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Effect of viral infection on the ice nucleation efficiency of marine 
coccolithophores

Alyssa N. Alsantea� , Daniel C. O. Thorntona , Sarah D. Brooksb , Jessica A. Mirrieleesb† ,  
Elise K. Wilbournb‡ , Brianna H. Matthewsb§ , Ben P. Diazc��, and Kay D. Bidlec 

aDepartment of Oceanography, Texas A&M University, College Station, Texas, USA; bDepartment of Atmospheric Sciences, Texas A&M 
University, College Station, Texas, USA; cDepartment of Marine and Coastal Sciences, Rutgers University, New Brunswick, New Jersey, USA 

ABSTRACT 
A marine coccolithophore (Emiliania huxleyi) and coccolithovirus (EhV-207) were grown 
together in a marine aerosol reference tank (MART) to investigate how the viral lysis of 
phytoplankton affects the formation of immersion mode ice nucleating particles (INPs) in 
sea spray aerosol (SSA). The mean ice nucleation temperatures of SSA produced during viral 
infection were slightly lower (–28.5 �C) than pre-viral infection (–27.5 �C). Ice nucleation tem
peratures were relatively low, indicating that organic matter from E. huxleyi is less effective 
as an INP than phytoplankton examined in previous studies. E. huxleyi is covered in calcium 
carbonate coccoliths and contains high intracellular concentrations of dimethylsulfoniopropi
onate (DMSP). The ice nucleation efficiencies of purified components were measured to bet
ter understand this model system. Purified coccoliths were moderately effective INPs 
(–25.3 ± 0.4 �C at 5� 102 mg L−1 (mean ± pooled SD)) that showed a concentration effect, 
with lower freezing temperatures at lower concentrations. Coccoliths and DMSP were both 
weakly efficient INPs. In comparison, purified phytoplankton viruses (EhV-207 and 
CtenRNAV-01) infecting coccolithophores and diatoms, respectively, did not affect freezing 
at temperatures warmer than the procedural blank. Our results suggest that E. huxleyi, in 
contrast to diatoms and cyanobacteria, is not a significant source of immersion mode INPs 
to the marine atmosphere, despite its broad distribution in the global ocean and large-scale 
bloom formation. 
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GRAPHICAL ABSTRACT 

1. Introduction

The effects of aerosol on cloud formation and proper
ties remains one of the largest uncertainties in climate 
modeling (Boucher et al. 2013). A small subset of 
aerosol particles (only 1 in every 105 aerosol particles, 
or less) act as ice nucleating particles (INPs), catalyz
ing the formation of ice-containing clouds at tempera
tures above the homogeneous freezing temperature of 
−38 �C in a process known as heterogeneous freezing 
(Kanji et al. 2017; DeMott et al. 2016; Murray et al. 
2012; Rogers et al. 1998). The formation and compos
ition of ice-containing clouds is not well understood, 
requiring a better understanding of potential sources 
of aerosol and INPs, particularly from poorly con
strained marine sources (Brooks and Thornton 2018; 
Burrows et al. 2013; Yun and Penner 2013). INPs gen
erated from marine aerosol containing organic matter 
nucleate ice in both field and laboratory studies 
(Thornton et al. 2023; Creamean et al. 2019; 
McCluskey et al. 2017; Wilson et al. 2015; Prather 
et al. 2013; Alpert, Aller, and Knopf 2011a; Knopf 
et al. 2011a,b). Several studies have shown phyto
plankton produce INPs and that ice nucleation effi
ciency changes as phytoplankton grow in both 
experimental systems (Thornton et al. 2023; Mitts 
et al. 2021; McCluskey et al. 2017; Prather et al. 2013) 

and in the field (Thornton et al. 2023). Diatoms 
(Thornton et al. 2023; Wilson et al. 2015; Alpert, 
Aller, and Knopf 2011a; Knopf et al. 2011), cyanobac
teria (Thornton et al. 2023; Wilbourn et al. 2020; 
Wolf et al. 2019), and chlorophytes (Alpert, Aller, and 
Knopf 2011b) are all known sources of effective 
immersion INPs.

In addition to phytoplankton, viruses are enriched 
in sea spray aerosol (SSA) (Michaud et al. 2018; 
Rastelli et al. 2017; Sharoni et al. 2015; Lehahn et al. 
2014; Aller et al. 2005). The ocean contains an esti
mated 1031 viruses, which are the most abundant bio
logical entities in the ocean (Mojica and Brussaard 
2014; Suttle 2007). Viruses are known to play an 
important role in both regional and global biogeo
chemical cycling (Mojica and Brussaard 2014; Suttle 
2007). Viruses influence phytoplankton bloom termin
ation, with viral lysis resulting in exuded sub-micron 
sized organic particles and dissolved organic matter 
(DOM) (Suttle 2007; Wilhelm and Suttle 1999). 
Studies have shown that a large fraction of biological 
INPs are sub-micron, placing most marine viruses 
within the size range of INPs (Irish et al. 2017; 
McCluskey et al. 2017; Wilson et al. 2015). There are 
a limited number of studies of non-marine viruses as 
INPs, with conflicting results (Adams et al. 2021; 
Cascajo-Castresana et al. 2020; Junge and Swanson 
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2008). One study determined the tobacco mosaic virus 
is an efficient INP with initial freezing up to −12 �C 
(Cascajo-Castresana et al. 2020), whereas another con
cluded an Arctic freshwater phage is not an efficient 
INP (Junge and Swanson 2008). The ice nucleation 
potential of viruses is not well understood, and ice 
nucleation of phytoplankton viruses has not yet been 
studied, requiring further investigation as they may 
play an overlooked role in the formation of marine 
primary aerosol and INPs.

Emiliania huxleyi is a dominant, globally distrib
uted, bloom-forming coccolithophore species (Taylor, 
Brownlee, and Wheeler 2017; Paasche 2001). 
Coccolithophores include calcified strains with a cell 
wall containing calcium carbonate scales (i.e., cocco
liths) and non-calcified strains without coccoliths 
(Paasche 2001; Green et al. 1998). The calcified strains 
are dominant, producing blooms covering an area of 
over 100,000 km2 annually in the surface ocean 
(Tyrrell and Merico 2004; Brown and Yoder 1994). 
Coccoliths from E. huxleyi are transferred to the 
atmosphere in SSA, indicating they may be a source 
of INPs (Trainic et al. 2018). Multiple large (170– 
200 nm diameter), double-stranded icosahedral DNA 
coccolithoviruses infect E. huxleyi and are referred to 
as E. huxleyi viruses (EhVs) (Nissimov et al. 2012; 
Schroeder et al. 2002). EhVs cause the collapse of 
coccolithophore blooms and are ubiquitous and highly 
abundant with typical concentrations as high as 1010 

EhVs L−1 in the ocean (Vardi et al. 2012; Schroeder 
et al. 2003; Bratbak, Egge, and Heldal 1993; Lehahn 
et al. 2014; Laber et al. 2018). Virus-sized aerosol par
ticles (�200 nm or less) are potentially transported 
thousands of kilometers in the atmosphere (Alsante, 
Thornton, and Brooks 2021). Sharoni et al. (2015) 
showed that E. huxleyi and associated viruses are 
aerosolized, with potential atmospheric dispersal and 
infectivity over hundreds of kilometers, indicating 
their potential for significance in atmospheric proc
esses such as ice nucleation. Cell lysis caused by a 
viral infection not only releases virus particles into the 
surrounding water, but also dissolved and particulate 
organic matter from the lysed phytoplankton cells. 
This organic matter could potentially be lofted into 
the atmosphere as SSA.

In this novel study, ice nucleation measurements 
were conducted on aerosol samples collected above a 
marine aerosol reference tank (MART) following the 
growth and lysis of an E. huxleyi bloom infected with 
EhV-207. The overarching goal of the study was to 
gain a better understanding of the role of virus-phyto
plankton interactions on aerosol and INP production 

from marine sources. In addition, an isolated represen
tative phytoplankton virus (EhV-207) infecting E. hux
leyi and a ssRNA-containing virus (CtenRNAV-01) 
(Kranzler et al. 2019; Kranzler et al. 2021; Shirai et al. 
2008) infecting the diatom Chaetoceros tenuissimus 
were investigated to understand if and how taxonom
ically and structurally distinct marine phytoplankton 
viruses contribute to ice nucleation in the absence of 
the phytoplankton organic matter released during viral 
lysis. To the best of our knowledge, this is the first 
study of marine phytoplankton viruses as INPs and 
the impact of viral lysis on ice nucleation.

2. Materials and methods

2.1. Marine aerosol reference tank (MART)

2.1.1. MART experimental design
A 227 L acrylic MART containing a culture volume of 
63 L was used to provide a controlled environment in 
which properties of phytoplankton cultures and the 
aerosol in the headspace above them could be well 
characterized. Details of the MART tank are provided 
in our previous work and discussed only briefly here 
(Figure S1) (Thornton et al. 2023). Initially, E. huxleyi 
(CCMP 374) was grown in batch culture in artificial 
seawater (ASW) according to Berges, Franklin, and 
Harrison (2001) amended with 50 mM NaNO3, 5 mM 
NaHPO4, and full L1 trace metals and vitamins 
(Guillard and Hargraves 1993). The MART was filled 
with 63 L of ASW at the same nutrient concentrations 
as the batch culture. Next, E. huxleyi was added to the 
MART at an initial concentration of 5.0� 105 ± 
3.0� 104 cells L−1 and grown over 27 days with the 
addition of the virus (EhV-207) during late exponen
tial growth (day 10) at a multiplicity of infection 
(MOI; i.e., number of viruses added per phytoplank
ton cell) of 16 to initiate a viral lysis event. Two LED 
light arrays (RAY44, Fluence) were installed on each 
side of the MART and operated at a photosynthetic
ally active radiation (PAR) of 150 mmol photons m−2 

s−1 in a 14 h on, 10 h off cycle to simulate daylight. 
The culture was continuously mixed using three 4 cm 
magnetic stir bars at 180 rpm to keep the cells sus
pended. The culture temperature was maintained at 
16 to 18 �C.

All water samples were collected using a 10% HCl 
washed 60 mL syringe (VWR) drawn from a 2 cm 
sample port in the sealed plexiglass lid the tank. 
Water samples were taken 1.5 to 2 h after the lights 
turned on. The port was sealed with a silicon rubber 
bung after the samples were collected.
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Before each cycle of aerosol sampling, stirring 
ceased and the headspace of the MART was flushed 
with HEPA-filtered air to clear the headspace of back
ground splash-generated aerosol. To generate aerosol 
via a plunging jet, water was pumped from the bot
tom of the MART to a diffusor located 35.6 cm above 
the surface water at a rate of 70 L of seawater over 
approximately 30 min (Watson Marlow 505DZ 
Peristaltic Pump). The diffusor was rectangular 
(4 cm), resulting in a laminar waterfall hitting the sur
face of the water, entraining air as bubbles that rose 
to the surface and burst, producing aerosol (Fuentes 
et al. 2010; Sellegri et al. 2006). After a 5 min equili
bration period, aerosol were drawn through 1.5 cm 
PVC tubing via a PVC port and passed through a 
desiccant tube (TSI Inc.) to lower the relative humid
ity to 50%, which was monitored using a hygrometer 
(EdgeTech DewPrime II). The aerosol was then passed 
through a mixing chamber where the sample was split 
for offline (1 L min−1) and online (1 L min−1) meas
urements with a mass flow controller (Alicat 
Scientific). Total particle concentration was monitored 
using a water-based condensation particle counter 
(CPC, GRIMM). For offline ice nucleation, aerosol 
samples were collected from the headspace of the tank 
for 2 h at a flow rate of 1 L min−1 using a PIXE cas
cade impactor with the L1 stage (0.06 mm − 1 mm) 
onto pre-combusted (500 �C, 6 h) 25 mm aluminum 
foil mounted onto polycarbonate disks (PIXE, Inc.). 
Prior to inoculation with E. huxleyi, an aerosol pro
cedural blank from the MART was collected of sea
water containing all nutrients to determine the ice 
nucleation efficiency of aerosol from the seawater in 
the absence of E. huxleyi and EhV-207. The same col
lection and handling procedures were used for the 
procedural blank. Aerosol impaction samples were 
stored at −80 �C until analysis.

2.1.2. Phytoplankton biomass in the MART
Culture (2 mL) was preserved with 2 drops of Lugol’s 
iodine and placed in the dark at 4 �C for no more 
than two weeks prior to counting (Parsons et al. 
1984). Four hundred cells were counted using a 
hemocytometer (Fuchs-Rosenthal ruling, Hausser 
Scientific) and a light microscope (Spencer micro
scope, American Optical) to determine the cell con
centration of E. huxleyi (CCMP 374) (Guillard and 
Sieracki 2005).

Chlorophyll a concentration was measured accord
ing to Arar and Collins (1997). Culture (100 mL) was 
filtered through 47 mm glass fiber filters (GF/C, 
Whatman) and placed into 15 mL centrifuge tubes 

(VWR) at −20 �C until analysis. For extraction, 10 mL 
of 90% acetone was added to the sample and soni
cated (QSonica Q125) for 1 min using 5 s pulses and 
5 s between pulses for a total of 2 min on ice to pre
vent heat buildup. The filters were extracted overnight 
in 90% acetone at 4 �C in the dark. The extract was 
centrifuged for 10 min at 4000 � g, and the super
natant was decanted and diluted 10-fold. For analysis, 
3.5 mL aliquots were placed into quartz glass cuvettes 
(10 mm, Firefly Scientific) and analyzed using a fluor
ometer (TD700, Turner Designs) with excitation at 
436 nm and emission at 680 nm, giving a concentra
tion of chlorophyll a per volume of culture in the 
MART. Purified chlorophyll a from spinach (Sigma 
Aldrich) was used as a standard for calibration.

2.1.3. Virus-like particle (VLP) enumeration in the 
MART

The concentration of viruses within the culture was 
determined using epifluorescence microscopy and 
SYBR Green I nucleic acid stain (10,000 � concen
trate in DMSO, Molecular Probes, ThermoFisher 
Scientific) (Patel et al. 2007). Culture (0.5 to 2 mL) 
was fixed with 2% (v/v, final concentration) 0.2 mm- 
filtered formaldehyde solution and diluted, if neces
sary, using autoclaved 0.2 mm-filtered artificial sea
water (2 mL final sample volume). A GF/F filter 
(Whatman) was used as a backing for the fragile 
0.02 mm Anodisc Al2O3 filter (Whatman) and placed 
onto a sterilized filter tower. The samples were filtered 
using a vacuum pump at 20 cm Hg vacuum and the 
filters were stained in a petri dish for 18 min with 
100 ml 1:200 (dilution, 5� 10−3) SYBR Green I solu
tion diluted with sterile Milli-Q water. Excess dye was 
removed by blotting the back of the filter using a kim
wipe (Kimberly Clark). The stained filter was placed 
onto a glass microscope slide (VWR) with Diamond 
SlowFade Antifade (Invitrogen). The slides were 
stored at −20 �C no longer than one week before enu
meration. Four hundred virus particles were counted 
using an epifluorescent microscope (Zeiss Axioplan 2) 
with a 100x fluorescence oil-immersion objective.

2.2. Supporting measurements

2.2.1. Purification of marine phytoplankton viruses
The ice nucleation activities of EhV-207 and 
CtenRNAV-01 were determined from purified virus 
samples. CtenRNAV-01 is an icosahedral single- 
stranded RNA (ssRNA) virus 31 nm in diameter 
infecting the marine diatom, Chaetoceros tenuissimus 
(Shirai et al. 2008). Purified lysates (i.e., viruses 

4 A. N. ALSANTE ET AL.



obtained from infection of phytoplankton cultures) 
were obtained according to Diaz et al. (2023). Briefly, 
phytoplankton hosts were separately grown in 
enriched media (F/2 – Si for E. huxleyi, SWM-3 for C. 
tenuissimus) to mid-exponential phase in 3 L aerated 
flasks and infected at a 10:1 virus:host ratio (EhV- 
207) or a 0.5% (v/v) lysate addition (CtenRNAV-01). 
Lysates were isolated and purified after E. huxleyi was 
reduced by one to three orders of magnitude from 
their peak cell concentration. To purify viruses, viral 
lysates were prefiltered with A/C and G glass fiber fil
ters (Pall Corporation) and concentrated via tangen
tial flow filtration (TFF) (10 kDa, Pall Centramate 
system). Residual salts from media used to grow the 
phytoplankton hosts (F/2 – Si for E. huxleyi, SWM-3 
for C. tenuissimus) were removed via diafiltration 
with unamended autoclaved coastal New Jersey sea
water. Diafiltration from 0.25 L to 1.25 L was repeated 
four times, harvesting approximately 0.55 L total vol
ume, which was then filtered using a 0.2 lm Sterivex 
GV filter. Viruses were further purified using six fil
tered (0.2 lm) cesium chloride (CsCl2) density gra
dients ranging from 0 to 1.4 g mL−1 CsCl2 in 12 mL 
centrifuge tubes (Beckman Coulter Ultra-Clear, 
344059) and ultracentrifuged at 77,000 � g for 4 h at 
15 �C (Beckman 80-T Ultracentrifuge, SW 41-T 
Rotor). The purified viral band was extracted using a 
sterile serological pipette (VWR) and stored overnight 
in a total organic carbon (TOC) free vial at 4 �C. The 
viral concentrate was diafiltered the following day as 
described above using seawater to reach a total vol
ume of 1.25 L. In addition, a control sample using 
only autoclaved coastal New Jersey seawater was sub
jected to the same CsCl2 density gradient purification 
process. Approximately the same volume of seawater 
from this control sample with a similar buoyant dens
ity to the viruses was sequentially diafiltered against 
seawater. This control was treated to the same hand
ling procedures and used as a procedural blank for ice 
nucleation analysis.

EhV-207 was enumerated via flow cytometry. For 
enumeration, the virus sample was fixed with 0.5% 
glutaraldehyde at 4 �C for 10 min, flash frozen in 
liquid nitrogen and stored at −20 �C. Frozen and fixed 
samples were thawed at 35 �C, diluted 1:50 into Tris- 
EDTA (TE) buffer (pH 7.4) and 1X SYBR Green 
stained and heated at 80 �C for 10 min (Brussaard 
2004). Samples were counted using a BD Biosciences 
Influx Mariner flow cytometer set to 488 nm excita
tion and 520 nm emission wavelengths. SYBR Green 
stained TE buffer was used as a negative control, and 
sub-micron calibration beads (Spherotech, 0.2 and 

0.5 lm) were used to calibrate virus size via forward 
scatter. CtenRNAV-01 was enumerated using the 
most probable number method (Kranzler et al. 2019). 
The absence of virus-like particles (VLPs) was con
firmed from both samples of the background New 
Jersey seawater.

Viruses were diluted to within the known concen
tration range of aerosolized marine viruses in the 
natural environment (Michaud et al. 2018; Rastelli 
et al. 2017; Sharoni et al. 2015; Aller et al. 2005). 
Sharoni et al. (2015) estimated the concentration of 
aerosolized atmospheric EhVs over the Northeast 
Atlantic Ocean to be approximately 1� 107 viruses 
per L of air based on field observations of seawater 
concentration and laboratory results of EhV-207 
enrichment in aerosol. Both virus (EhV-207 and 
CtenRNAV-01) samples had an initial concentration 
of 1� 109 VLPs L−1 and were diluted in ultra-HPLC 
(uHPLC) water (Sigma Aldrich) to 1� 107 VLPs L−1 

to test ice nucleation efficiency at atmospherically 
relevant concentration.

2.2.2. Uncalcified Emiliania huxleyi and extracellular 
organic matter

Uncalcified E. huxleyi (CCMP 374) was grown in Gulf 
of Maine seawater (Bigelow NCMA) with full L1 
nutrients and harvested during exponential growth at 
a concentration of 4.5� 109 ± 2.3� 108 cells L−1. The 
absence of coccoliths was confirmed at 100x magnifi
cation with a light microscope (Spencer microscope, 
American Optical). Organic matter was harvested 
from 3 L of uninfected calcified E. huxleyi (CCMP 
374) grown to 1.4� 109 ± 2.0� 108 cells L−1. This 
uninfected exudate culture was prefiltered and con
centrated as described above for marine virus samples. 
The concentrated sample was filtered through 0.2 mm 
pore-size filter (Sterivex GV) and cooled at 4 �C for 
30 min before freezing at −20 �C. The concentration 
of dissolved organic carbon (DOC) was quantified 
from three replicates according to Diaz et al. (2023) 
using a Shimadzu TOC-L Analyzer 680 C Combusion 
Catalytic Oxidation system with non-dispersive infra
red (NDIR) detection and equipped with a combus
tion tube for high salt samples. Both E. huxleyi cells 
and concentrated dissolved organic matter were 
diluted 10-fold using uHPLC water to remove NaCl 
salts with an approximate final concentration of 3.5 g 
L−1 NaCl, the estimated salt concentration of a deli
quesced aerosol droplet (Wilbourn et al. 2020). Each 
2 ml droplet used for ice nucleation analysis of E. hux
leyi cells contained approximately 8.9� 102 cells. 
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Samples were stored for up to 1 week at −20 �C prior 
to analysis.

2.2.3. Coccoliths and DMSP concentrations
Coccoliths were extracted from calcified E. huxleyi 
(CCMP 374) according to Jakob et al. (2017). 
Coccoliths were removed from the phytoplankton cells 
by heating 950 mL of batch culture at 80 �C for 48 h, 
resulting in cell disruption with cell fragments and 
coccoliths settling to the bottom. After cell disruption, 
90% of the volume was decanted and discarded, 
retaining the settled-out coccoliths and cell fragments. 
The material in the remaining volume was resus
pended and divided into 40 mL aliquots into 50 mL 
sterile polypropylene centrifuge tubes with screw caps 
(VWR), and centrifuged at 8,000 � g for 10 min at 
4 �C. The supernatant was removed, and the pellet 
was resuspended with 3.3 mL of 12.5% (w/v) sodium 
hypochlorite (NaOCl) and incubated for 15 min at 
room temperature to remove organic matter via oxi
dation. The extracted coccoliths were cleaned using 5 
washes of 6 mM NaHCO3 buffer filled to the 40 mL 
marking on the centrifuge tube. Between washes, the 
coccoliths were separated from the wash solution by 
centrifugation at 1,500 � g for 6 min at 4 �C. The pel
let containing the coccoliths was retained and the 
supernatant was discarded. The process was repeated 
with 5 additional washes of uHPLC water to remove 
the NaHCO3 buffer. A final concentration of 40 mg 
L−1 purified coccoliths was obtained.

Mixtures of dimethylsulfoniopropionate (DMSP) 
and coccoliths were used to determine changes in the 
ice nucleation efficiency of combined inorganic and 
organic components of E. huxleyi, with differences in 
both chemical composition and physical features. 
DMSP is an intracellular compound found in very 
high concentrations (>100 mM) inside E. huxleyi cells 
(Matrai and Keller 1993). DMSP degrades in the water 
column to form volatile dimethylsulfide (DMS), which 
oxidizes in the atmosphere through several steps to 
form non-sea-salt sulfates (Franklin et al. 2010; Bates, 
Calhoun, and Quinn 1992). It has been debated 
whether these non-sea-salt sulfate particles are impor
tant in cloud condensation nuclei (CCN), facilitating 
the formation of warm clouds (Quinn and Bates 2011; 
Charlson et al. 1987). However, the role of DMSP as a 
potential INP has not been investigated.

We hypothesized that coccoliths or DMSP may 
suppress ice nucleation in E. huxleyi. Isolated cocco
liths and DMSP (Sigma Aldrich) were analyzed on 
their own and in mixtures of DMSP and coccoliths. 
For the mixtures, the coccolith concentration was 

5� 102 mg L−1, but the concentration of DMSP varied 
in the mixtures using a 10-fold dilution series in 
uHPLC water (Sigma Aldrich) from 5� 104 to 
5� 10−1 mg L−1. Therefore, the mass ratio of cocco
lith: DMSP ranged from 1:1 to 100,000:1 for the mix
tures. Samples were stored for up to one month at 
−20 �C prior to analysis.

2.3. Ice nucleation measurements

Ice nucleation measurements were performed using 
either our original custom built ice microscope appar
atus (Fornea et al. 2009; Alsante, Thornton, and Brooks 
2023; Thornton et al. 2023; Wilbourn et al. 2020; 
Collier and Brooks 2016) or a slightly modified array 
apparatus (i.e., a 4� 4 droplet array to measure up to 
16 samples at once), as used in recent studies (Alsante, 
Thornton, and Brooks 2024; Lei, Chen, and Brooks 
2023). The original ice microscope was used for the 
MART tank aerosol impactor samples collected once 
per day (Fornea et al. 2009). For the MART samples, 
2 ml of uHPLC water was added to the impaction area, 
immersing the dry aerosol and rinsing them off the 
hydrophobic aluminum foil impaction stage. A pipettor 
was used to mix the aerosol into the water and recover 
the droplet for ice nucleation measurements in the ice 
microscope. In addition to the MART samples, the ice 
microscope was used to analyze supporting measure
ments (see methods) including both coccoliths and 
DMSP at a concentration of 5� 102 mg L−1, uncalcified 
E. huxleyi, and exuded organic matter from E. huxleyi 
(Fornea et al. 2009). The sample was placed onto a 
hydrophobic (coated with Rain-X water repellent, ITW 
Global Brands) standard glass microscope slide (VWR) 
and placed inside a sealed cooling stage (Linkam 
Scientific Instruments, LTS120) mounted onto an 
optical microscope (Olympus BX43). The temperature 
of the cooling stage was controlled using a temperature 
controller (Linkam Scientific Instruments, T96) and a 
water circulation pump (Linkam Scientific Instruments) 
using LabSpec 6.2 software (Horiba Instruments, Inc.). 
The droplet volume was maintained using a constant 
flow of humidified nitrogen by passing nitrogen gas 
over a bubbler containing HPLC water (Sigma Aldrich) 
mixed in a glass mixing chamber. Gas flow rates were 
controlled using mass flow controllers (Alicat 
Scientific) and the humidity was monitored using a 
dew point hygrometer (EdgeTech DewPrime II). The 
droplet was cooled at a rate of 1 �C min−1 from þ5 �C 
to −40 �C. Once the freezing cycle was completed, the 
droplet warmed to þ5 �C where it remained for 1 min 
to allow complete thawing. The droplet was maintained 
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between 5 to 25 freezing and thawing cycles, with the 
mean and standard deviation reported (n� 25). To 
determine freezing events, the droplet was monitored 
using images (Syncerity CCD, Horiba Instruments) 
recorded every 12 sec with an accuracy of ± 0.2 �C. The 
ice nucleation temperature was determined from the 
series of images as the translucent liquid droplet 
became opaque on freezing. An ice nucleation tempera
ture was not reported if condensation was present on 
the microscope slide near the droplet or if the droplet 
changed size due to humidity changes resulting in 
droplet shrinkage or growth.

The marine virus samples (EhV-207 and 
CtenRNAV-01), coccolith concentration gradient (10- 
fold dilution series of 5� 101 to 5� 10−3 mg L−1), and 
mixtures of coccoliths (5� 102 mg L−1) with DMSP 
(10-fold dilution series of 5� 104 to 5� 10−1 mg L−1) 
were analyzed to determine the ice nucleation activity 
using the ice nucleation array due to the larger num
ber of samples (Table S1). To enable the measurement 
of 16 independent samples simultaneously, a larger 
glass window (42 mm � 62 mm) was installed in the 
lid of the Linkam cooling stage of the original ice 
microscope and a polydimethylsiloxane (PDMS, 
Sylgard 184, Dow Chemical) spacer was added to hold 
a sealable 4� 4 droplet array (Budke and Koop 2015). 
The microscope was replaced with a high-resolution 
digital single-lens reflex (DLSR) camera (Canon 5D 
Mark IV) fitted with a macro lens (Canon EF 100 mm 
f/2.8). Images were recorded every 6 sec with an 
accuracy of ±0.3 �C. One droplet was positioned in 
the center of each well (7 mm diameter) in the array 
on a Rain-X coated large glass slide with a second 
glass slide on top of the array to seal the droplets in 
individual compartments. We note that a humidified 
flow of nitrogen was not used due to droplet separ
ation into individual compartments by the PDMS 
spacer. A proposed advantage of the PDMS spacer is 
that compartmentalization prevents the Wegener- 
Bergeron-Findeisen (WBF) process, whereby frozen 
droplets grow in the presence of supercooled liquid 

droplets due to the vapor pressure difference 
(Storelvmo and Tan 2015; Murphy and Koop 2005).

PDMS is a widely used hydrophobic and non-porous 
cross-linked polymeric material (Isenrich et al. 2022; 
Polen et al. 2018; Budke and Koop 2015). One caveat of 
the PDMS spacer is that it has poor heat transfer result
ing in a temperature gradient across the cooling stage 
(Polen et al. 2018; Reicher, Segev, and Rudich 2018). 
Therefore, out of an abundance of caution, the cooling 
rate was slowed to a rate of 0.5 �C per min to ensure all 
droplets reached the setpoint temperatures throughout 
the cooling cycle. A side effect of this was that the 
þ5 �C to −40 �C freeze-thaw cycle could only be per
formed 12 times (rather than the usual 25 times for the 
ice microscope). Sixteen droplets can be analyzed at one 
time resulting in up to 192 freezing data points. For 
these samples, the pooled mean and standard deviation 
are reported. As with the ice microscope, a three-point 
melting point temperature calibration was performed 
(Fornea et al. 2009). For the array system, an independ
ent calibration was perfomed for each droplet well 
within the array to compensate for a temperature gradi
ent across the cooling stage.

A 2 ml droplet was used for immersion mode freez
ing of all samples. A summary of all experiments 
from each type of sample included in this study and 
their mean pooled ice nucleation temperatures are 
shown in Table 1. Additional experimental details 
including sampling day in the MART time series, con
centration or dilution steps (where applicable) and 
further details on the procedural blanks used for each 
type of data are included in the online supplementary 
information (SI; Table S1).

The probability of freezing (P), or fraction of drop
lets frozen, as a function of temperature (�C) (T) was 
calculated as (Vali 1971):

P Tð Þ ¼
Nf

N0
(1) 

where Nf is the cumulative number of droplets frozen 
at a given temperature (T) and N0 is the total number 
of freezing events for a sample, compiled from all 

Table 1. Overview of biological samples investigated for immersion freezing.

Sample Replicates
Total number of  
freezing events

Pooled mean nucleation  
temperature (�C)

Pre-infection aerosolized MART seawater (Day 0 to 9) 6 125 −27.5 ± 2.0
Post-infection aerosolized MART seawater (Day 11 to 27) 10 240 −28.5 ± 1.4
DMSP 6 138 −30.3 ± 1.3
Coccoliths 55 543 −26.8 ± 1.6
CoccolithsþDMSP 30 360 −25.6 ± 1.0
Uncalcified E. huxleyi 5 106 −31.9 ± 0.8
Calcified E. huxleyi exuded organic matter 5 125 −32.1 ± 0.8
Virus (EhV-207) 5 55 −24.4 ± 2.1
Virus (CtenRNAV-01) 5 55 −25.3 ± 2.4
Procedural blanks See Table S1 See Table S1 See Table S1
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replicates. This fraction frozen can then be used to cal
culate the number concentration of INPs (nINP) col
lected from aerosol in the MART via impaction (see 
Section 2.1.1) using the equation (DeMott et al. 2016):

nINP Tð Þ ¼ −ln
Nu

N0
�

Vw

Va � Vs
(2) 

where Nu is the cumulative number of unfrozen drop
lets at a given temperature (T) and Va is the volume 
of a single aliquot (2 ml for this study). Vw is the total 
volume of all water droplets (calculated by multiplying 
Va by the number of total freezing events) and Vs is 
the total volume of air sampled on the impactor. The 
surface-active site density (n) can be calculated from 
nINP per mass (i.e., coccoliths or DMSP in mg of 
component) (nm) or per biological component (i.e., 
cells, viruses) (ns) where Cv is the concentration in 
the sample droplet (Alsante, Thornton, and Brooks 
2023; Adams et al. 2021; Vali 1971):

nm, s Tð Þ ¼ nINP �
1

Va � Cv
(3) 

Samples were assigned the following descriptive 
terms based on their mean immersion freezing tem
perature: −32 to −25 �C were described as ‘weakly 
effective’, −25 to −20 �C as ‘moderately effective’, −20 
to −10 �C were described as ‘effective’ (Alsante, 
Thornton, and Brooks 2023; Alsante, Thornton, and 
Brooks 2024; Matthews, Alsante, and Brooks 2023).

3. Results

3.1. Ice nucleation during viral infection of 
Emiliania huxleyi

To investigate the role of viral infection on ice nucle
ation in an interactive biological system, the growth 
and death of a culture of E. huxleyi grown in Gulf of 
Maine seawater was followed for 27 days, with the 
addition of a coccolithophore virus (EhV-207) during 
late exponential growth on day 10 to initiate viral 
infection (Figure 1). Phytoplankton concentration 
continued to increase after the addition of the virus, 
peaking on day 12 (Figure 1a). The maximum con
centration of E. huxleyi was 2.5� 108 cells L−1 with a 
maximum growth rate on day 7 of 0.95 d−1, as deter
mined by cell concentration (Figure S3). Chlorophyll 
a was also used as an indicator of phytoplankton bio
mass, with a maximum concentration on day 11 of 
16.3 mg chl a L−1 (Figure 1b). The decline in both 
chlorophyll a (from day 12) and cell concentrations 
(from day 13) corresponded to an increase in EhV- 
207 concentration. The maximum concentration of 

EhV-207 on day 16 was 1.2� 1010 VLPs L−1 (Figure 
1c), almost two orders of magnitude larger than the 
maximum E. huxleyi cell concentration.

A list of the immersion mode ice nucleation sam
ples and corresponding freezing temperatures from 
this study are shown in Table 1 and in the SI 
(Table S1). The warmest nucleation temperature was 
observed on day 3 at −25.9 ± 0.6 �C (Figure 1) (mean
± standard deviation), corresponding to the highest 
growth rate (0.86 d−1; based on cell counts) of sam
ples measured for ice nucleation. The highest fraction 
frozen was measured on day 3 with only 4% active at 
−25 �C, but all droplets were active at −27.4 �C, with 
a maximum number concentration of INPs at 
2.2� 103 INPs L−1 air (Figure 2). Day 8 had the 
second highest nucleation temperature, but there was 
a large standard deviation (–26.4 ± 4.5 �C) with initial 
freezing at −17.6 �C and complete freezing at 
−31.4 �C. An aerosolized seawater procedural blank 
from the MART had a freezing temperature of 
−29.0 ± 2.3 �C.

The procedural blank (i.e., aerosolized ASW sea
water) was collected and prepared using the same 
handling procedures as the aerosolized E. huxleyi cul
ture (see Section 2.1). The MART samples only con
tained one independent replicate per day, resulting in 
a lower statistical robustness for daily freezing tem
perature data. However, multiple independent repli
cates were obtained for data from pre-infection 
(n¼ 6) and post-infection (n¼ 10) of E. huxleyi. The 
remaining supporting measurements of biological 
components all contain multiple independent repli
cates (n� 10). The stability of the freezing tempera
ture from repeated freezing and thawing cycles from 
MART samples is shown in Figure S2, which indicates 
that the repeated freeze-thaw cycles did not systemat
ically increase or decrease freezing temperature over 
time. Number concentrations of INPs were only 
determined for days in which the median nucleation 
temperature was warmer than the procedural blank 
(Figure 2c). Samples with freezing temperatures colder 
than the procedural blank do not catalyze freezing 
and therefore do not contain INPs.

A non-parametric one-way analysis of variance 
(ANOVA) was performed to determine significant dif
ferences between daily median ice nucleation tempera
ture using the Kruskal-Wallis test on ranks. Pairwise 
post-hoc comparisons were made with the Wilcoxon 
test (p< 0.05). Days 3 and 8 occurred during the 
exponential growth phase of the culture and day 3 
was the only day significantly different than the aero
solized seawater procedural blank. (v2 ¼ 140.7, DF ¼
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16, p< 0.0001; Table S2). Daily mean nucleation tem
perature (i.e., mean from each day freezing tempera
ture was determined) during pre-infection E. huxleyi 
bloom (days 0 to 9) ranged from −25.9 to −28.6 �C 
and from −26.9 to −29.8 �C during post-infection 
(days 10 to 27). Overall, the mean nucleation tem
perature for all days during pre-infection was 
−27.5 ± 2.0 �C and post-infection was −28.5 ± 1.4 �C 
(Table 1). The total aerosol concentration in the head
space of the MART did not increase after day 10 
(Figure S4), despite the accumulation of E. huxleyi 
biomass during the first 10 days of the culture and the 
subsequent lysis and fragmentation of the phytoplank
ton with the introduction of the virus.

The quantum yield of photosystem II (/PSII) 
was used as an indicator of the physiological status of 

E. huxleyi, with higher values indicating ‘healthier’ 
cells able to make a more efficient use of light during 
photosynthesis (see the SI for methods). During 
exponential growth in the MART, /PSII increased 
from a lag-phase low of 0.31 ± 0.02 to a high value of 
0.62 ± 0.00 on day 9 (Figure S5). Post infection, /PSII 
decreased from 0.59 ± 0.01 on day 11 to 0.15 ± 0.02 on 
day 20 (Figure S5). Viral lysis resulted in lower ice 
nucleation efficiency when compared to actively grow
ing E. huxleyi (Figures 1 and 2). However, E. huxleyi 
was a weakly effective INP throughout the entire 
growth cycle, including after viral infection. ß-glucosi
dase enzyme activity (a proxy for bacterial metabol
ism; Figure S6) and exopolymers (Coomassie staining 
particles (CSP) and transparent exopolymer particles 
(TEP); Figure S7) were not related to the ice 

Figure 1. Ice nucleation with changes in Emiliania huxleyi biomass and viral concentration over time shown by (a) mean chloro
phyll a concentration (green shaded region) and (b) mean E. huxleyi cell concentration (green shaded region). The viral lysis event 
is shown after viral infection during late exponential growth on day 10 (dashed black line) with (c) mean EhV-207 concentration 
(grey shaded region). The daily mean immersion mode nucleation temperatures are shown (solid blue circles) (mean ± standard 
deviation, n� 15), and the seawater background blank of aerosol generated from artificial seawater (solid red circle) 
(mean ± standard deviation, n¼ 13).
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nucleation temperature of the E. huxleyi culture (see 
the SI for methods).

3.2. Ice nucleation of marine phytoplankton viruses

The ice nucleation efficiency of purified marine viruses 
was determined for purified E. huxleyi virus (EhV- 
207) and a C. tenuissimus virus (CtenRNAV-01) 

isolated from phytoplankton cultures in coastal New 
Jersey seawater (Table 1). Both EhV-207 (–24.4 ± 
2.1 �C) and CtenRNAV-01 (–25.3 ± 2.4 �C) were mod
erately efficient INPs. More than 65% of EhV-207 
INPs were active at −25 �C and only 38% of 
CtenRNAV-01 INPs active at the same temperature 
(Figure 3). Although both marine viruses had similar 
mean freezing temperatures, they were significantly 
different due to the observed variability in freezing 
temperature (v2 ¼ 11.0, DF ¼ 2, p< 0.0042). 
However, neither virus improved ice nucleation effi
ciency when compared to the background coastal New 
Jersey seawater procedural blank subject to the same 
purification procedures (–24.5 ± 1.5 �C) and therefore 
the cumulative number of active sites (ns) was not 
determined (Table S1). Only CtenRNAV-01 was statis
tically different than the procedural blank, resulting in 
depression of the nucleation temperature (v2 ¼ 11.0, 
DF ¼ 2, p< 0.0042).

3.3. Ice nucleation of inorganic and organic 
components of Emiliania huxleyi

To better understand how the chemical composition 
of E. huxleyi influenced its ice nucleation efficiency, 

Figure 2. Ice nucleation of Emiliania huxleyi with fraction frozen as a function of temperature during (a) pre-infection (solid green 
lines), (b) post-infection (solid blue lines), and (c) cumulative number concentration of INPs per L of air. The procedural blank is 
shown for aerosol generated from artificial seawater (black dashed line). Only data that was statistically warmer than the proced
ural blank was included for the number concentration of INPs.

Figure 3. Fraction frozen as a function of temperature of an 
Emiliania huxleyi virus (EhV-207) (blue), a Chaetoceros tenuissi
mus virus (CtenRNAV-01) (red), and the coastal New Jersey sea
water procedural blank (black). Data points represent the 
mean of the pooled data sets ± the 95% confidence limits.
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we investigated specific inorganic and organic compo
nents isolated from E. huxleyi. Exuded organic matter 
from E. huxleyi with 6.80 ± 0.11 mg DOC L−1 had a 
mean nucleation temperature of −32.1 ± 0.8 �C and 
depressed the nucleation temperature of the coastal 
New Jersey seawater procedural blank the original cul
ture was grown in (–29.2 ± 0.4 �C) (Table S1). Less 
than 2% of INPs from the E. huxleyi organic matter 
were active at −25 �C and were not completely active 
until −35 �C (Figure 4a), with a ns of less than 1� 10�
per mg of DOC at this temperature (Figure 4b).

It was previously hypothesized that calcium carbon
ate from coccoliths is responsible for the inefficient 
immersion mode ice nucleation efficiency of E. hux
leyi (Ladino et al. 2016; Alpert, Aller, and Knopf 
2011b). However, only the ice nucleation efficiency of 
mineral calcite has been investigated and was deter
mined to be ice nucleation inactive (Kaufmann et al. 
2016). Isolated and purified coccoliths from calcifying 
E. huxleyi was measured at a concentration of 
5� 102 mg of coccoliths L−1, representative of the 
concentration used to determine the ice nucleation 
efficiencies of other biological compounds (Alsante, 
Thornton, and Brooks 2023). Coccoliths were 

moderately effective INPs with a mean nucleation 
temperature of −25.3 ± 0.4 �C (Table S1). Over 30% of 
INPs were activated at −25 �C with a ns of 3.7� 102 

per mg of coccoliths at this temperature (Figure 4b). 
The effect of coccoliths on ice nucleation was also 
determined by comparing the ice nucleation of calcify
ing E. huxleyi with an uncalcified strain that does not 
produce coccoliths. The mean nucleation temperature 
of uncalcified E. huxleyi was −31.9 ± 0.8 �C, and the 
mean nucleation temperature of the procedural blank 
(Gulf of Maine seawater used to grow the culture) 
was −32.7 ± 1.4 �C (Table S1). Uncalcified E. huxleyi 
was a weakly effective INP with no INPs active at 
−25 �C, and approximately 10% of INPs active at 
−30 �C (Figure 4). The cumulative number of active 
sites was not determined for uncalcified E. huxleyi 
because it was not statistically warmer than the pro
cedural blank.

DMSP was a weakly effective INP with a mean 
nucleation temperature of −30.3 ± 1.3 �C (Table S1). 
Less than 2% of INPs were active at −25 �C 
and by 30 �C, only 50% of INPs were active with a 
corresponding ns of 6.5� 101 per mg of DMSP 
(Figure 4).

Figure 4. Ice nucleation of components of Emiliania huxleyi with (a–c) fraction frozen as a function of temperature and (d) number 
concentration of ice nucleation active sites per mg of coccolith (red), per mg of carbon from Emiliania huxleyi exudate (orange), 
per mg of dimethylsulfoniopropionate (blue), and per cell from uncalcified E. huxleyi (green). Background coastal New Jersey sea
water is shown for E. huxleyi exudate (black) and Gulf of Maine seawater for uncalcified E. huxleyi (black) used to grow the phyto
plankton. A procedural blank (uHPLC water) is shown for the samples of purified coccoliths and DMSP (black). Data points 
represent the mean of the pooled data sets ± the 95% confidence limits. Only data that was statistically warmer than the corre
sponding procedural blank was included for the number concentration of ice nucleation active sites.
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3.4. Effect of concentration on the ice nucleation 
of coccoliths and mixtures of coccoliths with 
DMSP

To better understand the role of coccoliths on ice 
nucleation, the ice nucleation efficiency of coccoliths 
was investigated over a range of concentrations 
(5� 101 to 5� 10−3 mg L−1) using the ice nucleation 
array apparatus (Table 1). These measurements were 
in addition to the concentration of 5� 102 mg L−1, 
which was measured using the ice microscope. The 
lowest concentration of 5� 10−3 mg coccoliths L−1 

was representative of the mass concentration of cocco
liths found in the open ocean during an E. huxleyi 
bloom (Linge Johnsen and Bollmann 2020). Figure 5
only contains the cumulative number of active sites 
for concentrations that were statistically warmer than 
the procedural blank. The warmest mean nucleation 
temperature was observed at high concentration 
(–25.2 ± 1.4 �C at 5� 101 mg L−1) and was moderately 
efficient with almost 40% of INPs active and a ns of 
4.7� 103 ice nucleation active sites per mg of cocco
liths at −25 �C (Figure 5). There was no statistical dif
ference between the two different custom-built ice 

nucleation apparatuses at the two highest concentra
tions of purified coccoliths (5� 102 mg L−1 for the 
single droplet system and 5� 101 mg L−1 for the array 
system; Table S1). The three higher concentrations 
investigated (5� 101 to 5� 10−2 mg L−1) were all stat
istically different than the background uHPLC water 
procedural blank (v2 ¼ 163.1, DF ¼ 11, p< 0.0001). 
The lowest concentrations investigated (5� 10−2 and 
5� 10−3 mg L−1) were only weakly effective INPs 
(mean freezing temperatures of −28.1 ± 1.5 and 
−27.9 ± 2.3 �C, respectively) and not statistically differ
ent than the background uHPLC water procedural 
blank (v2 ¼ 163.1, DF ¼ 11, p< 0.0001).

We also investigated the role of purified coccolith 
and DMSP mixtures at a constant concentration of 
5� 102 mg coccoliths L−1 with a range of DMSP con
centrations (5� 104 to 5� 10−1 mg L−1). The mean 
freezing temperature of the mixture of coccoliths with 
5� 102 mg DMSP L−1 was −25.3 ± 0.8 �C with 40% 
frozen at −25 �C (Figure 5c), which was not statistic
ally different from purified coccoliths at the same con
centration in the absence of DMSP with over 30% of 
INPs frozen −25 �C (v2 ¼ 163.1, DF ¼ 11, 

Figure 5. Ice nucleation of purified coccolith concentration gradient with (a) fraction frozen as a function of temperature and (b) 
number of ice nucleation active sites per mg of coccoliths at 5� 101 mg L−1 (purple), 5� 100 mg L−1 (blue), 5� 10−1 mg L−1 

(green), 5� 10−2 mg L−1 (orange), and 5� 10−3 mg L−1 (red). Ice nucleation of coccolith (5� 102 mg L−1) mixtures with varying 
dimethylsulfoniopropionate (DMSP) concentration of the (c) fraction frozen as a function of temperature and (d) active site density 
per mg of DMSP at 5� 104 mg L−1 (purple), 5� 103 mg L−1 (blue), 5� 102 mg L−1 (green), 5� 101 mg L−1 (orange), 5� 100 mg 
L−1 (red), and 5� 10−1 mg L−1 (pink). A procedural blank (uHPLC water) was used to dilute purified coccoliths (black). Data points 
represent the mean of the pooled data sets ± the 95% confidence limits. Only data that was statistically warmer than the corre
sponding procedural blank was included for the number concentration of ice nucleation active sites.
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p< 0.0001). Mixtures of coccoliths at lower concentra
tions of DMSP ranging from 5� 101 mg L−1 to 
5� 100 mg L−1 had similar mean freezing tempera
tures (–25.2 to −25.4 �C; Table S1) but were statistic
ally different due to the observed larger variation in 
freezing temperature when compared to purified coc
coliths at these concentrations (v2 ¼ 163.1, DF ¼ 11, 
p< 0.0001). Mixtures of DMSP with purified cocco
liths had the highest number concentration of ice 
nucleation active sites at high DMSP concentrations 
with a maximum ns of approximately 106 per mg at 
−25 �C (Figure 5d).

3.5. Comparison of E. huxleyi and biological 
components

Figure 6 illustrates differences in the median freezing 
temperature of all of the biological INPs from this 
study (Table 1). A non-parametric one-way analysis of 
variance (ANOVA) was performed to determine sig
nificant differences between median ice nucleation 
temperature using the Kruskal-Wallis test on ranks for 
the MART results (i.e., pre-infection and post-infec
tion) and supporting measurements (i.e., uncalcified E. 
huxleyi, E. huxleyi organic and inorganic components, 
and the two marine viruses across all investigated con
centrations). Pairwise post-hoc comparisons were made 

with the Wilcoxon test (p< 0.05) (v2 ¼ 576.0, DF ¼
7, p< 0.0001; Table S3). The ice nucleation tempera
ture during the pre-infection E. huxleyi bloom was sig
nificantly warmer than post-infection. In addition, 
both the organic matter (i.e., exudate) and DMSP 
released from E. huxleyi had a significantly lower ice 
nucleation efficiency than E. huxleyi grown in the 
MART and purified EhV-207. In contrast, coccoliths 
froze at significantly warmer temperatures than both 
calcified and uncalcified E. huxleyi with combined 
nucleation temperatures from all investigated 
concentrations.

4. Discussion

Viruses have been proposed to be important INPs 
(Rahlff et al. 2023; McCluskey et al. 2017; Wilson 
et al. 2015) and some purified viruses improve ice 
nucleation efficiency in the immersion mode (Rahlff 
et al. 2023; Adams et al. 2021; Cascajo-Castresana 
et al. 2020). We showed two contrasting marine 
phytoplankton viruses are moderately efficient INPs 
but did not improve ice nucleation when compared to 
the seawater procedural blank, both of which were 
diluted using uHPLC water to remove salts. Viral lysis 
of E. huxleyi with EhV-207 led to the release of both 
organic matter and inorganic coccoliths, resulting in 
lower ice nucleation efficiency when compared to both 
actively growing E. huxleyi and purified EhV-207. These 
results suggest E. huxleyi may be depressing the freezing 
temperature of EhV-207 viruses during viral lysis.

Our ice nucleation measurements encompassed the 
pre- and post-viral infection time periods of E. huxleyi 
culture in the MART, with 6 samples taken pre-infec
tion and 10 samples post-infection. This enabled us to 
test the hypothesis that viral infection enhances the 
production of INPs, and a comparison of the ice 
nucleation temperatures pre- and post-infection indi
cated that viral infection did not change the effective
ness of aerosol to act as INPs. Changes occurred in 
the culture over the 28 days of sampling, in addition 
to the addition of the virus on day 10, such as shifts 
in the physiological status of the phytoplankton driven 
by the depletion of nutrients. These changes may have 
interacted with the effects of the viral infection. 
However, it is difficult to uncouple these interactions, 
as the viral infection itself affected changes, such as a 
decrease in growth rate (Figure S3).

The collection of replicate samples for ice nucle
ation from the tank on a single day was not logistically 
possible. Aerosol collection in the MART occurred 
over 2 h, sampling 120 L from the 164 L headspace. 

Figure 6. Median nucleation temperatures (T50) for biological 
ice nucleating particles (INPs) from this study of Emiliania hux
leyi grown in the marine aerosol reference tank (MART) on 
days of pre-infection (day 0 to 10) and post-infection (day 11 
to 27) (dark green), uncalcified E. huxleyi (light green), exuded 
matter from calcified E. huxleyi (red), purified coccoliths at 
5� 10−4 mg L−1 (brown), dimethylsulfoniopropionate (DMSP) 
at 5� 10−4 mg L−1 (blue), and marine viruses infecting E. hux
leyi (EhV-207) and Chaetoceros tenuissimus (CtenRNAV-01) 
(pink). Median nucleation temperature (T50) is shown by the 
black horizontal lines within each box. Black boxes represent 
the first and third quartile. The black vertical lines connected 
to each box plot represents the range with outliers indicated 
by black circles.
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Therefore, each sample represents a population of 
aerosol collected on that day. The samples were 
exposed to repeated freeze-thaw cycles, which have 
been shown to change the nucleation temperature of 
biogenic immersion ice nuclei from Pseudomonas 
syringae (Eufemio et al. 2023) and surfactant mixtures 
(Perkins et al. 2020). This was not observed in our 
experiment (Figure S2), where there was no decreasing 
or increasing trend in nucleation temperature over an 
excess of 20 freeze-thaw cycles in samples collected 
from the MART. Other biological INPs also show no 
effect of being exposed to repeated freeze-thaw cycles, 
including INP from lichens (Eufemio et al. 2023) and 
the protein ribulose-1,5-bisphosphate carboxylase/oxy
genase (RuBisCO) (Alsante, Thornton, and Brooks 
2024).

Phytoplankton have been shown to be ice nucle
ation active at warm freezing temperatures (Thornton 
et al. 2023; Ickes et al. 2020; Wilbourn et al. 2020; 
Wilson et al. 2015; Knopf et al. 2011). Therefore, we 
investigated individual inorganic and organic compo
nents of E. huxleyi to determine why E. huxleyi was a 
source of relatively inefficient INP. The coccosphere, 
the cell covering made from calcium carbonate scales 
(coccoliths), is a key difference between coccolitho
phores (including E. huxleyi) and other groups of 
phytoplankton. Alpert, Aller, and Knopf (2011b) 
measured immersion mode ice nucleation by E. hux
leyi and found that it did not act as an INP, which 
they hypothesized was due to coccoliths. Manson 
(1957) determined that the mineral calcite is not an 
INP in the immersion mode. Calcite is the form of 
calcium carbonate found in coccoliths (Lee 2008), sug
gesting that coccoliths may explain why E. huxleyi 
was a relatively inefficient INP, and the presence of 
coccoliths may be responsible for depressing the ice 
nucleation of more efficient INP in the cells, such as 
proteins and nucleic acids (Alsante, Thornton, and 
Brooks 2023). However, we demonstrated that cocco
liths were not responsible for the low ice nucleation 
efficiency of E. huxleyi; purified coccoliths in the 
absence of E. huxleyi cells were moderately efficient 
INPs at high concentration (5� 102 and 5� 101 mg of 
coccoliths L−1). Further support for this conclusion 
comes from the observation that the ice nucleation 
efficiency of a naked strain of E. huxleyi, which did 
not produce coccoliths, was lower than that of the 
strain with coccoliths.

Infection of E. huxleyi with EhV has shown to 
increase aerosolized coccolith concentration by up to 
an order of magnitude (Trainic et al. 2018). However, 
the ice nucleation temperature of aerosol collected 

from the MART tank decreased after viral infection, 
indicating that the coccoliths, or any other lysis prod
uct of E. huxleyi, did not increase ice nucleation effi
ciency during viral lysis. We did not measure the 
concentration of coccoliths or other cell components 
in the aerosol before and after lysis, therefore we do 
not know how lysis changed the composition of the 
aerosol.

Concentration affects the ice nucleation efficiency 
of some organic species, such as protein and lignin, 
with higher ice nucleation efficiency associated with 
aggregation at relatively high concentrations (Alsante, 
Thornton, and Brooks 2024; Bogler and Borduas- 
Dedekind 2020; Cascajo-Castresana et al. 2020; 
Eickhoff et al. 2019). The ice nucleation efficiency of a 
concentration gradient of purified inorganic coccoliths 
was investigated. The two highest concentrations were 
moderately efficient (5� 102 and 5� 101 mg coccoliths 
L−1), but at lower concentrations (5� 100 to 
5� 10−3 mg coccoliths L−1), the freezing temperature 
decreased. Concentrations consistent with the mass of 
coccoliths found in the North Atlantic were only 
weakly effective INPs (5� 10−2 mg coccoliths L−1). 
Organic matter associated with the coccoliths was 
removed by oxidation, and light microscopy showed 
that the coccoliths were not aggregated. Warmer ice 
nucleation temperatures at high concentration may be 
due to an increased number of defects including 
grooves and cracks that act to form hydrophobic and 
hydrophilic areas when compared to a smooth surface 
(Pruppacher and Klett 1997). Water molecules may 
favorably bind to a disordered cluster of water mole
cules within defects, facilitating ice crystal formation. 
Coccoliths were shown to have a low natural aerosoli
zation of only one coccolith per 1� 108 coccoliths in 
seawater during an E. huxleyi bloom (Trainic et al. 
2018). Therefore, based on the results of both cocco
lith aerosolization and ice nucleation, it is unlikely 
that coccoliths are a significant source of INPs over 
the ocean.

Previous work has shown that fast-growing phyto
plankton produce organic matter containing the most 
efficient INPs (Thornton et al. 2023), a result that 
agrees with our finding that the most effective INPs in 
the MART were associated with the exponential 
growth of E. huxleyi before the addition of the virus. 
However, only one day of E. huxleyi exponential 
growth had a significantly different ice nucleation effi
ciency than the aerosolized MART seawater back
ground, and there was a large variability in freezing 
temperature. Thornton et al. (2023) investigated the 
ice nucleation efficiency of two different 
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phytoplankton species in the MART, a cyanobacterium 
(Synechococcus elongatus) and a diatom (Thalassiosira 
weissflogii). Both species resulted in the production of 
efficient INPs, with mean ice nucleation temperatures 
as high as −15 �C during exponential growth (Figure 
S8). E. huxleyi had a lower fraction of INPs frozen 
than both S. elongatus and T. weissflogii during expo
nential growth in the MART. The difference between 
E. huxleyi and other species of phytoplankton indicate 
that there may be chemical differences between taxa 
that affect ice nucleation (Ickes et al. 2020; Wilbourn 
et al. 2020; Wilson et al. 2015; Thornton et al. 2023). 
This contrasts with our comparison of S. elongatus 
and T. weissflogii, which suggested that fast growing 
phytoplankton with a relatively high quantum yield of 
photosystem II, produced aerosol that were the most 
efficient immersion mode INPs. Based on these obser
vations, Thornton et al. (2023) suggested that physio
logical status is a predictor of efficient INPs from 
marine phytoplankton and more useful than biomass 
or phylogeny. However, the results from this experi
ment indicate that both physiological status and phyl
ogeny are important.

In addition to the low ice nucleation efficiency of 
E. huxleyi cells, a previous study found that exuded 
organic matter from E. huxleyi was not an effective 
INP in the deposition mode (Ladino et al. 2016). 
However, exuded organic matter from other phyto
plankton species has been shown to increase ice 
nucleation efficiency (McCluskey et al. 2017; Wilson 
et al. 2015; Knopf et al. 2011). Ladino et al. (2016) did 
not investigate the chemical composition of organic 
matter resulting in the poor ice nucleation of this 
organism. Several potential molecular candidates 
could negatively affect the ice nucleation of coccoli
thophores. It is well known that coccolithophores 
have a distinct carbon metabolism from other phyto
plankton groups, with carbon stored predominately in 
low molecular weight compounds such as mannitol 
(Obata et al. 2013). In addition, coccolithophores pos
sess distinct acidic polysaccharides and alkenones 
(Taylor, Brownlee, and Wheeler 2017; Tsuji et al. 
2015). E. huxleyi accumulates high concentrations (up 
to 400 mM) of DMSP within the cell (Taylor, 
Brownlee, and Wheeler 2017), which differentiates it 
from many other taxa that do not contain intracellular 
DMSP or contain it at much lower concentrations, 
such as diatoms (Keller 1988). Some studies have used 
atmospheric concentrations of DMS, which is derived 
from DMSP, to track marine airmasses originating 
from locations of high biological activity (Porter et al. 
2022; Sanchez et al. 2018; Mukai, Yokouchi, and 

Suzuki 1995). This is because some marine phyto
plankton produce large amounts of DMSP, and the 
resulting DMS has a short short atmospheric lifetime 
(Porter et al. 2022; Sanchez et al. 2018; Mukai, 
Yokouchi, and Suzuki 1995). Porter et al. (2022) 
found no correlation between DMS and INP concen
tration in the Arctic atmosphere.

We demonstrated that DMSP is a weakly effective 
INP, and therefore both laboratory and field measure
ments indicate it is highly unlikely to contribute to 
atmospheric ice nucleation. We hypothesized that 
DMSP was depressing the freezing temperature in 
aerosol from E. huxleyi. However, there was no evi
dence of DMSP depressing the freezing temperature 
of purified coccoliths when ice nucleation efficiency 
was measured in mixtures of the two components. 
Differences in the composition of organic matter in E. 
huxleyi cells may be responsible for the relatively low 
ice nucleation efficiency compared with the other 
phytoplankton taxa that have been measured as immer
sion INPs (Thornton et al. 2023; Wilbourn et al. 2020; 
Alpert, Aller, and Knopf 2011b; Knopf et al. 2011). We 
showed that the presence of organic matter from E. 
huxleyi resulted in a loss of moderate ice nucleation 
efficiency of both coccoliths and EhV-207.

5. Conclusions

This study was designed to test the potential effect of 
the viral lysis of phytoplankton on the generation of 
immersion mode ice nucleating particles (INPs) in sea 
spray aerosol (SSA). The mean ice nucleation temper
atures of SSA produced during viral infection were 
slightly lower (–28.5 �C) than pre-viral infection 
(–27.5 �C). Ice nucleation temperatures were relatively 
cold, indicating that organic matter from E. huxleyi is 
less effective as an INP than phytoplankton examined 
in previous studies. This low ice nucleation efficiency 
of E. huxleyi compared with other phytoplankton, and 
the depression in the freezing temperature of EhV-207 
during viral lysis led us to investigate the ice nucle
ation efficiency of individual components of this 
coccolithophore species. High concentrations of coc
coliths were moderately efficient INPs. However, in 
concentrations more representative of the open ocean, 
coccolithophores were only weakly efficient, agreeing 
with nucleation temperatures during an E. huxleyi 
bloom in the MART. Our results suggest that com
position or morphology differences between coccoli
thophores and other phytoplankton groups, such as 
diatoms and cyanobacteria, are responsible for cocco
lithophores’ low ice nucleation efficiency.
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In addition, the three phytoplankton groups (dia
toms, cyanobacteria, and coccolithophores) we investi
gated in the MART (this study and Thornton et al. 
2023) have different geographic distributions. Given 
that their ice nucleation efficiencies vary as well, this 
may be an indication that biological aerosol have dif
ferent ice nucleation efficiencies at different latitudes. 
Modeling studies of organic aerosol and INP concen
trations show distinct geographic differences over 
marine regions (Zhao et al. 2021). For example, the 
Irish Sea is known to produce vast blooms of coccoli
thophores annually, but modeling indicates low con
tributions of marine organics to the total INP fraction 
in this region. Our results suggest parameterizations 
should consider the ice nucleation efficiency of indi
vidual groups of phytoplankton to predict ice nucle
ation efficiency more accurately from remote marine 
regions. More research is needed to understand taxo
nomic differences in ice nucleation efficiency and 
what causes these differences, which will lead to a bet
ter understanding of biological INPs from remote 
marine regions and their properties.
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