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SUMMARY

Sea spray aerosols (SSA), have a profound effect on the climate; however, the contribution of oceanic

microbial activity to SSA is not fully established. We assessed aerosolization of the calcite units (coc-

coliths) that compose the exoskeleton of the cosmopolitan bloom-forming coccolithophore, Emiliania

huxleyi. Airborne coccolith emission occurs in steady-state conditions and increases by an order of

magnitude during E. huxleyi infection by E. huxleyi virus (EhV). Airborne to seawater coccolith ratio

is 1:108, providing estimation of airborne concentrations from seawater concentrations. The cocco-

liths’ unique aerodynamic structure yields a characteristic settling velocity of�0.01 cm s�1,�25 times

slower than average sea salt particles, resulting in coccolith fraction enrichment in the air. The calcu-

lated enrichment was established experimentally, indicating that coccoliths may be key contributors

to coarse mode SSA surface area, comparable with sea salt aerosols. This study suggests a coupling

between key oceanic microbial interactions and fundamental atmospheric processes like SSA

formation.

INTRODUCTION

Sea spray aerosol (SSA), formed by primary emission from the ocean through bubble bursting (Woodcock

et al., 1953), is the main component by mass of marine aerosols. It is one of the largest contributors to

global aerosol mass and plays a pivotal role in the Earth’s climate system (Lewis and Schwartz, 2004; Gantt

and Meskhidze, 2013; Quinn et al., 2015). Generally, SSA is composed of an inorganic fraction, dominated

by sea salt, and an organic component emitted from the vast carbon pool in the oceans, whichmay be inter-

nally or externally mixed with the sea salt component (Ault et al., 2013). The aerosolized organic matter can

be composed of whole or fragments of marine microorganisms such as viruses, bacteria, and phyto-

plankton; may be the product of biological activity; or may result from the large reservoir of dissolved

organic carbon in surface seawater that is not directly linked to local biological activity (Patterson et al.,

2016; Aller et al., 2005; Facchini et al., 2008; Vignati et al., 2010; Ovadnevaite et al., 2011; Gantt and Mes-

khidze, 2013; Prather et al., 2013; Quinn et al., 2015). Despite great efforts directed toward resolving the

effect of oceanic microbial activity, particularly phytoplankton, on SSA formation, many open questions

remain about its role in SSA production mechanisms, chemical composition, effect on cloud physics,

and climate (O’Dowd and De Leeuw, 2007; Gantt and Meskhidze, 2013; Quinn et al., 2015; Sharoni et al.,

2015). The ocean’s microbial activity exhibits large spatial and temporal variability, some of which is

concentrated in the sea surface microlayer, the top 1 mm of the ocean (Kuznetsova et al., 2004; Aller

et al., 2005; Cunliffe et al., 2011). To date, most field and laboratory studies have shown that the ocean’s

chemical composition during high biological activity (HBA) due to phytoplankton blooms is significantly

different from that during low biological activity (LBA) (Guasco et al., 2014), specifically in terms of the dis-

solved organic matter content (Moran et al., 2016). Since the emitted SSA properties depend on the micro-

layer properties, the biological activity in the ocean may have a substantial impact on the size distribution

and chemical composition of the emitted aerosols (Wang et al., 2015; O’Dowd et al., 2004; Leck and Bigg,

2005; Yoon et al., 2007; Fuentes et al., 2010; Gantt andMeskhidze, 2013; Prather et al., 2013). Althoughmost

studies show a dependence of SSA composition on biological activity (O’Dowd et al., 2004; Leck and Bigg,

2005; Yoon et al., 2007; Fuentes et al., 2010; Gantt and Meskhidze, 2013; Prather et al., 2013; Wang et al.,

2015), a few studies claim that there is no significant effect of local biological activity on SSA (Collins et al.,

2016), but rather that SSA properties are determined by the organic carbon pool due to the overall biolog-

ical activity in the oceans (Quinn et al., 2014). It is therefore clear that the bulk effect of the ocean’s biolog-

ical component on SSA is not yet resolved. The level of complexity rises higher yet when attempting to

examine the effect of the interactions within the ocean’s microbial component on SSA, as in the few studies
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that investigated the impact of microbial interactions within phytoplankton blooms on marine aerosols

(Prather et al., 2013; O’Dowd et al., 2015; Sharoni et al., 2015). These studies demonstrated that averaging

bulk biological activity by only comparing HBA to LBA cannot account for the full response of SSA to the

complexity of oceanic biological systems and is missing a better resolution of specific microbial activity and

their derived impact.

In this study, we use as a model phytoplankton the coccolithophore Emiliania huxleyi, which is the most

dominant bloom-forming species of coccolithophore in the oceans, covering areas in scales of thousands

of square kilometers (Balch et al., 1991; Tyrrell and Merico, 2004). E. huxleyi cells are covered by a

calcite exoskeleton, composed of 2- to 4-mm-long CaCO3 disks named coccoliths, which account

for approximately a third of the total marine CaCO3 production (Tyrrell and Merico, 2004; Iglesias-

Rodriguez et al., 2008). E. huxleyi also plays a pivotal role in the global sulfur biogeochemical cycle in

the ocean, and is responsible for high dimethyl sulfide (DMS) emission, a climatically active volatile

organic compound that can generate secondary aerosols through atmospheric photochemical oxidation

(Balch et al., 1991; Simo, 2001; Tyrrell and Merico, 2004; Beaufort et al., 2011). A rapid demise of

E. huxleyi blooms in the oceans is often linked to viral infection by E. huxleyi virus (EhV), a lytic large

double-stranded DNA coccolithovirus (Phycodnaviridae) with a typical icosahedral structure and a

diameter of 160–180 nm that specifically infects E. huxleyi cells. E. huxleyi bloom dynamics was sug-

gested to have three phases, consisting of low E. huxleyi abundance, followed by exponential growth,

and terminated by E. huxleyi cell demise during EhV rise (Bratbak et al., 1993; Jacquet et al., 2002;

Wilson et al., 2002a, 2002b; Vardi et al., 2012; Lehahn et al., 2014a, 2014b). Bloom demise following

E. huxleyi cell lysis can occur over thousands of kilometers, accelerating the carbon turnover and deter-

mining the fate of phytoplankton biomass (Bratbak et al., 1993; Ziveri et al., 2000; Jacquet et al., 2002;

Wilson et al., 2002b; Vardi et al., 2012; Lehahn et al., 2014a, 2014b). Viral infection leads to bloom

demise and results in E. huxleyi cell death and enhanced shedding of coccoliths into the seawater

(Balch et al., 1993; Wilson et al., 2002a, 2002b; Frada et al., 2008). High coccolith concentrations lead

to higher reflectivity of the sea surface, giving the bloom area a characteristic milky blue color observed

in satellite imagery (Holligan et al., 1983; Balch et al., 1991; Beaufort and Heussner, 1999; Tyrrell et al.,

1999).

The abundance, biogeochemical importance, and ecological significance of E. huxleyi make it an ideal

model organism for investigating the interaction between oceanic biology and atmospheric aerosols.

Our laboratory setup allows to thoroughly investigate this interaction, examining each stage of

E. huxleyi culture growth and demise. We monitored the effect of viral infection while simultaneously

following the properties of aerosol emission into the air. We examined the effect of the different stages

of E. huxleyi growth and demise, during viral infection or senescence, on SSA size distribution, their density,

and their residence time.
RESULTS AND DISCUSSION

E. huxleyi strain RCC 1216 was infected by E. huxleyi virus strain 201 (EhV201), and coccolith shedding into

the seawater and emission to the air were monitored as a function of E. huxleyi cell abundance and EhV

concentration in the seawater. Control, non-infected E. huxleyi cultures were also monitored to assess

the impact of different phases of growth on coccolith concentrations.

Upon infection, the E. huxleyi cells lose their coccolith shells due to a collapse of the coccolithophore struc-

ture, as clearly seen by the abrupt decrease in the concentration of calcified E. huxleyi cells and calcified cell

percentage out of total cells immediately after infection (Figures 1A and 1B). One day post infection the

percentage of calcified cells decreases dramatically, from an average of �91% calcified cells to �66%,

whereas the control population remains at �91% (Figures 1B and S1). The dramatic decrease in calcified

population occurs even before any decrease in total cell count is observed. In fact, total E. huxleyi cell count

increases on the first day after infection day by�30%, as in the control cultures. For the control cultures, no

abrupt changes in calcified cell concentrations are observed, although culture senescence gradually de-

creases the fraction of calcified cells (Figures 1A and 1B).

Coccolith concentrations were obtained from seawater samples collected on 0.2-mm Anodisc filters and

measured throughout the experiment by light microscopy analysis (see methodology). Coccoliths were

present in the seawater during all phases of E. huxleyi culture growth and demise, as expected for calcified
2 iScience --, 1–9, --, 2018



Figure 1. Dynamics of E. huxleyi and EhV, and Their Impact on Coccolith Release into Seawater

(A) E. huxleyi and EhV in seawater: total E. huxleyi cells and calcified cell concentrations (full and empty rectangles,

respectively) for infected and control cultures over 10 days. The average viral concentrations are presented in log scale for

reference. Error bars represent the standard deviation (SD) of three biological replicates.
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Figure 1. Continued

(B) Percentage of calcified E. huxleyi cells in seawater: calcified cell percentage for infected and control populations. Error

bars represent the SD of three biological replicates.

(C) Coccoliths and EhV in seawater: coccolith and viral concentrations for infected and control populations. Three

biological replicates for infected population are presented: coccolith replicates are presented in circles, error bars

represent the SD of technical replicates, viral replicates in diamonds, and the averages of the replicates are shown in

dashed black and pink lines for coccoliths and viruses, respectively. The shaded areas around the averages represent the

SD of the replicates. Note that viral concentrations are presented in log scale.
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E. huxleyi strains, which are known to shed and regrow their coccolith-composed shells throughout their

growth stages (Balch et al., 1993; Tyrrell and Merico, 2004).

For infected E. huxleyi cultures, coccolith concentration in the seawater increased gradually after viral infec-

tion (Figure 1C), following the dramatic decrease in the fraction of calcified cells (Figures 1A and 1B), as

opposed to control cultures where coccolith concentration remained around �2 3 107 mL�1 (Figure 1C).

On the third day post the viral infection, the population diverged from the control culture and coccolith

concentrations increased up to three-fold (Figure 1C).

To examine whether coccoliths are emitted into the air as SSA, and whether airborne coccoliths follow the

trend observed in seawater, we used a bubbling system for SSA production (Sharoni et al., 2015) (see

Figure 2). The coccolith flux from the bubbling system used in this study was validated by comparison

with a different particle production system and was estimated to represent ambient conditions of particles

flux in the North Atlantic (see Methods, and Transparent Methods, Figures S2 and S3, and Table S2). SSA

were collected on 0.2-mm Anodisc filters and examined using polarized light microscopy (see Methods).

Coccolith emission into the air was observed for both control and infected populations, and their concen-

trations and trends closely followed their seawater behavior (Figure 3). For virally infected populations,

aerosolized coccolith concentrations reached up to �2 coccolith particles mL�1 (particles cm�3) of air,

which is an order of magnitude higher than the control population. Coccolith concentration in seawater

and air both reached maximal values on the fifth day post infection, when coccolith concentration

was >7 3 107 mL�1 in the seawater.

Aerosolized coccolith morphology throughout the experiment was examined by scanning electron micro-

scopy, for infected and non-infected populations, using approximately 100 scanning electron microscopic

images for analysis, containing �500 coccoliths (see Figure 4). The average coccoliths’ elliptic axes were

3.1G0.6 mm for the major and 2.4G0.6 mm for the minor axis, and therefore the eccentricity was

0.63G0.05, consistent with previous studies (Young and Westbroek, 1991; Young and Ziveri, 2000; Young

et al., 2014). Although viral infection triggered profound changes in coccolith concentration in seawater

and air, no morphological changes in aerosolized coccoliths were observed between uninfected and in-

fected cultures (Figure 4). The eccentricity remained the same throughout the experiment for both control

and infected cultures. Using scanning electron microscopic analysis, we also measured the total area

covered by aerosolized coccoliths on each filter compared with the total area covered by sea salt aerosol.

We estimated the surface area, volume, and mass concentrations (mL�1) of coccolith and sea salt particles

captured in the scanning electron microscopic images (see Table 1).
Figure 2. Schematic Presentation of the Experimental Setup Using the Bubbling System for Aerosol Production,

Enumeration, and Morphological Measurement
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Figure 3. Dynamics of Airborne Coccolith Emission Compared with Detachment into Seawater

Coccolith airborne concentrations for infected and control populations over 10 days are presented. Three biological

replicates for infected populations are shown (blue diamonds) the error bars represent the SD of technical replicates; the

replicates’ average is shown in dashed black line, and the shaded area around it represents their SD. Seawater coccolith

average concentrations for control and infected cases are shown for comparison (circles). Control populations are

presented in green, their error bars represent the SD of three biological replicates, and infected populations are shown

in blue.
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The overall surface area covered by airborne coccoliths before infection is similar to the area covered by sea

salt aerosol; however, it is clearly dominated by coccolith particles post infection (Table 1). The total aero-

solized coccolith surface area, volume, and mass concentrations increase by approximately one order of

magnitude after infection with respect to non-infected cultures, in accordance with the increase in their

number concentration (demonstrated in Figure 3). In both cases (Table 1 and Figure 3), the major increase

in aerosolized coccolith is observed after 3 days post infection. These result were supported by data ob-

tained from image analysis from both polarized light microscopy and scanning electron microscopy. Scan-

ning electron microscopic image analysis also indicated that post infection, sea salt particle surface area,

mass, and volume concentrations are higher than in the control, possibly due to changes in seawater chem-

ical composition and surface tension (Blanchard, 1968; Cavalli et al., 2004; Sellegri et al., 2006; Fuentes

et al., 2010; Collins et al., 2014; Quinn et al., 2015), which in our systemmay have been induced by viral infec-

tion (Suttle, 2005; Vardi et al., 2012). Airborne coccolith surface area and volume were substantially larger

during viral infection (see Table 1) compared with sea salt particles. The implications of the higher surface

area and volume concentrations of coccoliths compared with sea salt observed in these images may be sig-

nificant for the importance of coccolith atmospheric emission compared with sea salt aerosol. Our results

suggest that high-cell-density E. huxleyi blooms followed by demise due to viral infection may result in a

coccolith contribution to atmospheric aerosol surface area larger than that of the sea salt. The coccolith

contribution to surface area and volume concentrations of SSA may affect cloud microphysics and other

climatic aspects.
Figure 4. Scanning electron microscopic Images of SSA Collected on Polycarbonate Filters, Focusing on

Aerosolized Coccolith Morphologies

Images of SSA emitted from non-infected (A–D), and virally infected (E–H) E. huxleyi cultures are presented. Coccolith

morphologies appear whole or deformed for both infected and non-infected cultures. Sea salt aerosols are seen in the

background (marked in blue circles).
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Days

Post

Infection

Coccolith

Surface

Area

(mm2

mL�1)a

Sea Salt

Surface

Area

(mm2

mL�1)a

Coccolith

Volume

(mm3

mL�1)b

Sea Salt

Volume

(mm3

mL�1)c

Coccolith

Mass

(pg

mL�1)d

Sea Salt

Mass

(pg

mL�1)e

Control 2.9 G 1.8 2.5 G 1.4 2.1 G 1.3 1.2 G 0.7 0.6 G 0.4 2.7 G 1.6

Infected

culture

2 days 2.2 G 1.3 0.7 G 0.8 1.5 G 0.9 0.3 G 0.4 0.5 G 0.3 0.7 G 0.9

4 days 8.6 G 6.9 2.5 G 1.9 6.0 G 4.8 1.3 G 0.9 1.8 G 1.4 2.7 G 2.0

5 days 15.0 G 8.6 8.8 G 2.8 10.5 G 6.1 4.4 G 1.4 3.2 G 1.8 9.5 G 3.1

Table 1. Surface Area, Volume, andMass Concentrations for Airborne Coccolith and Sea Salt Particles Emitted from

the Bubbling System, for Control and Infected Cultures
aSurface area was directly calculated using image analysis.
bVolume was calculated for coccoliths using estimation of thickness of 0.7 mm.
cFor sea salt aerosols using an average diameter of 0.5 mm.
dMass was calculated using a density of 0.3 pg/mm3 for coccoliths (see Supplemental Information for calculation).
eMass was calculated using a density of 2.17 pg/mm3 for sea salt (Aylward and Findlay, 1999).
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Atmospheric Implications of Coccolith Emission from Virally Infected Coccolithophores

Airborne coccoliths may affect marine atmospheric processes through their microphysical properties,

their large size, and their unique morphology. It has also been observed that CaCO3 from a biogenic

source, such as in the case of coccoliths, contributes to aerosol and droplet alkalinity, which enhances

atmospheric ozone reactions with sulfur dioxide in primary SSA and thereby reduces the role for

DMS-derived (secondary) sulfur in nucleation (Sievering et al., 2004; Keene et al., 2007). Therefore,

coccoliths may also alter chemical composition and induce such reactions when emitted as SSA.

Moreover, CaCO3 may react with gaseous HNO3 to create Ca(NO3)2 particles, which can act as

giant cloud condensation nuclei (GCCN) or as haze droplets, even at low relative humidity (Laskin

et al., 2005).

The shape and morphology of coccoliths implies slow settling (terminal) velocity, which can significantly

enhance their atmospheric residence time, hence increasing the likelihood for interactions with clouds

(acting as CCN, GCCN, ice nuclei, or nuclei for haze droplets, as explained above) and for heterogeneous

chemistry processes to take place on their surfaces. Per a given coccolith emission flux from the seawater to

the atmosphere, residence times scale with overall concentrations. Therefore, longer residence times imply

higher aerosol loading. The porous plate-like shape of the coccolith implies special aerodynamic proper-

ties. Non-spherical particles suspended in the atmosphere induce larger drag forces compared with spher-

ical particles with similar volume (Yang et al., 2013). For suspended particles within the laminar flow regime

(low Reynolds numbers) the drag forces can be scaled to the drag of equivalent sphere with a diameter of

the longest dimension of the non-spherical particle (Cheng et al., 1988). In this dynamical regime, the

terminal velocity (u) is proportional to the particle density and the square power of the particle radius

(i.e., u �r, and u �r2, where r and r are the particle density and radius, respectively) (Rogers and Yau,

1996). Replacing the coccolith shape with an equivalent sphere and preserving the coccolith mass

yields an equivalent density that will be much smaller as most of the sphere will be empty. For an average

coccolith with major axis of 3.1G0.6 mm, estimated volume of 4 mm3 (4 3 10�6 cm3), and density of

0.3 g cm�3 (see Table S1), we estimate that more than half of the equivalent sphere will be composed of

air, reducing the equivalent sphere density to less than 0.15 g/cm3, and therefore the fall velocity will be

�0.01 cm s�1, which is in the terminal velocity range of much smaller spherical aerosols and is �25 times

slower compared with sea salt particles with the same dimension. Such differences in the settling velocities

imply an enrichment of the coccolith fraction within the marine aerosol compared with sea salt. As a first

approximation, the enrichment scales linearly with the ratio of the velocities. The real enrichment is likely

to be much larger as the coccolith can reach higher atmospheric levels, and therefore reside longer in the

atmosphere.

In this study, we examined the daily change in emission of aerosolized coccoliths from the water to the

air as a function of E. huxleyi-virus interaction in the water. We demonstrate that during E. huxleyi
6 iScience --, 1–9, --, 2018
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infection by EhV, aerosol composition depends on the dynamics of host-virus interactions in the

seawater (Figure 3). This is in agreement with recent studies, showing the changes of primary SSA

properties due to changes in seawater microbial composition (Prather et al., 2013; O’Dowd et al.,

2015; Sharoni et al., 2015). Our results show that aerosolized coccoliths emitted from E. huxleyi during

viral infection may constitute a significant portion of the total SSA component, as coccolith surface

area can exceed the surface area of pure sea salt aerosol (Figure 4, Table 1). Therefore, in terms of pro-

cesses that depend on aerosol surface area (i.e., heterogeneous reactions, light scattering, cloud droplet

formation), if emitted from a dense E. huxleyi population, coccoliths may be as important as sea salt

aerosols.

In addition, we suggest a proxy to estimate coccolith aerosol number concentration in the ambient atmo-

sphere. Coccoliths have been previously observed in the ambient marine atmosphere (Hawkins and Rus-

sell, 2010); however, no quantitative estimation of concentration has been provided. By using the ratio

obtained from our model system of �1:108 airborne to seawater coccoliths, we predict that under typical

wind speeds in the North Atlantic, ambient coccolith concentration can reach �1 coccolith mL�1 of air

(103 L�1 air) during coastal oceanic blooms, when E. huxleyi cells reach seawater concentration of

104–105 cells mL�1 (Tyrrell and Merico, 2004), and therefore during demise may reach seawater coccolith

concentrations of�107–108 mL�1. Coccolith emission into the air may be significant for several atmospheric

processes, including those affecting atmospheric chemistry and cloud properties due to their morphology

and their length (3.1G0.6), which is larger than those of most coarse mode SSA (Sellegri et al., 2006; Prather

et al., 2013; Quinn et al., 2015).

We note that bulk measurements of parameters such as Chlorophyll a (Chl-a), may be insufficient to deter-

mine the specificmicrobial activity in the oceans, which is highly dynamic in time and space. It is therefore of

great importance to establish a model system for investigating the effect of microbial interactions (i.e.,

host-virus interactions) in phytoplankton population on aerosol emission and to resolve its impact by

tracking microbial interactions in higher temporal resolution.

Ultimately, such approaches will enhance our understanding of the impact of these microscale biological

interactions on large-scale ocean-atmosphere feedback processes.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods, three figures, and two tables and can be found

with this article online at https://doi.org/10.1016/j.isci.2018.07.017.
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Supplementary Information 

 

Transparent Methods 

Culture growth and infection 

E. huxleyi virus susceptible strain, RCC 1216, was used in this study (National Center of Marine 

Algae and Microbiota, NCMA). Cultures were grown in filtered, sterilized seawater collected 

from Michmoret, Israel (32.24oN, 34.52oE), and enriched with f/2 medium (Guillard and Ryther 

1962), in polycarbonate carboys at 18oC with a 16:8 hours light:dark cycle. Light was provided by 

cool-white LED lights at an intensity of 80μM photons m-2 s-1. E. huxleyi virus (EhV) 201, isolated 

by Schroeder and colleagues (Schroeder et al. 2002) was used to infect the E. huxleyi 1216 

cultures, since they are highly susceptible to EhV 201 strain. Viral stocks were prepared by 

infecting E. huxleyi cultures until lysis, and filtering out the cell debris from the infected cultures 

using 0.45 µm PVDF filters (Millipore), and kept in the dark at 4oC. Exponential phase E. huxleyi 

cultures were infected with EhV at a Multiplicity of Infection (MOI) of 1 viral particle per cell. The 

cultures were further incubated for 7 days. Culture harvesting for cell and viral enumeration, 

and aerosol collection were performed every 24 hrs. 

Aerosol production by bubbling system 

Aerosol production was obtained using a bubbling system similar to the one described in detail 

and validated (Sharoni et al. 2015) (see Figure 4). 5L of sample were constantly bubbled at a rate 

of 5 L min-1. The emitted aerosols were collected for 24 hours into an impinger (BioSampler, 

SKC) containing 20ml of filtered sterilized seawater, onto which particles are impinged at 

constant high velocities. After 24 hours, the 20ml of seawater containing the aerosol sample 

was collected into a sterile plastic vial for coccolith enumeration. For coccolith detection by SEM 

(scanning electron microscopy) the aerosols from the bubbling system were directed into a filter 

holder (ferrule nut 3/8", PFA), and collected onto 0.8 µm polycarbonate membranes (47 mm, 

Millipore Co.).  

For validation of our bubbling system, it was compared with a plunging waterfall system similar 

to those previously described in the literature (Sellegri et al. 2006, Prather et al. 2013, Quinn et 

al. 2015) (see supplementary methods, and figure S2) . The particle flux from the plunging 

waterfall system was found to be equivalent to SSA flux emitted by an estimated wind speed of 

approximately 8 m sec-1 (supplementary methods, and figure S3, table S1), a typical wind speed 

in the Atlantic Ocean (Hanley et al. 2010, Lehahn et al. 2014).  The two systems were compared 
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for the same seawater media and culture conditions. The concentrations of the aerosolized 

coccoliths from virally infected population for the bubbling system and the new plunging 

waterfall system were 3.3±2.8 coccoliths mL-1, and 7.7±2.7 coccoliths mL-1, respectively. For the 

control populations, the aerosolized coccolith concentrations were 0.5±0.3 coccoliths mL-1 for 

the bubbling system, and 0.8±0.4 coccoliths mL-1 for the plunging waterfall.  

We conclude that our bubbling system’s coccolith production is equivalent to the waterfall 

system that produces particles at a flux equivalent to an estimated wind speed of ~8 m sec-1, 

which is well within the typical environmental and meteorological conditions prevailing in the 

Atlantic Ocean (for more details see supplementary methods and figures S2, S3, table S1). 

Enumeration in the seawater 

Enumeration of E. huxleyi cells and viruses was performed with an Eclipse (iCyt) flow cytometer, 

with 488 nm excitation laser and 525 nm emission. E. huxleyi calcified and naked cells were 

analyzed using their chlorophyll fluorescence and side-scatter signatures (Figure S1). For EhV 

detection, flow cytometric quantification of LVLP’s (Large Virus Like Particles) was performed 

according to (Marie et al. 1999). This method was highly calibrated for enumeration specifically 

of EhV. 

Coccolith detection and enumeration  

Coccolith detection and enumeration was performed with polarized light microscopy. Seawater 

samples both taken directly from the culture as well as the collected aerosol samples were 

filtered through a 25 mm Anodisc filter, pore size 0.2 µm (Whatman plc) using vacuum filtration, 

and left to dry completely. After drying, the filters were placed upon microscope slides, 

embedded with immersion oil and covered by a cover slip. The samples were examined with a 

cross-polarized light microscope (Nikon Polarizing Microscope Eclipse E600 POL) using a 60x oil 

immersion objective lens. The images were recorded, and coccolith enumeration was performed 

using image analysis software (Vision Builder for automated inspection, version 2013, National 

Instruments). SEM images for coccolith morphology were obtained by a Zeiss, FEG HR scanning 

electron microscope. 0.8 µm polycarbonate membranes containing the collected aerosol 

samples were mounted on an aluminum stub, sputter coated with Au–Pd as preparation prior to 

imaging.  

Image analysis 

Coccolith enumeration and determination of coccolith concentration from polarizer images, 5-

20 images were obtained for each filter. Coccolith to sea salt aerosol ratios obtained from SEM 
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images were measured using the image analysis software (Vision Builder for automated 

inspection, version 2013, National Instruments), using approximately 100 SEM images to obtain 

the information. Coccolith and sea salt surface area were calculated from the data obtained by 

image analysis, and coccolith and sea salt aerosol volume and mass were evaluated. 

 

Supplementary methods: 

 

Calculation of single coccolith density and volume 

Table S1. Coccolith and sea salt dimensions (volume, density and mass) (Related to Table 1). 

Coccolith dimensions were calculated using basic units (length, width, thickness, calcite density) 

taken from the literature. Coccolith volume and mass from (Young and Westbroek 1991, Young 

et al. 2014) are also presented for comparison. The coccolith dimensions are compared with sea 

salt. 

       

       

 

Coccolith Feature value units   Literature values 

 

 

length (diameter) 3.5 µm 

   

 

width (diameter) 3.1 µm 

   

 

thickness (diameter) 0.7 µm 

   

 

CaCO3 density 2.7 pg/µm3 

  

 

CaCO3 volume 0.4* µm3 

 

0.9-1.7 µm3 ** 

 

 

CaCO3 mass 1.2* pg 

 

2.3-4.6 pg **  

 

 

ellipsoid volume 4.0 µm3 

   

 

ellipsoid equivalent mass  10.7 pg 

   

 

coccolith density 0.30 pg/µm3     

 

 

Sea salt (NaCl) Feature value units     

 

 

diameter (of cube) 1 µm 

   

 

NaCl volume 1 µm3 

   

 

Nacl Density 2.17 pg/µm3 

  

 

NaCl mass 2.17 pg     

 

    * Calculated from a composition of single coccolith subunits 

** Values obtained directly from (Young and Westbroek 1991, Young et al. 2014). 
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Calculation of coccolith and sea salt surface area, volume and mass concentrations for 

airborne particles emitted from the bubbling system: 

Image analysis provided coccolith length, width, and number for each image. Image analysis also 

provided total area covered by coccoliths and by sea salt. That enabled the calculation of surface 

area, volume and mass concentrations. An example of the full calculation is provided in the 

supplemental dataset (SI coccolith conc calc.xlsx). 

 

Validation of the coccolith concentration emitted by the bubbling system: 

Our bubbling system was validated by comparison with a newly built plunging waterfall (weir) 

system that provides a size distribution typical of marine aerosol (Sellegri et al. 2006, Prather et 

al. 2013, Quinn et al. 2015). Supplementary figure S2 shows the size distribution of aerosol 

emitted from our plunging waterfall system using FSW (filtered sea water) compared to the size 

distributions published in (Sellegri et al. 2006, Prather et al. 2013) . The comparison shows that 

the size distribution produce by the plunging waterfall system is in accordance with the SSA 

production systems accepted in the field. 

The particle flux from the plunging waterfall system is 6.8 x 105 m-2 sec-1 (see detailed calculation 

of the flux in table S2), which is equivalent to a wind speed of approximately 8 m sec-1 as seen in 

figure S3 (Fuentes et al. 2010); a typical wind speed in the Atlantic Ocean (Hanley et al. 2010, 

Lehahn et al. 2014). We point out that the wind speed estimation can only be treated as an 

approximation due to the limitations in its calculation; the particle flux was estimated using the 

plunging waterfall physical features, and the particle concentrations measured by the SMPS-APS 

online system, covering a wide particle size range of ~10 nm -20 µm. This flux calculation does 

not take into consideration particle losses in waterfall system walls. Additionally, the wind speed 

is equivalent to an estimated value based on figure 15 in (Fuentes et al. 2010). As can be seen in 

figure S3 adapted from figure 15, the fluxes are equivalent to a range of wind speeds, and vary 

substantially between different studies presented in the figure. Therefore, we treat the wind 

speed value we obtained (8 m sec-1) as an estimation based on the calculations and assumptions 

elaborated here. 

We compared the aerosolized coccolith concentration emitted by our bubbling system to the 

concentration emitted from the plunging waterfall for the same seawater/ culture conditions, 

by using the same collection and measurement method described in this paper for coccolith 
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enumeration using SEM image analysis (see materials and methods). The concentrations of the 

aerosolized coccoliths for the bubbling system used in this paper and the new plunging waterfall 

system we built are in the same order. Specifically, for virally infected populations the average 

aerosolized coccolith concentration obtained by SEM image analysis was 3.3±2.8 coccoliths mL-1 

for the bubbling system, and 7.7±2.7 coccoliths mL-1 for the plunging waterfall. For the control 

populations the average aerosolized coccolith concentration obtained by SEM image analysis 

was 0.5±0.3 coccoliths mL-1 for the bubbling system, and 0.8±0.4 coccoliths mL-1 for the plunging 

waterfall. 

We conclude that our bubbling system’s coccolith production is equivalent to the waterfall 

system that produces particles at a flux equivalent to a wind speed of ~8 m sec-1, which is well 

within the typical environmental and meteorological conditions prevailing in the Atlantic Ocean. 

 

Supplementary figures: 

 

Figure S1: Flow cytometry data of Calcified and uncalcified fractions of E. huxleyi population 

(Related to Figure 1). An example of flow cytometry analysis for calcified E. huxleyi population 

prior to infection is presented in (a), and one day after infection shown in (b). Calcified cells 

population density plot is shown on the right hand side of each panel and non-calcified are 

shown on the left. The average percentage of calcified cells during exponential growth for the 

three biological replicates presented in this study is 91%, decreasing one day post infection to 

61% on average (see fig 1). This figure shows one of the replicates, with a decrease from 96% 

calcified population to 75% calcified one day post viral infection. 
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Figure S2: Size distributions emitted from various SSA production systems (Related to Figure 4, 

Table 1). (a) The size distribution of SSA produced by the plunging waterfall system constructed 

at the Weizmann Institute. A comparison of the Weizmann waterfall size distribution (in light 

blue) with size distributions from other commonly used systems are presented: (b) Waterfall and 

breaking wave SSA production systems (Prather et al. 2013) (adapted from figure 1 of the 

paper), and (c) Weir SSA production system (Sellegri et al. 2006) (adapted from figure 2 in the 

paper). 

 

 

Figure S3: Particle flux versus wind speed (Related to Figure 4, Table 1). The calculated particle 

flux produced by the plunging waterfall system equivalent to 6.8 x 105 m-2 sec-1 (marked by the 

solid red line) is superimposed on a graph adapted from figure 15 in Fuentes et al., 2010 (Fuentes 

et al. 2010), corresponds to a wind speed value of ~8 m sec-1(dashed red line). The shaded light 

blue area represents the flux vs. wind speed results from the study conducted by Fuentes et al., 

2010, while the grey stars and pentagons represent highest and lowest values, respectively, from 

other studies presented in figure 15 of the paper (Fuentes et al. 2010). 

 

 

 

 



8 

 

Table S2: Plunging waterfall system flux calculation (Related to Figure 4, Table 1). 

 

Waterfall system (carboy) dimensions: value equation 

   Total volume (Liters) 20 

    Seawater volume (Liters) 6 

    Headspace volume (Liters) 14 

    Carboy radius (m) 0.125 

    Seawater surface area (m2) 0.049 πr2 

   Air flowrate in the system (LPM) 1 

    Air flowrate in the system (mL sec-1) 16.67 Fx1000/60 

   Total particle concentration (p mL-1) * 2000 

    Particle flowrate in the system (p sec-1) 3.3E+04 GxH 

   Particle flux in the system (p m-2 sec-1) 6.8E+05 I/E 

   

      * measured by SMPS and APS system, covering a size range of 10nm-20 micron particle diameter. 
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