Limnological Research (IOLR), Haifa, Israel (Israel, Gol-
berg and Neori 2019; www.seaweedherbarium.com). Leaf-like
individuals (9 cm2, ∼300 mg fresh-weight) were placed in pre-
washed (10% hydrochloric-acid and rinsed three times with
Milli-Q water) Erlenmeyer beakers (500 ml, Pyrex, 4 specimens
in each) and acclimated under controlled temperature (20◦C)
and light (∼100 μmol m−2 s−1 of white fluorescent irradiance,
12:12 light: dark cycle) conditions in 0.2 μm filtered seawater for
2 weeks. After acclimation, six dust-addition microcosms were
made in biological triplicates (Fig. 1): [1] Control—no addition;
[2] 1.5 mg L−1 Saharan dust (SD); [3] 100 μl L−1 of a penicillin-
streptomycin solution (Sigma P4333) (AB); [4] AB+SD; [5] AB+
1.5 mg L−1 ultra-violet (UV)-treated SD and [6] UV-treated SD
(see more details for rational in Fig. 1). For each set of treat-
ments, a single Ulva ohnoi specimen was used per replicate.
The amount of dust added (1.5 mg L−1) was within the range
of natural atmospheric deposition to the upper mixed layer
of the Eastern Mediterranean Sea (∼10 m) during intense dust
storm events (Herut et al. 2005) and aligned with previous stud-
ies examining the role of dust on microbes in this system (Astra-
han et al. 2016; Herut et al. 2016; Krom et al. 2016; Tsagaraki et
al.2017). Specimens of U. ohnoi were collected from the Erlen-
meyer flasks and analyzed for bacterial abundance, bacterial
production, photosynthetic efficiency (Fv/Fm), algal growth rate
and epibiont’s microbial diversity following 1-week incubation.
AB was added to the relevant Erlenmeyer flasks containing U.
ohnoi specimens for 5 h. The relevant specimens were then
washed 3 times with filtered seawater (FSW) to remove any AB
residuals, and transferred to new Erlenmeyer flasks with FSW.
The antibiotic treatment reduced Ulva epibionts abundance and
activity by 80% and 93%, respectively (Fig. S1, Supporting Infor-
mation). Penicillin-streptomycin is a wide-range antibiotic solu-
tion that affects both gram-positive and gram-negative bacteria.
As the marine environment hosts both bacterial groups (Anwar
and Choi 2014), penicillin-streptomycin was used to pretreat the
Ulva in experiments 3 (AB), 4 (AB+SD) and 5 (AB + UV-treated SD)
in order to de-activate prokaryotic production and effectively
kill the majority of the microbial epibiont cells (Das, Mukherjee
and Sen 2008, Fig. S1, Supporting Information). The concentra-
tion of penicillin-streptomycin used here is the recommended
averaged inhibitory concentration used to de-activate many dif-
ferent Gram-positive and Gram-negative bacterial strains (Das,
Mukherjee and Sen 2008).

Aerosols were collected during an intense dust storm on
February 15th, 2015 at the Eastern Mediterranean coast (latitude
32.28◦N, longitude 34.95◦E) using a glass plate (for more details
on the dust’s chemical characteristics see Astrahan et al. 2016).
Dust particles were transferred to sterile tubes and kept frozen
at −20◦C until the experiment was carried out in June 2018. Back-
ward trajectory analysis using the HYSPLIT model shows that
the collected dust had originated from the Sahara Desert (Fig.
S2, Supporting Information).

Microscopy analysis of Ulva ohnoi tissue

Horizontal cross-sections of U. ohnoi tissue (∼0.25 cm2) were
photographed with an Olympus BH-2 upright microscope
equipped with a DFK 41BF02 camera using X20 and X40 mag-
nifications following 1 week of incubation.

Daily Growth Rate (DGR)

Growth rates were estimated from measurements of U. ohnoi
fresh-weight at the beginning (W0) and at the end (Wt) of the
incubation period (T = 1 week), and expressed as Daily Growth
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Krupnik et al. 3

Figure 1. Experimental design include triplicates of: control (no additions, treatment 1), addition of Saharan Dust (SD) (treatment 2), pen-strep (AB) addition (treatment
3), addition of both AB and SD (treatment 4), addition of UV treated dust (killed-dust) and AB (treatment 5) and addition of killed dust only (treatment 6).

Figure 2. A tissue cross section of U. Ohnoi at the Control treatment (A); AB addition (B); SD addition (C); SD+AB (D); UV-treated SD+ AB (E); and UV-treated SD (F)
measured at the conclusion of the experiment (1 week) with a light microscope using a X20 magnification. Scale bar = 20 μm.

Rate (DGR) using the equation:

DGR =
( WT−W0

W0

)

T
× 100

Where W0 is the initial sample fresh-weight, WT is the sample
fresh-weight after the incubation (1 week) and T stands for the
days between measurements.

Photosynthetic efficiency (Fv/Fm)

Photosynthetic responses were measured at the end of the incu-
bation period (1-week post acclimation, similarly to the other

variables) using Pulse Amplitude Modulated (PAM) fluorome-
try with a Diving PAM (Walz, Effeltrich, Germany) (Beer et al.
2000). Photosynthetic quantum yields (Fv/Fm) were measured
after 30 min of dark acclimation and calculated as follows:

Yield (Fv/Fm) = (Fm − F0)
Fm

Where Fm is the maximum fluorescence emission and F0 is the
fluorescence before saturating light pulse was imposed (Fm−F0

= Fv).
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Figure 3. Ulva ohnoi microbial epibionts abundance (A), epibionts bacterial production (B), Ulva’s photosynthetic efficiency (Fv/Fm) (C) and specific growth rate (D)
following the addition of dust (blue); AB (white); AB+dust (purple); AB+UV-treated dust (orange); UV-treated dust (yellow) and unamended control (red). Results

presented are the averages and standard deviation of 3 independent triplicates measured at the conclusion of the experiment (1 week). The letters above the columns
represent significant differences (one-way ANOVA and a Fisher LSD means comparison test, P < 0.05) for mean values between additions.

Epibionts microbial abundance

Ulva ohnoi associated bacterial cells were analyzed after a 1-week
of incubation with the different treatments (Cont. SD, AB, etc.).
To this end, U. ohnoi specimens (9 cm2) collected from the dif-
ferent Erlenmeyer flasks were placed in 5 ml Eppendorf tubes
containing 2 ml of FSW and sonicated for 5 min in a bath soni-
cation system (Symphony, VWR). Preliminary experiments show
that 5 min is the minimal time to sufficiently remove enough
epibiotic bacteria from the algal surface for microbial abun-
dance analysis yet not damage their cell wall that may result in
underestimation of the actual abundance (∼4-fold higher abun-
dance compared to no sonication, Fig. S3, Supporting Informa-
tion). We note that this sonication procedure may not neces-
sarily remove all of the microbial cells attached to the Ulva’s
surface, resulting in a possible underestimation of the total
bacterial epibiont abundance (i.e. some bacteria may remain
attached to the tissue). After sonication, 1.7 ml of the sam-
ple were transferred into new sterile cryo-vials, fixed with 6
μl of 50% glutaraldehyde (Sigma, G7651) and kept at 4◦C until
analysis within ∼2–3 days. Before analysis, the samples were
stained with the nucleic-acid SYBR green stain (Applied Biosys-
tems cat #S32717) for 10 min in the dark. Stained samples were
analyzed using an Attune Acoustic Focusing flow-cytometer
(Applied Biosystems) by discrimination based on green fluo-
rescence (530 nm) and side scatter (Hazan et al. 2018; Rahav
et al. 2019b).

Bacterial production

Ulva ohnoi associated bacterial productivity was measured post-
1-week of incubation for each treatment. Where, specimens
from the different Erlenmeyer beakers (Cont. SD, AB, etc.) were
suspended in 3.5 ml of FSW and spiked with 100 nmol L−1

(final concentration) of [4,5–3H]-leucine (Perkin Elmer, specific
activity 168 Ci mmol−1). The samples were incubated in the
dark for 4 h at room temperature. Leucine assimilation was
halted by the addition of 100 μl of cold 100% trichloroacetic
acid (TCA) solution (Sigma T0699). The U. ohnoi specimens were
then sonicated (Symphony, VWR) for 10 minutes to remove
the bacterial biomass from the outer macroalgae surface area.
The biomass extract was divided into three 1 ml aliquots,
and the micro-centrifugation technique was applied (Smith
et al. 1992). Disintegration per minute (DPM) of the [4,5–3H]-
leucine from each sample was read using a liquid scintillation
counter (Packard Tri carb 2100). A conversion factor of 1.5 kg
C mol−1 with an isotope dilution factor of 2.0 was used to cal-
culate bacterial carbon assimilation rate (Simon, Alldredge and
Azam 1990).

Diversity of epibionts

DNA was extracted from triplicate samples of 1 cm2 U. ohnoi
thalli, using the PowerSoilTM DNA Isolation Kit (QIAGEN, Cali-
fornia, USA). We note that DNA extractions from the Saharan
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Figure 4. Relative ASVs abundance derived from 16S rRNA analyses from the different U. ohnoi treatments. Note that no sequences were amplified from the AB or

AB+UV-treated dust treatments.

soils did not yield enough material for sequencing and therefore
was not analyzed. DNA yields for treatments ‘AB’ and ‘AB+UV-
treated dust’ were very low or unmeasurable (Fig. S4, Supporting
Information). The V4 region of the 16S rRNA gene was amplified
using the modified primer pair 515F-806R in combination with
consensus sequences CS1 and CS2 (5′- ACACTGACGACATGGTT
CTACAGTGYCAGCMGCCGCGGTAA, 5′- TACGGTAGCAGAGACTT
GGTCTGGACTACNVGGGTWTCTAAT, Apprill et al. 2015; Parada,
Needham and Fuhrman 2016), using the following PCR ampli-
fication protocol: initial denaturation at 94◦C for 45 s, 30 cycles
of denaturation (94◦C for 15 s), annealing (15 cycles at 50◦C and
15 cycles at 60◦C for 20 s) and extension (72◦C for 30 s). Library
preparation and sequencing of 2 × 250 bp Illumina MiSeq reads
were performed at HyLabs (Israel).

Between 19 000 and 59 000 raw reads were obtained. Reads
were truncated based on quality plots, checked for chimeras,
merged and grouped into amplicon sequence variants (ASVs)
with Deblur (Amir et al. 2017), as implemented in QIIME2 V2019.7
(Rideout et al. 2018). Taxonomy was assigned to the representa-
tive sequences with a Naı̈ve-Bayes classifier that was trained on
the Silva 132 99% Operational Taxonomic Units from 515F/806R
region of the 16S rRNA sequences. Downstream statistical anal-

yses and plotting were performed in R (R Core Team 2020),
using libraries phyloseq (McMurdie and Holmes 2013), ampvis2
(Andersen et al. 2018) and ggplot2 (Wickham 2009). Chloro-
plast sequences were omitted during downstream bioinformat-
ics analyses, resulting in 1500–5400 final non-chloroplast reads
per sample (Table S1, Supporting Information). Permutation
multivariate analysis of variance (PERMANOVA) was based on
Bray–Curtis dissimilarities. Systematic changes across experi-
mental conditions were estimated with DESeq2 (Love, Huber and
Anders 2014). Amplicon reads are available in NCBI Sequence
Read Archive, BioProject PRJNA687378.

Statistical analyses

Bacterial abundance, production, photosynthetic efficiency and
daily growth rate measurements were compared among the dif-
ferent treatments using analysis of variance (ANOVA) followed
by a Student-Newman-Keuls (SNK) posthoc test (P < 0.05). Before
analyses, the data was log-transformed to ensure normality dis-
tribution of residuals (Shapiro-Wilk test) and checked for homo-
geneity of variance. All analyses were done using the Microsoft
XLSTAT software.
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RESULTS AND DISCUSSION

Macroalgae such as Ulva sp. host dense epiphytic bacterial com-
munities, reaching up to ∼1 × 107 bacterial cells per cm2 thalli
(Armstrong, Rogerson and Leftley 2000; Bengtsson, Sjøtun and
øvreås 2010). These epiphytic microbes play important roles
in Ulva’s physiological state and function. For example, epi-
phytic bacteria can promote Ulva lactuca’s growth and prevent
the colonization of pathogens on its thalli (Lemos, Toranzo and
Barja 1985). In the absence of specific epibionts, Ulva mutabilis
and Ulva intestinalis germ cells develop into ‘atypical’ colonies
with abnormal cell-walls (Ghaderiardakani, Coates and Wichard
2017). Also, quorum-sensing molecules synthesized by the epi-
phytic Actinobacteria affect the morphogenesis of Ulva linza
(Marshall et al. 2006). In turn, Ulva provides epiphytic bacteria
with nutrients, mostly as dissolved organic substrates, and thalli
to live on (Lemos, Toranzo and Barja 1985; Ghaderiardakani,
Coates and Wichard 2017). In agreement with these studies,
we showed that once the U. ohnoi’s epibionts were deactivated
or removed using antibiotics (Fig. S1, Supporting Information),
its physiological state was greatly deteriorated (Figs. 2 and 3).
Specifically, upon the addition of antibiotics (treatment AB), the
abundance of epibiotic prokaryotes was reduced by ∼80% and
their production reduced by ∼90%, resulting in a completely
bleached U. ohnoi tissue (Fig. 2) and below detection values of
DGR and Fv/Fm (Fig. 3). This was in contrast to U. ohnoi speci-
mens grown under control conditions (i.e. only FSW), where the
thalli tissue was green (Fig. 2), the DGR was ∼0.5% d−1 and the
Fv/Fm reached ∼0.45 (Fig. 3). The physiological characteristics
found in the control treatments indicated the Ulva cells were
‘healthy’(Ghaderiardakani, Coates and Wichard 2017; Krupnik
et al. 2018), highlighting the tight symbiotic relations between
Ulva and its epibionts, and their importance for the macroalgae
growth.

Millions of tons of dust are regularly transported from the
Sahara and other nearby deserts and deposited in the Mediter-
ranean Sea (Herut et al. 2005; Lawrence and Neff 2009; Ganor
et al. 2010), and thus may affect downwind ecosystems includ-
ing macroalgae turfs. Our results show that upon the addition
of Saharan dust (SD), both epibiont’s abundance (∼5.6 × 105

cells gr−1) and production (∼7.5 ng C gr−1 h−1) slightly increased
relative to the unamended control (although not significantly,
Fig. 3). This could be due to leaching of nutrients from the dust
and/or by the addition of airborne bacteria that settle on the Ulva
outer surface. Following the SD addition, Fv/Fm (0.34) and DGR
(∼0.8% d−1) also remained overall similar to the control treat-
ment (P<>0.05i>, Fig. 3). Amendment of the UV-treated Saha-
ran dust’, which effectively released nutrients from the dust
particles but not the airborne microbs, resulted in green Ulva’s
thalli, and Fv/Fm (0.35) and DGR (1.0% d−1) values similar to the
unamended controls (Figs. 2 and 3). The addition of UV-treated
dust to the AB-treated sample, which supplied only minerals
but not airborne microbes, resulted in bleaching of U. ohnoi tis-
sue (Fig. 2) and Fv/Fm and DGR below detection (Fig. 3), as in U.
ohnoi to which antibiotics were added. In line with these find-
ings, DNA yields in the AB+killed dust and in the antibiotics
treatments were very low and no PCR product was detected
when visualizing the gel (Fig. S4, Supporting Information). When
untreated dust (with the airborne microbial community) was
added to U. ohnoi amended with antibiotics (‘AB+Dust’), Ulva’s
thalli remained green (Fig. 2), and the Fv/Fm (0.32) and DGR (1.6%
d−1) were well above detection limit (Fig. 3). Further, DGR was sig-
nificantly higher than that measured in the control, while Fv/Fm
remained similar (Fig. 3). These results suggest the recovery of

microbial epibionts following the addition of Saharan dust or
that the dust-borne bacteria (∼1.9 × 105 cells gr−1) replaced the
Ulva’s epibiont community and maintained the Ulva physiolog-
ical state, in the absence of its original microbial communities
which were removed by the AB treatment.

Addition of SD following treatment with antibiotic (SD+AB)
were not only able to restore the viability U. ohnoi and the
activity of the associated microbiota, but also the microbial
diversity. The dominant taxa, including Flavobacteriaceae such
as Aquimarina and Muricauda, Rhodobactereraceae genera, Saprosir-
aceae (Lewinwlla), Pirellulaceae (Blastopirellula), Alteromonaceae
(Glaciecola, Alteromonas) and Hyphomonadaceae (e.g. Hirschia), as
well as others were found in all treatments to which SD
was added (Fig. 4). Most of these taxa are known to be
associated with algae, often algicidal and capable of degrad-
ing complex organic compounds including algal polysaccha-
rides, but also as enhancers of algal growth (Chen, Sheu
and Sheu 2012; Stabili et al. 2017; Lian et al. 2018; Koch
et al. 2019; Ihua et al. 2020; Purohit, Chattopadhyay and Teli
2020). Note that the microbial community structure in the
‘AB+dust’ treatment was significantly different only when com-
pared to the other three treatments together (PERMANOVA,
p = 0.048, Fig. S5). This was due to the enrichment of very
few ASVs, attributed to Ponticaulis (Hyphomonadaceae, Alphapro-
teobacteria), Hirschia (Hyphomonadaceae, Alphaproteobacteria),
and unidentified Alteromonadaceae genus (Gammaproteobac-
teria). The abovementioned statistical difference was mainly
attributed to the depletion of some ASVs in the ‘AB+dust’
treatment, in particular, those annotated as Saprospiraceae,
Flavobacteriaceae, Parvularculaceae, Micavibrionaceae, Rhodobacter-
aceae, Sandaracinaceae, Nitrincolaceae and Saccharospirillaceae lin-
eages. However, if considering the adjusted P values, this list is
overall very limited (Table S2, Supporting Information).

The recovery of the U. ohnoi epiphytic microbial community
may be partially due to the re-introduction of microbial lin-
eages through the dust. Several of the abovementioned bac-
terial families were previously found in dust samples (Kellogg
and Griffin 2006; Katra et al. 2014; Gat et al. 2017), suggest-
ing atmospheric deposition of aerosols can also be a source
of these bacteria in addition of being a source for external
nutrients. Alteromonas has been found to respond positively to
dust additions in a mesocosm experiment at the NW Mediter-
ranean Sea (DUNE project, Laghdass et al. 2011). Rhodobacteraceae
and Oceanospirillaceae have been found to respond positively
to both anthropogenic and Saharan dust addition in Mediter-
ranean coastal waters (Marı́n-Beltrán et al. 2019). Both of these
studies explained the increase in Alteromonas, Rhodobacteraceae
or Oceanospirillaceae by the addition of aerosol-derived chemi-
cals (nutrients). We surmise, however, that additional ‘biological’
pathway which introduces airborne microbes and/or enables the
recovery of epibiont microbial populations following dust depo-
sition to seawater/freshwater may also occur under some cir-
cumstances. The fact that killed dust was not able to revive the
microbial communities rules out other mechanisms of recov-
ery, such as, the survival of the few bacteria during the antibi-
otics treatment and maintenance of algae viability based on the
toxicity of dust to the potential microbial pathogens (Paytan
et al. 2009). Considering that aerosols from different geographi-
cal sources and atmospheric trajectories carry unique commu-
nities of microbial populations (Katra et al. 2014; Gat et al. 2017;
Mescioglu et al. 2019a), diverse dust storms may result in unique
and distinct impact on the epiphytic bacteria of algae such as
Ulva. Thus, different dust storms may have both positive and
negative effects on Ulva’s fitness, by introducing either airborne
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vital microbes or bacterial/viral/fungal pathogens. We stress
that the diversity, abundance, activity and viability of dust-borne
microbes should be extensively studied in future ventures.

Our results show that dust particles may serve as a poten-
tial source for diverse populations of Ulva’s microbial epibionts.
This is consistent with reports showing that 1–25% of the bac-
terial communities carried with the dust or aerosol particles
remains viable during transport (Womack, Bohannan and Green
2010; Polymenakou 2012). These airborne microbes can facili-
tate the rapid turnover of organic carbon and inorganic nutrients
(Rahav et al. 2016b) and can attach to macroalgae, which poten-
tially makes them excellent colonizers of Ulva and likely other
macroalgae species.

The recovery of U. ohnoi and positive change in the physiolog-
ical indicators following the introduction of the airborne bacte-
rial taxa to antibiotics-treated U. ohnoi suggests that the airborne
bacteria can re-occupy the lost functional niche and thus replace
the original Ulva microbiome. The fact that many ASVs were
similar between the controls and the AB+dust treatment sug-
gests that specific lineages may be selected, as opposed to the
‘lottery theory’ which suggests that algae acquire epibionts from
its surrounding based on their functionality alone rather than
a taxonomic specificity. Understanding the functional role of
these microbial populations and the biochemical mechanisms
involved to acquire epibionts bacteria by Ulva sp. would be valu-
able to the management of this ecologically important algal
species.

Lastly, Ulva species inhabit remarkable variable marine
aquatic environments ranging from intertidal, shallow rocky
shores to subtidal areas <100 m (Wolf et al. 2012). Biogeo-
graphical studies suggest that the Ulva’s distribution is strongly
impacted by anthropogenic activities, or can be found in pris-
tine habitats (Kozhenkova, Chernova and Shulkin 2006; Scherner
et al. 2013). Many of these habitats are also strongly affected by
nearby deserts, such as the Gobi the Sahara deserts. We, there-
fore, surmise that airborne bacteria can be an important source
of microbial partners to macroalgae.
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Supplementary data are available at FEMSEC online.

ACKNOWLEDGMENTS

This research was funded by the Israel Science Foundation Grant
number 1211/17 (ER and BH) and by the NSF-OCE Grant num-
ber 0850467 (AP). The authors also acknowledge the Mermex-
TRANCOMED grant (BH and ER) of the French ENVIMED program.

Conflicts of interest. None declared.

REFERENCES

Amir A, McDonald D, Navas-Molina JA et al. Deblur rapidly
resolves single-nucleotide community sequence patterns.
Gilbert JA (ed). mSystems 2017;2:e00191–16.

Andersen KS, Kirkegaard RH, Karst SM et al. ampvis2: an R pack-
age to analyse and visualise 16S rRNA amplicon data. bioRxiv
2018:299537.

Anwar MA, Choi S. Gram-negative marine bacteria: Structural
features of lipopolysaccharides and their relevance for eco-
nomically important diseases. Mar Drugs 2014;12:2485–514.

Apprill A, Mcnally S, Parsons R et al. Minor revision to V4 region
SSU rRNA 806R gene primer greatly increases detection of
SAR11 bacterioplankton. Aquat Microb Ecol 2015;75:129–37.

Armstrong E, Rogerson A, Leftley JW. The abundance of het-
erotrophic protists associated with intertidal seaweeds.
Estuar Coast Shelf Sci 2000;50:415–24.

Astrahan P, Herut B, Paytan A et al. The impact of dry atmo-
spheric deposition on the sea-surface microlayer in the SE
mediterranean sea: An experimental approach. Front Mar Sci
2016;3:e00222.

Beer S, Poryan O, Larsson C et al. Photosynthetic rates of
ulva (chlorophyta) measured by pulse amplitude modulated
(pam) fluorometry. Eur J Phycol 2000;35:69–74.

Beleneva IA, Zhukova NV. Bacterial communities of some brown
and red algae from Peter the Great Bay, the Sea of Japan.
Microbiology 2006;75:348–57.
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