Dear Editor,

below we provide a point-by-point response to all individual comments of the reviewers. We thank
the reviewers for their constructive comments that helped improving the overall quality of our re-
vised manuscript.

We indicate the reviewer’s comments by black text, our answers are given in blue text, and new text
that now appears in the revised manuscript is given in green text. In addition, we include at the end
versions of the revised manuscript and the revised supplementary information with all changes indi-
cated.

We hope that our revised manuscript now meets with your approval.
Sincerely yours,

Thomas Koop




Answer to reviewer 1

Eickhoff et al. present valuable results with a potential significant contribution to a better understand-
ing of the microphysical processes in the ocean and the (polar) atmosphere.

However, in my opinion, some chapters could benefit from some shortening/rewriting, while the major
findings should be rather put in a nutshell. Furthermore, | think, this manuscript is still lacking a look
on the bigger picture and a critical discussion of its (atmospheric) significance and implications. See
below for more specific comments.

We thank the reviewer for highlighting the importance of our contribution for the polar ocean and
atmosphere and for the very detailed comments that have improved the revised version of the manu-
script.

1. Introduction

L34-39 and L61-71.: Could you be more specific, which of the findings hold true for the Arctic, the
Antarctic or both polar regions? This appears very important to me to not mix them up, since certain
features of the Arctic and Antarctic are quite different.

The comments on the Fragilariopsis cylindrus hold for both the Artic and the Antarctic and we have
updated that sentence accordingly.

The diatom Fragilariopsis cylindrus (see Fig. 1) is widespread in polar environments and is one of the
predominant species within the Arctic and Antarctic microbial assemblages (Kang and Fryxell, 1992;
Poulin et al., 2011; van Leeuwe et al., 2018).

Regarding atmospheric INP, the we have added the following new paragraph at the end of the intro-
duction to discuss the differences in more detail:

There are some differences regarding the relevance of INPs in the Arctic and Antarctic polar regions.
While in both polar latitudes the absolute concentrations of INPs are low, the influence of anthropo-
genic aerosols and INPs is much larger in the Arctic due to long-range transport during the Arctic win-
ter (Santl-Temkiv et al., 2019; Santl-Temkiv et al., 2020; Ekman and Schmale, 2022). During the Arctic
summer, aerosol lifetimes are shorter due to increased wet removal preventing long range transport
and thus increasing the importance of locally emitted INPs. In the Antarctic, the influence of anthro-
pogenic aerosols and INPs is generally much smaller (Stohl and Sodemann, 2010; Ekman and
Schmale, 2022). During winter, blowing snow from the sea ice is the main aerosol source in the
southern polar region, while DMS and other organic compounds from algae bloom are the main
source during summer.

L34-35 Please add a reference.
The references were added as requested.
The diatom Fragilariopsis cylindrus (see Fig. 1) is widespread in polar environments and is one of the

predominant species within the Arctic and Antarctic microbial assemblages (Kang and Fryxell, 1992;
Poulin et al., 2011; van Leeuwe et al., 2018).



L40-42 Please recheck, if Wilson et al. (2015) or Aslam et al. (2018) are suitable references for support-
ing the statement of “the production of so-called ice-binding proteins (IBPs)”

The two references referred to only the second part of the sentence “and of other EPS also found in
other diatom species”. We have now added a reference for the first part of the sentence “the produc-
tion of so-called ice-binding proteins (IBPs)” and separated the two parts with a comma:

One prominent example is the production of so-called ice-binding proteins (IBPs) (Bayer-Giraldi et al.,
2011), and of other EPS that are also found in other diatom species (Wilson et al., 2015; Aslam et al.,
2018).

L52-54 Which reference states that EPS do have good ice-binding properties? Is there any knowledge
under which conditions (chemical composition) EPS do have these properties?

We have added the appropriate references and added the info that these EPS are mainly polysaccha-
rides and proteins:

The very good ice-binding properties of fcIBP and EPS (mainly polysaccharides and proteins) under sea
ice brine conditions have been reported in previous studies (Krembs et al., 2002; Bayer-Giraldi et al.,
2011; Krembs et al., 2011).

n o u

L46-60 It might be important to clarify the relationship between the terms “ice-binding protein”, “an-
tifreeze protein” and “ice-nucleating protein” here. Do | get it right that less efficient ice-nucleating
substances (in the sense that they are active at lower temperatures) can be at the same time anti-
freeze-substances at higher temperatures?

We have added some text to clarify the relationships of the different terms as requested:

L59-60 “Here we explore whether a similar ice-nucleating effect does occur also for IBPs from F. cylin-
drus” -> What is the outcome? This might be an important result that deserves to be mentioned in
chapter “5. Summary and Conclusions”

The results of the ice nucleation experiments are now mentioned in the Summary:

For the ice-binding (antifreeze) protein fcIBP11, we did not observe any evidence for promoting ice
nucleation at low temperatures.

2. Material and methods

L76 Please add the months, when ANT XVI/3 took place.
The information has been added:
The investigated F. cylindrus cells belong to the strain TM99 isolated in 1999 from the sea ice of the

Weddel Sea, Antarctica, by Thomas Mock (Polarstern ANT XVI/3 expedition, which took place in the
early spring from March to May 1999).



L76-81 When did the laboratory steps happen after the isolation in 19997 Back in 1999 or just recently,
just before the ice nucleation experiments started? | just wonder how many cells (of those 108 cells)
were still alive after a storage of approximately 20 years.

The cells were kept in culture since the expedition, the laboratory steps took place just recently, im-
mediately before the experiments started. This information was added to the manuscript.

Since then, stock cultures were kept in f/2 medium (Guillard and Ryther, 1962) set up with Antarctic
water and cultivated at 0°C and under continuous illumination of approximately 25 uE m2 s, Before

the experiment, cell numbers of the F. cylindrus cultures were monitored using a Coulter Counter, and
cells were harvested during the exponential growth phase.

L84-94 This section could be shortened, since it contains much redundant information. It might be
enough to refer to Tabel S1 in regard of the exact composition of the artificial sea salt.

Section has been shortened as suggested by removing the detailed information on the salts and refer-
ring to table S1.

The composition of the salts and their concentrations are given in Supplemental Information Table S1.
L 94,100,104, 110, 118, ... If you only used one type of filter throughout this study, it might be enough
to mention the filter type just once in the beginning.

We now mention the filter type only once with a more generalized statement:

The artificial seawater was filtered through a syringe filter (0.22 um, Polyethersulfone, SimplePure) in
order to exclude any effect of suspended dust particles on ice nucleation. This filter has been used for
all filtrations in this study unless otherwise mentioned.

L103 I guess replacing “F. cylindrus cells” with “F. cylindrus samples” might make it more accurate.
Changed as suggested.

L106 Any reference that states that fcIBP11 is a soluble macromolecule detached from the cell? Or
could it be connected to the cell surface of the diatoms as well?

According to Bayer-Giraldi et al., 2011, all analysed fcIBP11 isoforms are neither intracellular nor trans-
membrane, but secreted into the extracellular space. We have added the reference to the sentence.
L109-110 Is it possible to give an approximate estimate of the extend of cell loss?

We have added an approximate estimate as requested:

From the comparison of the frozen fraction curves obtained with the sample with those of unfiltered

samples (see below) our best estimate of the concentration is about 2x10° cells per mL (estimated
uncertainty range 1x10° — 1x107 cells per mL).



L136 “...belongs to the DUF3494 IBP family,....”.. was already mentioned in the introduction (L 43). Why
is it relevant to mention it here again?

We have removed the sentence in question as requested.

L145-184 Is it possible to shorten theses sections onto the relevant information since all these methods
have been published before? Of course, the main principle and deviations from the original protocol
should be mentioned. If you want to keep all details, maybe it is possible to shift part of these descrip-
tions to the SI? Instead | would appreciate a short explanation, why you chose two different setups
(2.3.1, 2.3.2) for the ice nucleation experiments.

We have shortened these paragraphs by shifting parts of the text to the SI. We have also added a short
explanation, why we have used two different methods for our ice nucleation experiments:

The DSC experiment has been used as a simple and direct method to check whether F. cylindrus dia-
toms are potential ice nucleators or not. The method does not allow for the observation of single
droplets, and we can only study cell fragments but not intact cells because the latter are disrupted
during the emulsion preparation process. Therefore, we have used the WISDOM microfluidic device,
which is described below, as the main experimental method in this study.

L185. You should check the appropriate use of “INP” throughout the manuscript. Maybe “ice nucle-
ating molecules” or “ice nucleating entities” could be more correct here? | recommend to check the
terminology proposed by (Vali et al., 2015).

We have used “INP”, because we think “particle” is the most accurate term for the diatom cells and
their fragments. This usage is also in line with many papers in the literature (including those of authors
of the Vali et al. (2015) paper), in which diatoms were termed INPs, e.g.: (Creamean et al., 2021;
McCluskey et al., 2018).

L186-188 Is this true? I think the methodology in the literature is just different to yours, where bigger
droplets with higher volume per droplet were used. E.g. Budke and Koop (2015) used in the BINARY 1
uL droplets. Why did you choose for these small volumes of 380 pL (I 190) then?

We think there is a misunderstanding here. What we mean is that ~“microliter droplet experiments
usually employ a larger number of INPs per droplet (not INP concentration per volume). Moreover,
these large droplet experiments are often subject to heterogeneous ice nucleation by impurities and
the supporting surfaces at low temperatures, thus making it nearly impossible to study INPs with very
low activity that nucleate only at temperatures just above homogeneous nucleation temperature. (The
median freezing temperature of ‘pure’ water in the BINARY device is about -30°C, while the freezing
temperature of the diatom experiments presented in Fig. 2 is between -32°C and -37°C.) For this pur-
pose, small volume experiments such as the ~nanoliter microfluidic device used here are much more
suitable, as they allow to reach homogeneous ice nucleation because the smaller droplets usually con-
tain less impurities per droplet (The median freezing temperature of artificial seawater in the WISDOM
device is about -40°C, see Fig.2). We have rewritten the text to make this clearer.

Ice nucleation studies using larger-volume droplet arrays usually employ relatively high concentrations
of INPs per droplet, e.g. mineral dust particles or bacterial cells (Budke and Koop, 2015; Hiranuma et
al., 2015; Wex et al., 2015; DeMott et al., 2018; Hiranuma et al., 2019; Kunert et al., 2019; Ickes et al.,
2020), to ensure that freezing is induced at a temperature that is higher than that triggered by the



supporting surface or minute amounts of impurities contained in the water. In the present study, the
total amount of INPs was small due to the limited availability of F. cylindrus cells, suggesting the use of
small droplet methods which require less total INP material. We investigated droplets with a diameter
of 90 um, corresponding to a volume of about 380 pL. Another, probably more important advantage
of using these small droplet volumes is that we can measure ice nucleation down to the homogenous
freezing temperature of water (Riechers et al., 2013; Reicher et al., 2018; Tarn et al., 2021), enabling
also the investigation of rather poor ice nucleators.

L189-192: | find this statement quite surprising, since you started your experiments with a solution of
a highly concentrated culture (see 2.1). Then you performed several dilutions. And now you are stating
that the number of INP was not enough for your experimental setup. Why did you perform dilutions
then?

This question probably arises from the same misunderstanding discussed in the previous comment.
We did these dilution experiments to obtain more accurate cumulative numbers of ice active sites per
Mass Nm_total aNd over a broader temperature range such that we can compare the data better to other
literature data (see Figure 7).

L199-308 Is it possible to shift this section (or parts of it) into the SI?

As suggested, we have shifted the entire section (former lines L199-308) into the SI.

3. Results and Discussion
General:

Is it possible to bring this part more on a point? It feels like reading and rereading the same or similar
aspects.

We have shortened this part by shifting the detailed description of DSC experiments including the for-
mer Fig.4 into the SI. We have also rewritten some sentences or parts and now term this section “Re-
sults” (see your comment on section names further below).

L 326 How can freezing at -44°C be still relevant, when water droplets usually freeze at -38°C homoge-
neously? Is it because of the small volume of the droplets in your setup?

The droplets in the DSC experiments (and also in the microfluidic experiments) are all large enough
not to be affected by the Gibbs-Thomson effect. The homogeneous freezing temperature of water
droplets in the DSC experiments is indeed -38°C, as defined by the onset of the exothermic signal. The
corresponding onset temperatures for the two samples, sea-water and sea-water containing F. cylin-
drus, are shifted to lower temperatures (-39°C to-40°C) due to the colligative freezing point depression
effect of the salts contained in the seawater. We added this information to this text (now in the Sl):

Because of the colligative freezing point depression of the seawater, the freezing temperatures of
the reference and the sample are shifted to lower temperatures, compared to pure water.



Figure 5: Just as another example, where sentences can be shortened. Instead of: “b): Freezing tem-
peratures of the same samples shown in panel (a), but after filtration with a pore size of 0.22 um.” you
could write: “b): Freezing temperatures of the filtered (0.22 um) samples.”

Changed as suggested.

Line 369 “all diatoms” (?) or all cells?

We agree and changed the term to ‘all F. cylindrus cells’ to make this point more clear. We also made
corresponding changes at several other places throughout the text where appropriate.

L378 Within the whole manuscript, proteins are proposed as likely ice nucleating molecules. What
about polysaccharides? Any tests performed into this direction?

Yes, it is known from the literature that polysaccharides can also act as ice-nucleating molecules (e.g.
Dreischmeier et al. (2017)), so we added the term polysaccharides to the sentence in question:

We suggest that their freezing is induced by cell fragments or by INPs released by the F. cylindrus dia-
toms, e.g. soluble species from the EPS such as proteins or polysaccharides.

However, as the experiments on soluble components described further below in the paper did not
reveal any ice nucleating effect, we did not analyse our samples for polysaccharide content.

L379 “macromolecules” or maybe “polysaccharides”, to be more specific. Why is the comparison of
diatoms with birch pollen relevant here?

We used the comparison to birch pollen here just to mention that by filtering the F. cylindrus samples,
it is entirely possible that ice nucleation activity can remain, when either smaller fragments or soluble
ice-nucleating molecules passes through the filter, thus resulting in n_N values larger than 1. This is
exactly what happens when pollen suspended in water are filtered and the remaining washing water
contains ice nucleating molecules. Also in the case of pollen, the n_N values reach values far above 1
(about 10* per pollen grain to be precise).

4. Discussion and Implications

General:

What is the difference between the chapters “3. Results and Discussion” and “4. Discussion and Impli-
cations”? It appears to me that the text (or at least parts) of chapter 4 in the current version of the
manuscript might still represent a subchapter of “3. Results and Discussion”.

As suggested we have renamed chapters 3-5 and also shifted some of their contents. Chapter 3 is now
simply termed “Results”. Chapter 4 remains “Discussion and Implications” because we compare our
results to those of other diatoms and combine these datasets into a single parameterization. Moreo-
ver, we added two new paragraphs to discuss implications of our results for the atmosphere and com-
pare them to (the very sparse) Southern Ocean diatom and INP measurements (see your next com-
ments).



This study was mainly motivated with the atmospheric relevance of INPs (e.g lines 64-72, lines 534-
536). However, a critical discussion of these (new) findings for atmospheric implications are still miss-
ing and could fit here. Some of the following aspects should be discussed in this section:

Which atmospheric residence time would you expect for diatoms, their fragments and exudates?
Whole marine diatoms are rather big and might precipitate within few seconds or minutes. Can it be
expected that complete cells/fragments will make it into the atmospheric layers relevant for mixed-
phase clouds or even cirrus clouds? (as implied in lines 66-70)

We have added some of this information to the text.

Which are the atmospheric concentrations of diatoms/Fragilariopsis cyclindus or fragments in the am-
bient air?

As far as we now there are no such measurements.

In Figure 10, you nicely compare the ice nucleating activity of Fragilariopsis cyclindus with several dia-
toms from other studies. However, a rating of the importance of diatoms as INP in the polar re-
gions/Southern Ocean in comparison to other types of INP (such as marine bacteria, mineral dust, ...)
in regard of abundance and/or ice nucleating efficiency is missing.

The Antarctic is known for a low number of efficient atmospheric INPs in comparison to the Arctic (e.g.
(McCluskey et al., 2018; Wex et al., 2019; Hartmann et al., 2021; Zeppenfeld et al., 2021)). Considering
this fact, how would you evaluate the importance of your findings for a better understanding of the
Antarctic environment/atmosphere?

We have added two new paragraphs relating our data on F. cyclindus and sea ice diatoms to marine
INP data and also try to compare the potential importance of our experimental data to Southern Ocean
INP abundances. As there are only very sparse data on diatoms and INP in the Southern Ocean and the
Antarctic marine environment these can only be regarded as order of magnitude estimates. Clearly,
more field experiments in these regions are highly desirable. The new text reads:

In the following, we put the ice nucleation data of F. cylindrus and the other sea ice diatoms into con-
text by comparing to field studies. Wilson et al. (2015) provided experimental evidence for a marine
biogenic source of ice nucleating particles and suggested that exudates and fragments of diatoms as
a source of the ice nucleating material located in the sea surface microlayer. Their low-temperature
freezing data reveals a cumulative number of ice nucleating active sites per total organic carbon mass
My toc Of ~1.3x10%° g* at -27 °C (calculated from the equation given in the caption of their Fig. 2),
which is the low-temperature end of their data, and the most relevant to the present study. To com-
pare this value to the n,, o4 values given in Fig. 7, we estimated that the organic carbon content of
their samples varies between 39.32% (representing the organic carbon content of F. cylindrus cells,
see above) or 100% (representing a purely organic carbon composition), resulting in a range of

T total Of ~5.0x10°-1.3x10" g* for their Arctic sea surface microlayer samples. These are compared
t0 Ny totar Values of 8.2x107 g™ (20 prediction bands: 2.8x107-2.4x102 g*) for F. cylindrus and of
5.8x108 g (20 prediction bands: 7.0x107-4.8x10° g!) for sea ice diatoms, respectively, at -27°C, indi-
cating that F. cylindrus and other sea ice diatoms may contribute to the marine INP in the Southern
Oceans and Antarctic seawater, assuming the Wilson et al. parameterization applies also to these ar-
eas.



In another comparison, we use measurements of insoluble aerosol particles made at Amsterdam Is-
land in the Southern Indian Ocean (Gaudichet et al., 1989). These measurements show that marine
biogenic particles make up between 8 and 28% of the number of detected particles and that these
were predominantly assigned to Radiolaria and diatom fragments (identified as amorphous silicates),
with about 27 % or 2.7x10* m™ particles observed in the southern winter (July) and fewer in fall (May,
8 %, 2.4x10* m3) and spring (September, 7 %, 1.8x103> m3). If we assume that all Radiolaria and dia-
tom fragments can be attributed to F. cylindrus diatoms, we can calculate the mass concentration of
F. cylindrus diatom cells per cubic meter of air from the mass per individual cell (ma; = 4.5x10* g,
see above), yielding values of 1.2x10° g m air (July), 1.1x10® g m™ air (May), and 8.1x10% g m?3 air
(September). Using the parametrization of the cumulative number of ice nucleating active sites per
mass F. cylindrus in Eq. (510), we calculate a 1y, tota) Value of 8.2x107 g™ (20 prediction bands:
2.8x107-2.4x10% g!) at -27 °C, see above, from which we can derive the ~88 INP m= air (20: 3-250) at -
27 °Cin fall (May) . This value can be compared to in situ total INP measurements in the Southern
Ocean south of Australia in fall (March-April) yielding values between 34 and 207 INP m™ air at -27 °C
(McCluskey et al., 2018). Although the above calculations are order of magnitude estimates , the
comparison shows that it is not unreasonable that sea ice diatoms such as F. cylindrus and their frag-
ments may constitute a significant fraction of the INP in the Southern Ocean and Antarctic waters.

Specific:

L494 You performed own elementary analysis for obtaining the carbon content in your samples? Could
you please add the method to chapter “2. Materials and Methods”? Few lines might be sufficient.

As requested, we have added a few lines on the elemental analysis in the new section 2.4:

The total carbon content of the F. cylindrus samples has been determined using elemental analysis.
For this purpose, an amount of 0.7 mg F. cylindrus diatoms was combusted at a high temperature

(T > 1000 °C) in a Tin-crucible and the composition was analysed using a commercially available ele-
mental analyser (EuroVector, Euro EA).

Figure 10: Is it anyhow possible to still extend this figure with the experimental freezing results on the
diatom Thalassiosira pseudonana by (Wilson et al., 2015) or (Knopf et al., 2011)?

Knopf et al. (2011) were the first to show that marine diatoms can act as INPs. However, as they pre-
sented only freezing temperature data, but no n_m or n_N values, we could not include these data in
our comparison in Figure 7 (former Fig.10)

The same is true for the Thalassiosira pseudonana data in Wilson et al., 2015. Nevertheless, we now
make a numerical comparison in the text to the sea surface microlayer freezing data of Wilson et al.,
2015 at-27°C, which is the low temperature end for the cumulative number of INPs of their study (their
Fig.2b) and the high temperature end of our F. cylindrus data. Note, that the direct comparison is dif-
ficult, as the provide their data as cumulative number of INPs per gram of total organic carbon (TOC).
As the source of the ice nucleator and the species distribution in the sea surface microlayer is not
known to us, we had to estimate the mass fraction of the organic carbon. The related text now reads:



Wilson et al. (2015) provided experimental evidence for a marine biogenic source of ice nucleating
particles and suggested that exudates and fragments of diatoms as a source of the ice nucleating ma-
terial located in the sea surface microlayer. Their low-temperature freezing data reveals a cumulative
number of ice nucleating active sites per total organic carbon mass n,, toc of ~1.3x10*° g* at -27 °C
(calculated from the equation given in the caption of their Fig. 2), which is the low-temperature end of
their data, and the most relevant to the present study. To compare this value to the n,, (,ta values
given in Fig. 7, we estimated that the organic carbon content of their samples varies between 39.32%
(representing the organic carbon content of F. cylindrus cells, see above) or 100% (representing a
purely organic carbon composition), resulting in a range of 1, tota; Of ~5.0x10°-1.3x10'° g* for their
Arctic sea surface microlayer samples. These are compared to 1, tota) Values of 8.2x107 g™ (20 predic-
tion bands: 2.8x107-2.4x108 g!) for F. cylindrus and of 5.8x10% g* (20 prediction bands: 7.0x107-4.8x10°
g?) for sea ice diatoms, respectively, at -27°C, indicating that F. cylindrus and other sea ice diatoms
may contribute to the marine INP in the Southern Oceans and Antarctic seawater, assuming the Wilson
et al. parameterization applies also to these areas.

Figure 10: Now you show values which are normalized on mass (total mass?) At which part did you
include the carbon content (L 494-495) then?

Originally, we only know the number of diatom cells per mL of water, which is why we calculated the
cumulative number n_N of ice nucleating sites per number of F. cylindrus diatoms. In the literature,
many studies (including field studies) provide the cumulative number n_N of ice nucleating sites per
mass. Hence, to compare our freezing data to other studies in the literature the mass concentration of
the F. cylindrus diatoms was required and, thus, the mass per individual F. cylindrus diatom cell myyy-
However, in the literature we only found a value for the mass of carbon per F. cylindrus diatom. Hence,
we needed the mass fraction of carbon in the F. cylindrus diatoms (which we could determine experi-
mentally, see new section 2.4). To make this procedure more clear, we added the calculation of mqt4;
in the manuscript:

For the F. cylindrus samples investigated here, we used the total carbon mass per F. cylindrus cell from
the literature (Kang and Fryxell, 1992) and performed elemental analysis to obtain the carbon content
of our samples, resulting in a value of 39.32 % to calculate the average total mass per individual F.
cylindrus diatom cell of My, = 4.5x10** g. Using these values and our experimental data in Eq. (1),
we have calculated the ice nucleating active sites n,, (otq Of the F. cylindrus diatoms, see the blue
circles in Fig. 7.

L505-507: “All temperatures were corrected for the freezing point depressions of different buffers...”
How did you do it? Did you follow the approach by Koop and Zobrist (2009)?

For the data from Xi et al. (2021), we only received freezing temperature data that were already cor-
rected for the freezing point depression by these authors. Hence, we have used their data for our
comparison plot.

For the data from Ickes et al., we got their raw data with both the uncorrected freezing temperatures
and those corrected for the freezing point depression. Hence, we have used their corrected ones for
our comparison plot.

For our own data, we have obtained the freezing point depression by directly measuring the shift in
ice nucleation temperature between pure distilled water and the artificial seawater that we used. We
have corrected all measured nucleation temperatures of F. cylindrus diatoms in seawater by this tem-
perature shift. We have added the following text:

To allow a direct comparison of ice nucleation of the different diatoms, which were studied in different
types of aqueous solutions, all the ice nucleation temperatures shown in Fig. 7 have been corrected



(either by the original authors or by us) for the colligative solute effect and represent diatom ice nu-
cleation in pure water. We have corrected the freezing temperatures of the F. cylindrus samples by the
measured difference between the T, of pure double-distilled water and pure artificial seawater with-
out any diatoms.

L508-510 Is it necessary to mention this in the main text? It could be sufficient to add this information
as a footnote in Figure 10.

Changed as suggested.

L528 Is there any reason, why you convert °C to K at this late part of the manuscript? You have not
done it before, so why here?

We removed the additional information on the Kelvin temperature range to avoid confusion.
5.Conclusions

General:

The current version of the text rather represents a summary of the manuscript. However, conclusions
are still sparse in this section. I'd recommend adding some real conclusions and a renaming of this
chapter “Summary” or “Summary and Conclusions”.

We have renamed this Chapter to “Summary and Conclusions” as requested and also made some text

changes to that part.

Minor comments:

L67 “can be transported”

We inserted missing word “be”.

L538: Remove “s” from “seas-ice”

The extra letter has been removed.

L538 Check for a consistent writing of “sea-ice diatoms” versus “sea ice diatoms” throughout the man-
uscript

Checked and unified to ,,sea ice diatoms”.
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Answer to reviewer 2

This is a sound set of experiments showing an increase of 7.2 °C in the ice nucleation temperatures for
seawater containing F. cylindrus diatoms when compared to pure seawater. The laboratory study seem
carried out well and the literature review is state of the art. There are two important aspect to be
considered before this paper can be accepted.

We thank the reviewer for this positive evaluation of our study and for the detailed comments that
has improved the revised version of the manuscript.

The paper does not read well and it seems a bit too long. | suggest to merge the results discussion
implication or to short by half all the text in the last two section. Once have a feeling there are many
sentences saying the same and not really giving a clear simple message. Clean up and make a simple
clear concise message.

We have significantly shortened the manuscript by deleting several parts of the Materials and Methods
(subsections 2.3.1, 2.3.2, and nearly entirely 2.3.3 including Figs. 2 and 3) and also the entire subsection
3.1.1 of the Experimental Results (including Fig. 4) and moving them into the Supplementary Infor-
mation. Furthermore, we have edited the sections 3. Results, 4. Discussions and Implications, and 5.
Summary and Conclusions. Following suggestions by reviewer 1, we renamed these sections and also
added some text on the atmospheric relevance of our experimental results on the ice nucleation of F.
cylindrus diatom cells and fragments, as well as sea ice diatoms in general to section 4.

It seems to be that in the abstract and conclusion, and also in the introduction (well written) one of
the main result is the results "that F. cylindrus diatom cells as well as cell fragments suspended in
seawater can induce heterogeneous ice nucleation, while icebinding proteins produced by F. cylindrus
such as fcIBP11 have negligible ice nucleation activity.". This is important and also compared with the
literature, but what is the reason? Any literature support any speculation and possible reasons? This
is in stark contrast with other literature supporting the idea of proteins being important in INP, but
little is discuss in the text of this paper. | suggest to expand this extensively given it seems a major
result. It is also important to give possible biogeochemical reasons of cell fragments being more im-
portant than proteins.

We have now stated this result also in the Summary and Conclusion section. The reason why some ice-
binding ‘antifreeze’ proteins act as at least moderate ice nucleators (such as the Tenebrio molitor
tmAFP) and others show only minute or now ice nucleation activity (such as the fcIBP11 studied here)
is not entirely clear, but a recent modelling study suggest that this may have to do with the ice planes
that they usually bind to (see statement at the end of section 3). However, typical ice-nucleating pro-
teins are usually much larger than these ice-binding ‘antifreeze’ proteins and their large ice-active site
may therefore be much better suited in supporting a newly forming ice embryo. We have enhanced
the section explaining the differences and similarities between ice-binding proteins, antifreeze pro-
teins and ice-nucleating proteins that may also help understanding these phenomena:

The very good ice-binding properties of fcIBP and EPS (mainly polysaccharides and proteins) under
sea ice brine conditions have been reported in previous studies (Krembs et al., 2002; Bayer-Giraldi et
al., 2011; Krembs et al., 2011). Ice-binding proteins (IBPs) bind to ice crystal surfaces and by doing so
can control the crystal growth rate, inhibit ice recrystallization or help to adhere their host to ice (Da-
vies, 2014; Bar Dolev et al., 2016; Guo et al., 2017). Originally, IBPs were known as antifreeze



(glyco)proteins, which protect fish and insects by thermal hysteresis, i.e. by depressing the tempera-
ture where active crystal growth occurs to below the equilibrium melting point temperature (Bar
Dolev et al., 2016). However, not all IBPs have such thermal hysteresis antifreeze properties. For ex-
ample, a recently discovered IBP from the Antarctic bacterium Marinomonas primoryensis binds its
bacterial host to diatoms and the Antarctic sea ice layer (Guo et al., 2017). Furthermore, even ice-
nucleating proteins are sometimes considered to be a subgroup of IBPs, because their active sites ap-
pear to be structurally similar, just much larger, than those of regular IBPs with antifreeze properties
(Davies, 2014; Bar Dolev et al., 2016; Eickhoff et al., 2019; Hudait et al., 2019). These considerations
may imply that the much smaller ice-binding sites of ‘antifreeze’ IBPs could also stabilize the for-
mation of small ice embryos and thereby promote the nucleation of ice from liquid water, however,
only at very low temperatures (Davies, 2014; Bar Dolev et al., 2016; Eickhoff et al., 2019; Hudait et
al., 2019). Indeed, it has been shown both experimentally as well as in molecular dynamics simula-
tions that the ice-binding antifreeze proteins of the mealworm beetle Tenebrio molitor (tmAFP) can
also trigger the nucleation of new ice crystals just a few degree Celsius above the homogenous freez-
ing temperature of water or an aqueous solution (Eickhoff et al., 2019; Hudait et al., 2019). Here, we
explore whether a similar ice-nucleating effect also occurs for IBPs from F. cylindrus.
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Abstract. In this study, we investigated the ice nucleation activity of the Antarctic sea ice diatom Fragilariopsis cylindrus.
Diatoms are the main primary producers of organic carbon in the Southern Ocean and the Antarctic sea ice diatom F. cylindrus
is one of the predominant species. This psychrophilic diatom is abundant in open waters and within sea ice;and-t. It has
developed several mechanisms to cope with the extreme conditions of its environment, for example, the production of ice-
binding proteins (IBP) and extracellular polymeric substances; known to alter the structure of ice. Here, we investigated the
ice nucleation activity of F. cylindrus using a microfluidic device containing individual sub-nanolitere (~90 pm) droplet
samples. The experimental method and a newly implemented Poisson statistics-based data evaluation procedure applicable to
samples with low ice nucleating particle concentrations were validated by comparative ice nucleation experiments with well-
investigated bacterial samples from Pseudomonas syringae (Snomax). The experiments reveal an increase of 7.2 °C in the ice
nucleation temperatures for seawater containing F. cylindrus diatoms when compared to pure seawater. Moreover, also F.
cylindrus fragments show ice-nucleation activity, while experiments with F. cylindrus ice--binding protein (fcIBP) show no
significant ice nucleation activity. A comparison with experimental results from other diatoms suggests a universal behaviour
of polar sea ice diatoms, and we provide a diatom mass-based parameterization of their ice-nucleation activity for use in

models.

1 Introduction

Sea ice is a two-phase medium; composed predominantly of crystalline ice with embedded liquid channels and pockets
(inclusions) where active life can take place. As seawater freezes, dissolved sea salt ions are segregated from the growing ice
lattice and accumulate in liquid brine inclusions, which have a lower freezing point due to their high salinity. Its porous
structure makes sea ice a habitat for various organisms and enables life within the liquid brine network. Higher irradiance
levels in sea ice when compared to the seawater column represent an advantage for photosynthetically active microorganisms

populating the pore space (Eicken, 1992). During sea ice formation, most microorganisms from the water column remain
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entrapped within the ice or are scavenged by floating ice crystals (Ackley and Sullivan, 1994). Species composition changes
with the aging of ice and the stabilization of the brine channel system (Krembs and Engel, 2001), resulting in a dominance of
diatom species producing “sticky” extracellular polymeric substances (EPS) with ice-adhering functions_(Raymond et al.,
1994).

The diatom Fragilariopsis cylindrus (see Fig. 1) is widespread in polar environments and is one of the predominant species
within the Arctic and Antarctic microbial assemblages (Kang and Fryxell, 1992; Poulin et al., 2011; van Leeuwe et al., 2018).
The species thrives within sea ice, where it can be found-distributed along the sea ice column (Bartsch, 1989; Garrison and
Buck, 1989; Giinther and Dieckmann, 2001; Poulin et al., 2011). It is, therefore, considered as-an indicator of sea ice extenet
in paleo-environmental studies for reconstructions of past variations (Gersonde and Zielinski, 2000). F. cylindrus is also
abundant in the water column, for example in the proximity of the sea ice-edge zone (Kang and Fryxell, 1992; Lizotte, 2001)
and in ice-covered waters (Garrison and Buck, 1989). F. cylindrus has developed a range of mechanisms for coping with the
extreme conditions occurring within sea ice (Mock et al., 2017). One prominent example is the production of so-called ice-

binding proteins (IBPs) (Bayer-Giraldi et al., 2011), and of other EPS that are also found in other diatom species (Wilson et

al., 2015; Aslam et al., 2018). F. cylindrus produces several IBP isoforms (fcIBPs), all of which belong to the broadly extended
DUF3494 IBP family (Vance et al., 2019). It was shown that fcIBP isoform 11 affects the microstructure, i.e., the shape and
size, of ice crystals (Bayer-Giraldi et al., 2011; Bayer-Giraldi et al., 2018). Moreover, EPS offer a protective environment to
F. cylindrus in order to cope with the conditions of the sea ice habitat (Aslam et al., 2012a; Aslam et al., 2012b; Aslam et al.,
2018). It has been suggested that fcIBPs accumulate in EPS and, in contact with the icy walls of brine inclusions, alter the pore

space resulting in an increased habitability (Bayer-Giraldi et al., 2011).
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Figure 1: F. cylindrus cell visualized by scanning electron microscopy. (Image courtesy of Henrik Lange and Friedel Hinz, Alfred Wegener
Institute, Germany).

The very good ice-binding properties of fcIBP and EPS may—imply—thatthecorresponding—iee-binding—sites(mainly

polysaccharides and proteins) under sea ice brine conditions have been reported in previous studies (Krembs et al., 2002;

Bayer-Giraldi et al., 2011; Krembs et al., 2011). Ice-binding proteins (IBPs) bind to ice crystal surfaces and by doing so can

control the crystal growth rate, inhibit ice recrystallization or help to adhere their host to ice (Davies, 2014; Bar Dolev et al.,

2016; Guo et al., 2017). Originally, IBPs were known as antifreeze (glyco)proteins, which protect fish and insects by thermal

hysteresis, i.e. by depressing the temperature where active crystal growth occurs to below the equilibrium melting point

temperature (Bar Dolev et al., 2016). However, not all IBPs have such thermal hysteresis antifreeze properties. For example,

a recently discovered IBP from the Antarctic bacterium Marinomonas primoryensis binds its bacterial host to diatoms and the

Antarctic sea ice layer (Guo et al., 2017). Furthermore, even ice-nucleating proteins are sometimes considered to be a subgroup

of IBPs, because their active sites appear to be structurally similar, just much larger, than those of regular IBPs with antifreeze

properties (Davies, 2014; Bar Dolev et al., 2016; Eickhoff et al., 2019; Hudait et al., 2019). These considerations may imply

that the much smaller ice-binding sites of ‘antifreeze’ IBPs could also stabilize the formation of small ice embryos and thereby

promote the nucleation of ice from liquid water—TFherationale-behind-thispropesal-isthefact-that-the-activesitesforiece
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indeed, however, only at very low temperatures (Davies, 2014; Bar Dolev et al., 2016; Eickhoff et al., 2019; Hudait et al.,

2019). Indeed, it has been shown both experimentally as well as in molecular dynamics simulations that the ice-binding

antifreeze proteins of the mealworm beetle Tenebrio molitor (tmAFPY;—which-normallyprevent-the-growth-efexistingice
erystals-at-temperaturesjust-below-0-2C;) can also trigger the nucleation of new ice crystals atlower-temperaturesjust a few

degree Celsius above the homogenous freezing temperature of water or an aqueous solution (Eickhoff et al., 2019; Hudait et

al., 2019). Here, we explore whether a similar ice-nucleating effect dees-eceur-also occurs for IBPs from F. cylindrus.
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Many partieles—ef-biological eriginparticles such as bacteria, viruses, or diatoms have been detected in the sea surface
microlayer as well as in_the thawing permafrost (Leck and Bigg, 2005; Wilson et al., 2015; Irish et al., 2017; Creamean et al.,
2020; Ickes et al., 2020; Roy et al., 2021). Some of these biological particles are—able—tecan increase the ice nucleation
temperature of small water droplets and act as ice-nucleating particles INPs (DeMott et al., 2016; Ickes et al., 2020; Welti et
al., 2020; Creamean et al., 2021; Hartmann et al., 2021; Roy et al., 2021). These biological particles can be transported to the
atmospheric boundary layer by sea spray aerosol droplets (Irish et al., 2019; Steinke et al., 2022). In the polar atmosphere, they
can_be transported over long distances (Santl-Temkiv et al., 2019; Santl-Temkiv et al., 2020). Sea spray aerosol contributes to
ice nucleation under mixed-phase cloud conditions as well as at cirrus temperatures in the upper troposphere (DeMott et al.,
2016; Hartmann et al., 2021; Wagner et al., 2021). Further experiments on diatoms and their EPS show that they are-able-tecan
promote ice nucleation in small droplets of water or seawater (Knopf et al., 2011; Wilson et al., 2015; Ickes et al., 2020; Xi et

al., 2021). Thus, diatoms like F. cylindrus may have-effeets-enaffect ice nucleation in cloud droplets.

There are some differences regarding the relevance of INPs in the Arctic and Antarctic polar regions. While in both polar

latitudes the absolute concentrations of INPs are low, the influence of anthropogenic aerosols and INPs is much larger in the

Arctic due to long-range transport during the Arctic winter (Santl—Temkiv etal., 2019; Santl-Temkiv et al., 2020; Ekman and

Schmale, 2022). During the Arctic summer, aerosol lifetimes are shorter due to increased wet removal preventing long range

transport and thus increasing the importance of locally emitted INPs. In the Antarctic, the influence of anthropogenic aerosols

and INPs is generally much smaller (Stohl and Sodemann, 2010; Ekman and Schmale, 2022). During winter, blowing snow

from the sea ice is the main aerosol source in the southern polar region, while DMS and other organic compounds from algae

bloom are the main source during summer.

2 Material and methods
2.1 Sampling and cultivation of the F. cylindrus diatoms

The investigated F. cylindrus cells belong to the strain TM99 isolated in 1999 from the sea ice of the Weddel Sea, Antarctica,
by Thomas Mock (Polarstern ANT XVI1/3 expedition)—Steek, which took place in the early spring from March to May 1999).

Since then, stock cultures were kept in f/2 medium (Guillard and Ryther, 1962) set up with Antarctic water and cultivated at

0°C and under continuous illumination of approximately 25 pE m? s*!. CellBefore the experiment, cell numbers of the F.

cvlindrus cultures were monitored using a Coulter Counter, and cells were harvested during_the exponential growth phase.

Cell cultures were distributed in 50 mL Falcon tubes each containing about 1x10® cells, and they were centrifuged at 0°C at
3220 g for 30 minutes. The clear spent f/2 medium was carefully separated from the cell pellet by pipetting, and both were

shock-frozen in liquid nitrogen and stored at -80°C.
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2.2 Sample preparation
2.2.1 Preparation of artificial seawater

For the ice nucleation experiments, we used artificial seawater that mimics the natural conditions in the habitat of Antarctic F.
cylindrus diatoms. The salinity in the Antarctic region is about 34.5, which corresponds to 34.5 g salts per 1000 g seawater
(Roy-Barman and Jeandel, 2016), and we prepared artificial seawater of this salinity for dispersing the diatoms and as a
reference for the ice nucleation experiments. For preparing the seawater, the six most important ions were considered, i.e., the
cations Sodium, Potassium, Magnesium and Calcium and the anions Chloride and Sulphate, which together make up for about
99.4 % of the dissolved ions in seawater (Roy-Barman and Jeandel, 2016)—Fhe—required—ecomposition—was—obtained-by

i ino Q o (202 68 -mm q 0- 8 o (504w KC1-53280-8(26- 21 mmeD) MeCh-6H.0,4-4902 5 (13.94

infermation—on. The composition of the salts and their concentrations are given in Supplemental Information Table S1. The

artificial seawater was filtered through a syringe- filter (0.22 pm, Polyethersulfone, SimplePure) in order to exclude any effect

of suspended dust particles on ice nucleation. This filter has been used for all filtrations in this study unless otherwise

mentioned. The samples were stored at a temperature of -18 °C before use.

2.2.2 Preparation of F. cylindrus samples

The initial F. cylindrus samples contained about 10® diatoms per tube, see Sect. 2.1. These samples were placed in a micro
reaction tube and were filled up with the filtered artificial seawater to a volume of 2 mL. The resulting stock suspension of
5x107 cells per mL was used in all experiments. By further dilution with filtered artificial seawater, we generated several more
dilute suspensions with concentrations of 1x107, 2x10°, 1x10% and 5x10° cells per mL. For ice nucleation experiments on the
fragments and exudates of the F. cylindrus cells, we have alse-filtered these five samples-using—a-syringe—filter (022,

In order to identify the ice-nucleating entities of the F. cylindrus eellssamples, we separated the different components by means
of filtration and centrifugation. We filtered a 2x10°1x107 cells per mL F. cylindrus suspension-using-a-syringe-filter (022 pm;
Polyethersulfone;SimplePure);, such that the F. cylindrus cells should remain in the filter while smaller fragments of destroyed
cells and any soluble species such as soluble ice-binding protein fcIBP11 should be able to pass the filter, see Fig. S1 in the
Supplemental Information for details. Thereafter, we recovered the filter cake containing the whole F. cylindrus cells and
larger cell-fragments by shaking the filter in a vial with artificial seawater. Although we used the same volume of artificial
seawater as for the preparation of the original cell suspension, we surmise that the concentration of the resuspended diatoms

is lower than the initial concentration-. From the comparison of the frozen fraction curves obtained with the sample with those

of unfiltered samples (see below) our best estimate of the concentration is about 2x10° cells per mL- (estimated uncertainty

range 1x10% — 1x107 cells per mL). Finally, the cell suspension was filtered again (0-22-pm;PolyethersulfoneSimplePure)
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for comparison with the pure artificial seawater sample. To verify the method, all steps were also done with a vial of pure

artificial seawater without suspended F. cylindrus cells.

We also performed ice nucleation experiments on fresh /2 medium (Guillard and Ryther, 1962) as well as on the spent f/2
medium, in which the F. cylindrus diatoms were actually grown. The sample preparation procedure is described in detail in
Supplemental Information Fig. S2. The spent /2 medium should not contain many cells, because they were separated by
centrifugation. Nevertheless, we filtered the medium-with-a-syringe-filter (0-22-pm; Polyethersulfone;-SimplePure);, such that
only small fragments and soluble proteins (e.g., fcIBP11) should have remained in the filtrate (Bayer-Giraldi et al., 2011). In
the next step, this sample was centrifuged using a 100 kDa centrifugal filter (Polyethersulfone, satorius Vivaspin 500, 15000g)
such that the remaining solution should not contain any diatom fragments but only smaller soluble molecules such as the
soluble fcIBP11 protein. For comparison, we also applied the identical centrifugation step with freshly prepared f/2 medium

that had never been in contact to any diatoms.

2.2.53 Preparation of P. syringae samples

In additional experiments, we verified our Poisson evaluation procedure (see Sect. 2.3.3). For this purpose, we used well-
studied bacterial cells of P. syringae, commercially available as Snomax®, from the same batch as investigated in previous
studies (Budke and Koop, 2015; Wex et al., 2015). The molecular mass of the individual ice-nucleating proteins in the bacteria
is about 150 kDa (Wolber et al., 1986; Govindarajan and Lindow, 1988). A suspension of P. syringae with a concentration of
4 mg per mL was prepared from dry Snomax with double-distilled water. By diluting this stock suspension with further double-
distilled water, we also prepared additional more dilute suspensions with concentrations of 1x102, 2x10-3 and 1x10-* mg per
mL. Using an average value of the cell number density of 1.4x10° cells per mg (Wex et al., 2015), these mass concentrations

correspond to cell concentrations of 1.4x107, 2.8x10% and 1.4x10° cells per mL.

2.2.64 Preparation of fcIBP11

Previous studies suggest that fcIBP11 plays a major role in the response of F. cylindrus to freezing conditions (Bayer-Giraldi

et al., 2010), by binding to ice and affecting ice crystal growth (Bayer-Giraldi et al., 2011; Bayer-Giraldi et al., 2018)—Fhe

BP nrotein elono o—the D £3404 BP 2% h h nresen ats) e he-1mo broad nreadJBP m often
B B d VoW Y H d Y a B a y

found-in-—sea—ice-microorganisms—. For our experiments, we used the recombinant fcIBP isoform 11 (EMBL Heidelberg),

GenBank accession no. DR026070. The protein was expressed as previously described (Bayer-Giraldi et al., 2011) and
resuspended in Tris-HCl buffer (pH 7.0). For determining the ice nucleation activity of fcIBP11, we prepared a stock solution
with a fcIBP11 concentration of 0.1 mmol L-'. We diluted this sample by a factor of ten to a concentration of 0.01 mmol L'
using Tris-HCI buffer (pH 7.0) and performed ice nucleation experiments on both sample solutions with the modified

WISDOM microfluidic experiment (Reicher et al., 2018; Eickhoff et al., 2019), see below.

6
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2.3 Experimental methods for ice nucleation experiments
2.3.1 Differential scanning calorimetry

A classic method for the investigation of homogeneous and heterogeneous ice nucleation is differential scanning calorimetry
(DSC) of emulsified droplets (Rasmussen and MacKenzie, 1972; Koop, 2004). Here, we used a DSC apparatus (TA-
Instruments, DSC-Q100), which was described in detail previously including its calibration procedure (Riechers et al., 2013).
As bulk samples notoriously suffer from unwanted impurities, we performed measurements of inverse water-in-oil emulsion
samples containing micrometre-sized droplets. As many thousands of droplets are investigated simultaneously, such samples
allow the detection of very reproducible exothermic heterogeneous ice nucleation signals down to the homogeneous ice

nucleation temperature of about -38°C (Pinti et al., 2012; Riechers et al., 2013; Dreischmeier et al., 2017). Further information

on the emulsion preparation procedure is given in the Supplemental Information.

The DSC experiment has been used as a simple and direct method to check whether F. cylindrus diatoms are potential ice

nucleators or not. The method does not allow for the observation of single droplets, and we can only study cell fragments but

not intact cells because the latter are disrupted during the emulsion preparation process. Therefore, we have used the WISDOM

microfluidic device, which is described below, as the main experimental method in this study.

2.3.2 WISDOM microfluidic device

Most of the ice nucleation experiments presented in this study were carried out using droplet microfluidics. In particular, we
used a microfluidic device based upon the WISDOM (Welzmann Supercooled Droplets Observation on a Microarray)
experiment (Reicher et al., 2018; Reicher et al., 2019), with some minor modifications for a setup operated at Bielefeld
University, including adapted temperature and heating rate calibrations, see a previous in-detail description (Eickhoff et al.,

2019). These modifications and the general procedure for the sample preparation are given in the Supplemental Information.




205

210

215

220

225

230

2.3.3 Evaluation procedure for samples with small INP concentrations

Ice nucleation studies using larger-volume droplet arrays usually employ relatively high concentrations of INPs_per droplet,
e.g. mineral dust particles or bacterial cells;-with (Budke and Koop, 2015; Hiranuma et al., 2015; Wex et al., 2015; DeMott et
al., 2018; Hiranuma et al., 2019; Kunert et al., 2019; Ickes et al., 2020), to ensure that freezing is induced at a largenumberof
el

temperature that is higher than that triggered by the supporting surface or minute amounts of impurities contained in the water.
In the present study, the INP-coneentrations-were-muehlowertotal amount of INPs was small due to the limited availability of

F. cylindrus cells:, suggesting the use of small droplet methods which require less total INP material. We investigated droplets

with a diameter of 90 um, corresponding to a volume of about 380 pL. Another, probably more important advantage of using

these small droplet volumes is that we can measure ice nucleation down to the homogenous freezing temperature of water

(Riechers et al., 2013; Reicher et al., 2018; Tarn et al., 2021), enabling also the investigation of rather poor ice nucleators. As

the concentrations ¢ of F. cylindrus cells varied between 5x10° and 5x107 cells mL"!, the corresponding average INP
concentrations wereranged between abeut-enly-0.19 upteand 19 _diatom cells per droplet. It becomes immediately clear that
when the average INP concentration A is smaller than 1, i.e. on average less than one cell per droplet, there must be droplets

devoid of any cells, because the number of cells in an individual droplet can only be an integer (assuming only whole cells —

8



235 without fragments — being present). In such a case, heterogeneous ice nucleation cannot be triggered in every droplet, but only
in those containing at least one cell. Hence, homogeneous ice nucleation is to be expected to occur in the ‘empty’ droplets.
Moreover, even if the average INP concentration A is exactly one per droplet, there will be a few droplets that contain two or
more INPs and, thus, other droplets that do not contain any INPs. The distribution of INPs among microfluidic droplets at
small average INP concentration can be described using Poisson statistics (Huebner et al., 2007; Koster et al., 2008; Edd et al.,

240 2009; Collins et al., 2015)- sebas : an-beused-tod be-the probability 2 at-an-individua
dropletcontains-exactly k- INPs—when-the-averageconecentration—isA-INPs—per-droplet:. The detailed documentation of this

procedure is given in the Supplemental Information.
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heterogeneod s e e eenated S £l setion—etdeaple ontaining-at-Jeast-one INP.2.4 Elemental
analysis

The total carbon content of the F'. cylindrus samples has been determined using elemental analysis. For this purpose, an amount

of 0.7 mg F. cylindrus diatoms was combusted at a high temperature (T > 1000 °C) in a Tin-crucible and the composition

was analysed using a commercially available elemental analyser (EuroVector, Euro EA).
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3 Results-and-Discussion

355 3.1 Ice nucleation of F. cylindrus

311 Differential Seannine Calori

As-an-initial-experimentlnitially, the ice nucleation activity of F. cylindrus diatom cells was studied by differential scanning
calorimetry- - ; iorr_(DSC). We found that fragments or exudates of pure-artificial

seawaterF. cylindrus diatoms are potential ice nucleators as a-reference-was-compared-with-an-emulsion-of artificial seawater
360 the sample containing 107 Eeylindruscelsperml see Fig4-
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detail in the Supplemental Information and in Fig. S8. These experiments appearto-us-asnotsuitable-foraquantitative-analysis

initiated a more detailed study using the WISDOM-microfluidic device. First, we investigated the ice-nucleating properties of

samples containing F. cylindrus diatemsdiatom cells, as well as fragments and exudates, at different concentrations suspended
in artificial seawater. Ferthis-purpesewe-madeuse-ofWe used the droplet microfluidic devices described in Sect. 2.3.2 above.

The results of these experiments are presented in Fig. Sa2a, which shows, as a function of temperature, the frozen fraction of

droplets f;.., commonly defined as the cumulative number of droplets frozen when cooled to a certain temperature relative to
the total number of droplets (Murray et al., 2012). Thus, fi..; is practically independent of the total number of droplets
investigated in a particular experiment. In our case, the number of droplets varied between 45 and 70 droplets per single
measurement, and typically three single measurements per sample were performed. Figure 5a2a shows that the freezing
temperatures of all F. cylindrus samples (coloured symbols) are higher than that of the artificial seawater reference sample

(grey symbols), hence supporting the observations from the DSC experiments abeve-that the F. cylindrus diatoms promote ice

15



nucleation. To compare the different samples, we use the Ts, temperature, which is defined-as-thatthe temperature at which
half of the observed droplets are frozen, i.e. fice = 0.5. For the artificial seawater, we measured a Ts, of -40.1 °C, and T5, of
the F. cylindrus suspensions is-shifted to a higher temperature by between about 2.8 °C to 7.2 °C with increasing diatom
concentration. Detailed information on the increase in Tso of the different concentrations is given in the-Supplemental
400 Information Table S4. This significant concentration dependence of the Ts, shift reveals that not all diatoms nucleate ice at

exaetly-the same temperature and implies a distribution of the ice nucleation efficiency as has been observed previously also
for other ice nucleators (Herbert et al., 2014; Budke and Koop, 2015).
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Figure 52: Cumulative fraction of frozen droplets as a function of temperature for different F. cylindrus cell concentrations (coloured circles)
405  and pure artificial seawater (grey circles) as a reference. The size of the circles indicates the number of droplets frozen within the same
temperature interval (0.1 °C). EachEvery dataset combines three individual measurements containing each between 45 and 70 droplets. (a):

Frozen fraction curves for the five F. cylindrus samples, containing mostly whole diatoms and, probably, some fragments. (b): Freezing
temperatures of the same-samples-shown-inpanel(a); but-after filtration—-with-aperesize-of 022 pm-filtered (0.22 um) samples. These
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samples, thus, contain no whole cells but fragments as well as proteins and other soluble components. Note that the concentrations refer to
the diatom concentrations before filtration. The seawater reference (grey circles) is the same in both panels.

This faetean-beis visualized better by plotting the cumulative number ny of ice nucleating sites per number of F. cylindrus
diatemsdiatom cells, defined in Eq. (S2S9), as a function of freezing temperature, see Fig. 63. This ny value is independent of
the concentration of investigated INP and of the size of the investigated droplets; but can be measured for a wide range of
temperatures using different concentrations, and allows for the comparison with results from other experimental techniques
(see discussion below). Figure 63 reveals that at -30.0 °C, ~0.1 % of the F. cylindrus diatemsdiatom cells promote ice
nucleation, which increases to ~1 % at -32.0 °C and ~10 % at -33.5 °C. Between about -35.0 °C and -36.5 °C all diatemsF.
cvlindrus cells trigger the nucleation of ice, i.e. ny = 1. By definition, ny values larger than one should not be possible,
because it would imply that one diatom can induce the freezing of more than one droplet, which is unreasonable. The highest
ny values occur at the lowest diatom concentrations and, therefore, we must consider the-Poisson range-defined-abevestatistics,
i.e. whether or not each droplet dees-indeed contains a diatom cell. Following the treatise mentioned in Sect. 2.3.3 and outlined

in detail in the Supplemental Information, and using Eq. (#S7), we indicate in Fig. 63 all the droplets that contain at least one

diatom as filled circles, while all droplets that do not contain any F. cylindrus_diatom cells are displayed as open circles. This
analysis reveals a relatively sharp transition between filled and unfilled circles at ny values of about one ice nucleating active
site per diatom cell. All droplets frozen at ny = 1 (and lower temperatures) do not contain intact F. cylindrus diatemscells.
We suggest that their freezing is induced by cell fragments or by INPs released by the F. cylindrus diatoms, e.g. soluble species

from the EPS such as proteins-_or polysaccharides. A similar behaviour has been observed previously for birch pollen that

release about 10* ice nucleators per pollen particle, which turned out to be ice-nucleating macromolecules (Pummer et al.,

2012; Augustin et al., 2013; Pummer et al., 2015; Dreischmeier et al., 2017).

] o # frozen droplets |
10 Ooo o o000 0
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Figure 6:Cumulative3: The cumulative number of ice nucleating sites ny per number of F. cylindrus diatom cells as a function of
temperature, obtained from the data shown in Fig. 5a2a with the help of Eq. (S2S9). The original data were binned into intervals of 0.5 °C.
The size of the-eirele symbols indicates the absolute number of droplets frozen in a particular bin, and the cell concentrations per mL are
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indicated by colour. The filled circles represent the droplets that contain whole F. cylindrus cells, while Poisson statistics suggest that the
open circles should not contain any wheleintact diatoms but probably some cell fragments, see text.

To verify the above interpretation, we performed experiments in which the samples from the measurements shown in Fig. 5a2a
and Fig. 63 were filtered with a pore size of 0.22 um. This procedure shouldremeveremoves intact whole diatoms, whesesize
iswhich are about 4.5 to 74 um for the apical axis and 2.4 to 4 um for the transapical axis (Lundholm and Hasle, 2008; Cefarelli
et al., 2010). In Fig. 5b2b, the cumulative fraction of frozen droplets of these filtered samples is shown. The symbol colours
represent the same suspensions as shown in Fig. 5a2a, but this-timefiltered, and the artificial seawater reference data is identical
to that in panel (a). All frozen fraction curves are shifted to lower temperatures when compared to the unfiltered samples,
suggesting a significant but not entire removal of INPs. Only the filtrate of the suspension with the smallowest concentrations
reveals a Ty that is the same as the seawater reference (-40.1 °C), suggesting that this sample does not contain any significant
concentration of INPs after filtration. All other filtrated suspensions show Ts, values that are higher by between 2.6 °C and
6.4 °C relative to the seawater. For further information on the Ts shifts, see Supplementary Table S4. Together these results
imply that indeed-either fragments of F. cylindrus or molecules released by the diatoms can nucleate ice, but with a significantly
reduced efficiency than intact diatoms. Moreover, these results can also explain the observations in Fig. 63 of ice nucleation
of droplets at ny = 1 that sheulddo not contain any diatemsfull diatom cells. Below, we present further experiments to

investigate the nature of the ice-nucleating particles.

3.32 Ice nucleation of resuspended F. cylindrus cells

In the following experiments, we tried-to-separate-diatoms-separated diatom cells from their fragments or any-released INPs.

For this purpose, the sample suspension of F. cylindrus with a concentration of 1x107 cells per mL, which was shown already
in Fig. 5-abeve2, was analysed further, and the results are presented in Fig. 74. The green data points are those of the unfiltered
sample and is identical to that shown in Fig. 5a2a, and the magenta data points isare identical to the filtered solution already
presented in Fig. 5b2b (there as green data points). This-sample suspension should contain only INPs smaller than 0.22 pm.
Next, most (but not all) of the diatom cells and fragments contained in the filter cake of that filtration procedure were
resuspended in artificial seawater. Thus, the concentration of the resuspended cells is probably-significantly-smaller than-about

2x10° cells per mL (estimated uncertainty range 1x10° — 1x107 cells per mL-). The frozen fraction of that sample is shown as

the orange data points in Fig. 74 and shows the same ensetice nucleation onset temperature of about -32.5 °C as the original
unfiltered suspension (green);. kHowever, the curve is muaeh-broader, suggesting that it indeed-eontainmuehcontains less of
the most active ice nucleators. r-erdertoTo verify that all fragments smaller than 0.22 pm had been leached out during the
first filtration step, this resuspended filter cake sample was filtered again with a 0.22 pm filter. The results of this procedure
on the freezing behaviour isare shown as the blue circles in Fig. 7-Fhese4. The frozen fraction data areis practically identical
to that of the artificial seawater, stronghy-suggesting that indeed-filtration of the pure whole cells hads been successful and
hardly any fragments smaller than 0.22 um are left in the filtrate. This analysis also implies that the ice nucleation of the

unfiltered suspension is due to whole cells as well as cell fragments; but not due to ice-nucleating molecules released from the
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diatoms. The Ts, shift upon filtration of about 1.5 °C is similar in magnitude to the effect of reducing the concentration of the
unfiltered diatoms from 5x107 cells per mL to 1x107 cells per mL, i.e. by a factor of 5. This similarity may indicate that

fragments make up about 10-20% of the INPS in the unfiltered samples, which isin-agreementagrees with the fact that some
ice nucleation is observed for values of ny = 1, see Fig. 63.
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Figure 74: The frozen fraction of a sample with 1x107 F. cylindrus diatoms per mL after different treatments. The symbol size indicates the
total number of droplets frozen at that temperature. The green coloured data are the untreated sample and are the same as those in Fig. 5a2a.
The magenta data are the filtered sample that should just contain fragments of the diatoms. It is the same data as the green data in Fig. 562b.
The grey data points show the freezing of the artificial seawater for reference (also replotted from Fig.5 2). The orange data show the freezing
of the diatoms that were resuspended from the filter into artificial seawater. Its concentration is likely smaller than 1x107 cells per mL,

because not all cells could be resuspended. The blue data points represent the freezing of the droplets consisting of the resuspended cell
suspension after renewed filtration: it should not contain any diatoms or fragments.

3.43 Ice nucleation of spent medium and of purified fcIBP11

We also investigated the spent f/2 medium (Guillard and Ryther, 1962), i.e., the medium in which the F. cylindrus diatoms
were cultivated before they were separated by centrifugation to investigate their ice nucleating effects. Separation of the
diatoms from the spent f/2 medium by centrifugation is not perfect and; hence, smaller fragments, as well as soluble
macromolecules such as proteins, may remain in the spent medium. These may be potential ice nucleators, as it has been shown
previously that even smaller ice-binding antifreeze proteins can act as ice nucleators at lower temperatures (Eickhoff et al.,

2019).

In Fig. 85 we compare the frozen fraction curve for the spent /2 medium (light green circles) with that of a freshly prepared

172 medium, which never had been in contact tewith any F. cylindrus diatoms (olive circles). Clearly, the spent medium, even
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after centrifuging off the diatoms, shows significant ice nucleation with a Ts, of about -35.7 °C, while the Ts, of the fresh
medium is much lower at -40.0 °C. In additional experiments, the spent medium has been filtered in two further steps, first by
using a 0.22 um syringe filter (light blue circles) and then by using a 100 kDa centrifugation filter (pink circles). For
comparison the fresh medium has been also filtered with a 100 kDa centrifugation filter (purple circles). Obviously, filtration
of the spent medium with a 0.22 um filter shows hardly any effect on ice nucleation as its T, is shifted to -36.0 °C, which is

the same as the unfiltered sample within the temperature uncertainty of our setup of £0.3 °C.
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Figure 85: Frozen fraction of differently treated f/2 nutria media as a function of temperature. The olive and purple circles belong to a fresh
f/2 medium that is untreated (olive) or had been filtered using a 100 kDa filter (purple). The green, blue and pink circles belong to the
untreated, 0.22 pm filtered and 100 kDa filtered spent medium, in which the F. cylindrus diatoms had grown before they were centrifuged
and separated from the medium.

In contrast, filtration with a 100 kDa filter resulted-ina-strenglysubstantially reduced_the ice nucleation with a Tsyvalue of -
40.6 °C, which is the same as that of the filtrated fresh medium of -40.7 °C, suggesting that the 100 kDa filter removed all
remaining ice nucleators present in the spent medium. This observation suggests that any macromolecules smaller than 100
kDa that were present in the spent medium are not ice nucleation active, because otherwise they hadwould have passed the
filter and led to an increased Ts, when compared to the fresh medium. The ice-binding proteins present in and/or released from
F. cylindrus are similar in size to the well characterized fcIBP11, which is about 26 kDa (Bayer-Giraldi et al., 2011). Thus,
ice-binding proteins released by the F. cylindrus into the spent medium should have passed the filter and could have induced
ice nucleation; if they had significant ice nucleation activity. However, the results shown in Fig. 85 do not reveal any ice
nucleation activity-and;—thus;—ean. This may be interpreted as follows. Either;-any proteins remaining in the filtrate do not
promote ice nucleation ors-alternativelss F. cylindrus does not release any proteins into the spent medium. r-erderteTo shed
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further light on the ice-nucleating ability of ice-binding proteins from F. cylindrus, we studied purified fcIBP11 samples in
additional experiments. We studied the ice nucleation activity of two fcIBP11 solutions of different eencentration-as—well
asconcentrations and that of the pure Tris-HCI buffer for comparison. The results are presented in Fig. 96. The two fcIBP11

samples with eeneentrations-o£0.1 mM (dark blue circles) and 0.01 mM (light blue circles) concentrations reveal Ts, values

of -39.8 °C and -39.4 °C, which are equal to the Ts, = 39.7 °C of the buffer reference (black circles) within experimental
temperature uncertainty (+0.3 °C). Thus, no significant shift in the freezing temperature is observed, and even when
considering the increased ice nucleation temperature of the fcIBP11 at frozen fractions below about 25% it appears that fcIBP11
is not an efficient ice nucleator with relevance for atmospheric or biospheric processes, owing to its unnaturally high
concentration in the droplet samples investigated here. These observations are-in-a-good-agreementagree with recent theoretical
studies, which suggest that moderate_‘antifreeze’ IBPs show no nucleation of ice perpendicular to the basal and prismatic ice
planes (Cui et al., 2022). And indeed, these basal and prismatic planes are exactly those planes; at which the moderate fcIBP11
binds to ice (Kondo et al., 2018).
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Figure 96: Cumulative frozen fractions as a function of temperature of droplets containing fcIBP11 solutions with concentrations of 0.1
mmol per L (dark blue) and 0.01 mmol per L (light blue). The black circles show the freezing of the Tris-HCI buffer for reference. The circle
area indicates the number of droplets frozen at a particular temperature.

Overall, the results show that F. cylindrus diatom cells as well as cell fragments suspended in seawater can induce
heterogeneous ice nucleation, while ice-binding proteins produced by F. cylindrus such as fcIBP11 have negligible ice

nucleation activity.
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4 Discussion and Implications

Here, we put the above results-ebtained-abeve in the context of previous ice nucleation studies on diatoms. Triggered by the

pioneering initial laboratory studies of marine diatom-induced ice nucleation (Alpert et al., 2011; Knopfet al., 2011) modelling
studies have shown that in some regions of the atmosphere, marine diatoms may indeed-contribute to_the atmospheric INP
(Burrows et al., 2013; Ickes et al., 2020)tn-orderto. To use laboratory ice nucleation data in such models, the data have-temust
be evaluated and parameterized appropriately. For example, a direct comparison of Ts, or fic originating from different
laboratory studies on different types of INPs it not meaningful, as different sample volumes, INP concentrations, buffer
concentrations, etc. may have been used. Therefore, it is preferable to compare the cumulative number of ice nucleating active
sites per mass, surface area or the number of the INPs. Here, we make a comparison based on total INP mass, using the
following definition of the cumulative number of ice nucleating active sites per mass n,, ¢ora) (Murray et al., 2012; Hiranuma

et al., 2015; Hiranuma et al., 2019; Xi et al., 2021).

_ —In(1-fjce)
MNm_total =

G2V

Cm_total'V

Here, V is the volume of an individual droplet in the experiment and ¢, yota) 1S the total mass of biological material per droplet.

For the F. cylindrus samples investigated here, we used the total carbon mass per F. cylindrus cell from the literature (Kang

and Fryxell, 1992) and used-elementaryperformed elemental analysis to obtain the carbon content of our samples, resulting in

a value of 39.32 %% to calculate the average total mass per individual F. cylindrus diatom cell of my . = 4.5x10""" g. Using
these values and our experimental data in Eq. (81), we have calculated the ice nucleating active sites Ny, yora 0f the F. cylindrus
diatoms, see the blue circles in Fig. 407. (We have fitted this data set and provide a corresponding parameterization, see
Supplementary Fig. S6S9 and Eq. (83510).) Also shown in Fig. +07 are n,, ,ta data of other the sea ice diatoms Melosira
arctica (blue squares) and Nitzschia stellata (blue triangles) and of the temperate diatom Skeletonema marinoi (open redorange

circles) from previous studies (Ickes et al., 2020; Xi et al., 2021).

22



560

565

570

|575

.
123
10°7 1 ~ F. cylindrus (this study)
- M. arctica (Ickes et al. 2020)
100 4 . N. stellata (Xi et al. 2021)
A\ . == Fit to sea ice diatom data
(@)} E >
~ 108 3 | S. marinoi (Ickes et al. 2020)
©
§ -
|
& 106 4
10% 4
3 S
102 . . . ——T
-35 -30 -25 -20 -15 -10 -5

temperature / °C

Figure 407: Experimental data of m,, ¢tal, i.€. the number of ice active sites per total mass of F. cylindrus diatom cells (blue circles) and
other sea ice diatoms (blue squares and triangles) from previous studies, as well as T, tora data for one temperate diatom species (open
redorange circles) (Ickes et al., 2020; Xi et al., 2021). The solid line represents a fit of the n,, ¢ota) values for the three sea ice diatom species
(see Eq. (92)), while the dashed lines indicate the 26 upper and lower prediction bands of this fit. All temperatures were corrected for the
freezing point depressions of different buffers and solutes, so that they represent the ice nucleation induced by the diatoms in pure water.

_The RzesearTm total Values for N. stellata were provided by the authors (Xi et al., 2021). For M. arctica and the S. marinoi, we calculated
HzesmtMm _total from the total number of cells given in the original work and provided by the authors (Ickes et al., 2020), and assume cell
volumes of 653 pum?® and 125 um® and a cell density of 1 mg mL! (Olenina et al., 2006; Xi et al., 2021)-In-orderte.

To allow a direct comparison of ice nucleation of the different diatoms, which were studied in different types of aqueous

solutions, all the ice nucleation temperatures shown in Fig. 487 have been corrected (either by the original authors or by us)

for the colligative solute effect and represent diatom ice nucleation in pure water. We have corrected the freezing temperatures

of the F. cylindrus samples by the measured difference between the Ts, of pure double-distilled water and pure artificial

seawater without any diatoms.

The comparison in Fig. 107 reveals that the curves of the three sea ice diatoms complement one another as 1, oa values of
different magnitudes have been obtained over different temperature ranges. Interestingly, while there-are-some offsets_exist
between the different data sets, their slopes are quite similar. In contrast, the slope of the n,, 1t data of the temperate diatom
is significantly smaller. The observed similarities of the sea ice diatom data sets suggest a more generalized description of their
behaviour in models. For this purpose, we fitted these data sets to provide a parametrization of 71, (o4 as a function of
temperature. The three different data sets consist of different numbers of data points, which waswere taken into account in
order to give each data set the same statistical weight. We further note that one strongly deviating data point from the M.
arctica data set (indicated as an open square in Fig. +07) was excluded from the fitting procedure. The resulting

parameterization is given as:
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logrrm——g=10810 (M tota1 &~ 1) = —0.420053 °C™* - T — 2.57818
(92)

where T is temperature to be entered in units of °C. For numerical code verification, Eq. (92) should result in a value for

P m._total OF 6.7x10° g'! at a temperature of -20.0 °C. This parametrization is valid over the temperature range between -

13.7 °C to -34.5 °CHe5259-45-t0-238-651).. The parameterization is shown as the thick solid line in Fig. 407, and the upper
and lower 2c prediction bands are given as dashed lines. In summary, Fig. 187 shows that the parameterization line and its
prediction bands are an appropriate representation of the ice nucleation activity of three types of sea ice diatoms suitable for

use in atmospheric or biogeosciences model applications.

5 Conclusions
£

In the following, we put the ice nucleation data of F. cylindrus and the other sea ice diatoms into context by comparing to field

studies. Wilson et al._(2015)_provided experimental evidence for a marine biogenic source of ice nucleating particles and

suggested that exudates and fragments of diatoms as a source of the ice nucleating material located in the sea surface

microlayer. Their low-temperature freezing data reveals a cumulative number of ice nucleating active sites per total organic

carbon mass n,, roc_of ~1.3x10" g'! at -27 °C (calculated from the equation given in the caption of their Fig. 2), which is the

low-temperature end of their data, and the most relevant to the present study. To compare this value to the n,, 1oa;_values

given in Fig. 7, we estimated that the organic carbon content of their samples varies between 39.32% (representing the organic

carbon content of F. cylindrus cells, see above) or 100% (representing a purely organic carbon composition), resulting in a

range of Ny, yora Of ~5.0x10%-1.3x10' o' for their Arctic sea surface microlayer samples. These are compared t0 Ny, total

values of 8.2x107 ¢! (26 prediction bands: 2.8x107-2.4x10% ¢!) for F. cylindrus and of 5.8x10% ¢! (25 prediction bands:

7.0x107-4.8x10° g'!) for sea ice diatoms, respectively, at -27°C, indicating that F. cylindrus and other sea ice diatoms may

contribute to the marine INP in the Southern Oceans and Antarctic seawater, assuming the Wilson et al. parameterization

applies also to these areas.

In another comparison, we use measurements of insoluble aerosol particles made at Amsterdam Island in the Southern Indian

Ocean (Gaudichet et al., 1989). These measurements show that marine biogenic particles make up between 8 and 28% of the

number of detected particles and that these were predominantly assigned to Radiolaria and diatom fragments (identified as

amorphous silicates), with about 27 % or 2.7x10* m™ particles observed in the southern winter (July) and fewer in fall (May,

8 %, 2.4x10* m?) and spring (September, 7 %. 1.8x10° m?3). If we assume that all Radiolaria and diatom fragments can be
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attributed to F. cvlindrus diatoms, we can calculate the mass concentration of F. cylindrus diatom cells per cubic meter of air

from the mass per individual cell (My, = 4.5x10"'" g, see above), yielding values of 1.2x10°° g m™ air (July), 1.1x10% g m"}

air (May), and 8.1x10® ¢ m™ air (September). Using the parametrization of the cumulative number of ice nucleating active

sites per mass F. cylindrus in Eq. (S10), we calculate a n,, (o¢a1_value of 8.2x107 ¢! (20 prediction bands: 2.8x107-2.4x10% g

1) at -27 °C, see above, from which we can derive the ~88 INP m™ air (25: 3-250) at -27 °C in fall (May) . This value can be

compared to in situ total INP measurements in the Southern Ocean south of Australia in fall (March-April) yielding values

between 34 and 207 INP m? air at -27 °C (McCluskey et al., 2018). Although the above calculations are order of magnitude

estimates , the comparison shows that it is not unreasonable that sea ice diatoms such as F. cylindrus and their fragments may

constitute a significant fraction of the INP in the Southern Ocean and Antarctic waters.

5 Summary and Conclusions

Cells and fragments of F. cylindrus diatoms can induce heterogeneous ice nucleation in artificial seawater by as-mueh-asup to

7.2°C higher than-pure-seawatertemperature (for the highest-diatomlargest concentration investigated, {i.e., 5107 cells per

mL).) than the homogeneous ice nucleation temperature in pure seawater. We also observed an ice nucleating effect of

fragments smaller than 0.22 pm, in agreement with previous observations of the relevance of nanoscale biological fragments
for ice nucleation in-elouds—We(O'Sullivan et al., 2015; Wilson et al., 2015; Irish et al., 2017; Irish et al., 2019; Hartmann et

al., 2021). For the ice-binding (antifreeze) protein fcIBP11, we did not observe any evidence for promoting ice nucleation at

low temperatures.

Using the information that F. cylindrus may serve as INPs, we can estimate their atmospheric relevance. Due to their smaller

size and, thus, longer atmospheric residence time, especially fragments of diatoms are expected to be relevant for atmospheric

ice nucleation because the atmospheric lifetime of entire F. cylindrus diatoms is estimated to be below one day due to

deposition (Hobbs, 2000; Seinfeld and Pandis, 2016). There are only a few studies that describe the aerosolization and

atmospheric transport processes of diatoms and diatom fragments as well as their atmospheric detection at different altitudes

(Brown et al., 1964; Gaudichet et al., 1989; Leck and Keith Bigg, 2008; Burrows et al., 2013). Based on order-of-magnitude

estimations comparing field observations of the Southern Oceans with our laboratory results, we suggest that diatoms like F.

cvlindrus as well as their fragments may contribute to ice nucleation in marine environments of the polar regions at low

temperatures where sea ice diatoms become active for ice nucleation (Fig. 7). To improve these estimates, more observations

of the atmospheric abundance of diatoms and INPs in general and in the Antarctic marine environments are required and

modelling studies of the sea-to-air transfer of diatoms and their fragments are needed. In this respect, we observed a common

behaviour of the cumulative number of ice nucleating active sites per mass of diatom among three different types of sea ice

diatoms. This similarity may originate from a similar biological function of the ice nucleation ability in seas- ice diatoms, and
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a corresponding parameterization developed thereof may simplify the representation of their properties in atmospheric

biegeoseientifieand biogeochemical models.
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Supplemental Information

Differential scanning calorimetry experiments

The principle preparation procedure for the water-in-oil emulsion (w/0) samples was almost identical to the method described

carlier (Dreischmeier et al., 2017). 1 mL of 7 wt% emulsifier Span®65 (Merck) dissolved in 93 wt% of a mixture of 50 vol%

methylcyclopenthane (Acros Organics, 99 %) and 50 vol% methylcyclohexane (Acros Organics, 95 %) was used as the organic

phase. The aqueous phase consisted of 1 mL of an F. cylindrus suspension with a concentration of 1x107 cells per mL, see

Sect. 2.2.2 in the main paper, or alternatively of 1 mL of pure artificial seawater for comparison. The mixtures of the organic

and aqueous phase were subsequently emulsified by stirring with a high-speed disperser (IKA Ultra-Turrax T25 basic) for

10 min at 20°000 rpm. For a DSC measurement, about 10 mg of such an emulsion was filled into an aluminium pan that was

sealed hermetically and then transferred into the calorimeter. The samples were cooled at a rate of -5 °C per min down

to -60 °C, and subsequently reheated, first at 5 °C per min and then, in the temperature range between -20 °C and +5 °C, at

1 °C per min.

WISDOM microfluidic device

For the droplet generation, we used two syringe pumps (neMESYS NEM-B101-02 E), one filled with the aqueous sample and

another with an organic phase consisting of 2 wt% Span®80 (Merck) dissolved in 98 wt% of a mineral oil (Sigma-Aldrich

mineral oil M3516). The microfluidic chip was connected to the pumps with PTFE tubes. The droplets generated within the

chip had diameters of 90 pm £5 pm.




For the freezing experiments, we placed the microfluidic chip after the droplet production on a temperature-controlled cold-

stage (Linkam, BCS 196) attached to an optical microscope (Olympus, BX51 TRF). The temperature of the droplets in the

chip was calibrated with respect to the cooling (or heating) rate as well as to the absolute temperature, and is described in detail

in a previous study (Eickhoff et al., 2019). The freezing of the droplets was observed using the transmission mode of the

microscope and we recorded the images with a digital camera (Q-Imaging, MicroPublisher 5.0 RTV) for later analysis by a
LabView routine that detects a freezing event from the change in grey values of a particular droplet upon freezing. Typical

changes in the droplets’ grey values during freezing experiments are depicted in Fig. S3. In each individual experiment,

between about 45 to 70 droplets were observed simultaneously, depending upon the percentage of droplet-filled microcells

within the droplet array of the chip.

For all F. cylindrus measurements, the chip was first cooled to a temperature of -20 °C at a rate of -5 °C per min, because no

freezing events were detected in this temperature range. After equilibration at this temperature for 2 min, the samples were

then cooled at a slower rate of -1 °C per min to -45 °C, at which all droplets were frozen. Thereafter, the chip was heated

relatively quickly at a rate of 5 °C per min, until -10 °C, and after two minutes of equilibration, it was then heated to 5 °C at

1 °C per min. The detailed temperature profiles for each type of experiment are listed in Table S2.

Evaluation procedure for samples with small INP concentrations

Referring to section 2.3.3 in the main paper, the following Poisson distribution can be used to describe the probability P, (k)

that an individual droplet contains exactly k INPs when the average concentration is A INPs per droplet:

Puk) = 2 exp(-). (S1)

Note that the derivation of the Poisson distribution contains a simplification that require a larger number of droplets and hence

Eq. (S1) becomes more accurate as the number of investigated droplets increases. For the microfluidic experiments performed

in this work with more than a hundred droplets investigated for each sample the simplification applies.

The average number of INPs per droplet, A, is easily calculated from the concertation ¢ of INPs in the stock solution and the

volume V of an individual microfluidic droplet:

A=c- Vdrop: @



Furthermore, the droplet volume V,,,_can be expressed by the droplet’s radius r_or alternatively by its diameter d:

Varop = Sn-r3 = %n-d{ (S3)

Figure S4 shows the calculated Poisson distributions of the number of cells per droplet for four different values of Ain a

concentration range relevant to this study. For lower values of A, the histograms exhibit the tilted shape typical of Poisson

distributions, while for larger values of A, the Poisson distribution approaches the more symmetrical shape of a normal

distribution (Koop et al., 1997).

For the ice nucleation experiments considered here, only those droplets containing at least one INP and those without any INPs

are relevant, as this determines whether they are subject to heterogeneous or homogeneous nucleation, respectively. Whether

a droplet contains one, two or more INPs is of less importance, as long as every INP is identical and, thus, induces

heterogeneous ice nucleation at the same temperature. The probability that a droplet does not contain any INPs can be

calculated easily by inserting k = 0 into Eq. (S1):

Po(0) =2 exp(=2) = Lexp(~2) = exp(~A). (s4)

!

P;(0)_is shown as the black-coloured bar in each panel of Fig. S4. The probability that a droplet contains at least one

INP, P, (k > 1), is given by the combined probability of all red-coloured bars in each panel of Fig. S4, and it can be calculated

using the fact that the sum of all probabilities P, (k) _for k_from 0 to oo must become 1 _(see Eq. (S5)):

Pk = S exp(-1) = 1. (s5)

Hence, Py (k = 1)_can be calculated from the following difference:

P2 1) = 52, Eexp(-2) = T2 oS exp(-1) — BB exp(—2) = 1 - P4(0) = 1 — exp(-A). (s6)



Since A can be expressed by the product of the droplets’ diameter and the known concentration of INPs in the stock solution,

¢, (see Eq. (S2) and Eq. (S3)) this yields:

Pk 21) =1-exp(-Z-c-d?). (S7)

The equations above have been derived for applications where the average concentration ¢ of INPs in solution is known.

However, in ice nucleation experiments of natural samples, the concentration ¢_of INPs per volume is often unknown a priori

and other values such as the organic carbon content has to be used for comparison (Gute and Abbatt, 2020; Xi et al., 2021). In

such cases, Eq. (S7) can be used to obtain a rough estimate of A and, thus, ¢ from ice nucleation experiments when a plateau

in the experimental frozen fraction curve is observed. The frozen fraction is defined as the number of frozen droplets relative

to the number of all droplets, at a given temperature (Budke and Koop, 2015). Here, we term the value of the frozen fraction

at the plateau as f;... If a sufficiently large number of droplets is investigated, then f;., corresponds to the fraction of droplets

that froze heterogeneously and thus may be equated with that fraction of droplets containing at least one INP.
There are two underlying assumptions for experimentally obtaining f;..,. First, every droplet containing at least one INP freezes
heterogeneously., which appears entirely reasonable. Secondly, every droplet containing one or more INPs freezes at a higher

temperature than those droplets without any INP, i.e. the difference between the heterogeneous and homogeneous ice

nucleation temperature is large enough to be easily distinguished in the experiment. With these two assumptions a plateau in

the frozen fraction curve can be interpreted as follows: the fraction of droplets below the plateau froze heterogeneously and

contain at least one INP, and the fraction of droplets above the plateau froze homogenously (when their freezing temperature

is consistent with homogenous freezing) and, thus, do not contain INPs. In practice, this evaluation procedure does not work

if none of the droplets froze heterogeneously or if all droplets froze heterogeneously at the same temperature without any

obvious plateau, i.e. it is only applicable for intermediate average INP concentrations in what we term the “Poisson relevant

range”.

We define this “Poisson relevant range” as the range of average INP concentrations, in which both droplets without any INP

as well as droplets containing one or more INPs occur and. thus, both can be observed readily in the corresponding freezing

experiments. For the experiments presented here, we establish the Poisson relevant range as the area between Py (k = 1) values

of 5.0 % and 99.5 %. The lower limit was set at 5.0% in order to avoid any influence of the freezing of a minor fraction of

droplets induced by impurities and the upper limit corresponds to about one out of 200 droplets not containing any INP and

thus freezing homogeneously, while the highest accuracy can be reached for a value of 50 % (see blue curve in Fig. S5a and

Fig. S6). For higher concentrations, when every droplet contains at least one INP, the above Poisson evaluation is not needed

and the classic method can be used, and so this upper limit sets an endpoint for the Poisson-based evaluation. The classic

method indeed assumes that every observed droplet contains at least one INP and it has been described in detail previously

(Murray et al., 2012; Budke and Koop, 2015).




To demonstrate the concentration range suitable for the Poisson method, i.e. the Poisson relevant range, the latter is indicated

in Fig. S5a as the grey shaded area. The solid blue curve shows the values of P, (k > 1) _calculated using Eq. (S7) as a function

of the average INP concentration c of the studied sample and a droplet diameter of 90 um. The two dashed lines show the

changes for a deviation of £5 um in droplet diameter.

To verify the procedure, we investigated aqueous suspensions of the well-studied ice-nucleating bacterium Pseudomonas

syringae in the form of the commercial product Snomax (Morris et al., 2011; Budke and Koop, 2015; Wex et al., 2015). The

ice nucleation temperatures of each about 165+15 droplets, from three single measurements with 45 to 70 droplets each,

containing either pure double-distilled water or three different concentrations of P. syringae were investigated, see Table S3.
These concentrations are also marked in Fig. S5a as vertical lines. A similar plot for the F. cylindrus diatoms can be found in

Fig. S6. The resulting experimental frozen fraction curves of P. syringae are shown in Fig. S5b. Double-distilled water (black

open symbols) shows a steep increase in frozen fraction below about -34.0 °C, in agreement with homogeneous ice nucleation

rates of droplets of such diameter (Koop and Murray, 2016; Reicher et al., 2018; Eickhoff et al., 2019). Following this

observation, all droplets of the P. syringae samples that froze at around or below this temperature are assumed to have

nucleated homogenously, i.e. they are considered to contain no INPs in the analysis below.

For all P. syringae samples, the first freezing events occur at much higher temperatures of about -8 to -9 °C, and the frozen

fraction curve in each case initially increases strongly before reaching a plateau, and subsequently the remaining liquid droplets

freeze only at very low temperatures. In each sample, the plateau occurs at a different value of the frozen fraction, e.g. fire_is

higher the larger the P. syringae concentrations (pink > blue > orange). We determined the corresponding fir. values, as

defined above, from the experimentally obtained frozen fraction curve as the value of the frozen fraction at -34.0 °C, i.e. at the

threshold between heterogeneous and homogenous ice nucleation as defined above. The resulting fir, values for the three

concentrations were 0.99, 0.61, and 0.39, respectively, indicated as the dashed horizontal lines in Fig. S5b. These fir,_values

correspond to Py (k = 1)measured and can be used to infer the average INP concentration from Eq. (S7). Because in the current

experiments the INP concentrations are known (i.e., 1.4x107, 2.8x10°. and 1.4x10® mL"!), these experimentally derived fi\.,

values can be compared to the expected fi.._values, corresponding to P;(k = 1)caicualed_values calculated from Eq. (S7).

yielding values of 1.00+0.01, 0.66+0.06 and 0.41+0.05, respectively. These theoretical values are in good agreement (within

experimental uncertainty) with the measured values and thus confirm our approach and the inferred INP concentrations of

1.2x107,2.5x10° and 1.3x10° mL"! (see Table S3) deviate by about 14%., 11% and 7% from the prepared concentrations, which

is very good given that INP concentrations can vary by orders of magnitude. For further validation that the Poisson distribution

is necessary for a proper evaluation in the above-mentioned concentration range, the cumulative number of active ice-

nucleating sites ny_per number of P. syringae bacteria was evaluated and discussed in the following section and the related

Fig. S7.



Determination of INP concentration

T-the-mainpaperAbove, we have defined f ;Ce as the plateau region separating heterogeneous and homogenous freezing. Since

f ;Ce varies with the number of droplets containing at least one INP, an experimentally determined f ;Ce value can be used to

calculate the concentration of INPs for unknown samples using a variation of Eq. (#S7). Typically, a sample is investigated by
means of a dilution series so that a different INP concentration is scanned in each experiment. If the INP concentration is too
large, all droplets freeze heterogeneously, and if it is too low, no INP-induced heterogeneous nucleation occurs (apart from
that induced by any impurity present) and, thus, all droplets freeze homogeneously. In both these cases, it is not possible to
obtain the desired INP concentration. But if measurements are done in the Poisson relevant concentration range-(see-definition

in-the-main-paper);, one can observe both heterogeneous as well as homogenous freezing of droplets, resulting in a plateau in
the frozen fraction curve, as discussed above. With the frozen fraction value of this plateau, f;ce, and the assumptions that,

first, every INP induces heterogeneous freezing and that, secondly, all heterogeneously frozen droplets freeze before the first

freezing of a homogenous frozen droplet, the following Eequation can be obtained by rearranging Eq. (#S7):

_ _6In(1-PaGk=1)) _ _ 6In(1-fi,) (S1S8)

md3 md3 -

A comparison with Fig. 3a-inthe-original paperSSa implies that f ;Ce values of about 0.5 will lead to more accurate results than
values close to the limits of the Poisson relevant range, because of the larger slope of the curve at P,(k = 1) at intermediate

f. values.
wce

In order to verify this method, we determine the concentrations € measured Of the investigated P. syringae samples by using the
already determined values of P;(k = 1)measured, from Table S3, for calculating f ;Ce. The resulting values for ¢ measurea as well
as the actually prepared concentrations of the samples c, are also listed in Table S4. The comparison shows that there are only
minor differences between the prepared and measured concentrations, supporting the fact that this method provides a suitable
and relatively accurate estimate of the INP concentration of an unknown sample. A similar treatment was performed for the

F. cylindrus diatom samples and the related Fig. S4S6.

Figure S5S7 shows the cumulative number of ice-nucleating active sites ny per P. syringae cell. As we will see below, the

Poisson evaluation is required for this type of evaluation. The cumulative number of active ice-nucleating sites is given

formally by Eq. (§2)-S9) (Budke and Koop, 2015):



— _ln(l_fice). (S%&)

n
N cV -

Here, f, , is the frozen fraction, c is the INP concentration in absolute number of INPs per volume unit (i.e., the number
density), and V is the volume of each individual droplet.

Figure S5S7 shows that for temperatures lower than about -35 °C, ny obtains values that are larger than one per bacterium
cell, implying that one bacterium initiates ice nucleation in more than one droplet, which is of course unreasonable. Instead,
these high ny values result from homogenous ice nucleation in droplets that do not contain any P. syringae bacteria, which
normally is not considered in the classical ny evaluation. By applying Eq. (#S7) on these measurements, the threshold value
between droplets that do contain INPs and those that do not can be determined. This treatment results in maximum values for

ny of about one per bacterial cell, as indicated by the filled and open circles in Fig. $557.

Results of the DSC experiments

For the DSC measurements, an inverse emulsion of pure artificial seawater as a reference was compared with an emulsion of

artificial seawater containing 1x107 F. cylindrus cells per mL, see Fig. S8. First, the endothermic ice melting signals of the

reference and the sample in Fig. S8a show almost the same signal, indicating that any colligative effect of the diatoms is

negligible when compared to the amount of the dissolved ions in the artificial seawater. This similarity in the ice melting
signals also implies no change in water activity of the artificial seawater upon the addition of the diatoms and, thus, no
colligative effect on the homogeneous ice nucleation (freezing) signals is to be expected

The exothermic freezing signals for both emulsions are shown in Fig. S8b. For the seawater reference, one distinct nearly

symmetrical freezing signal is revealed with a maximum at about -44 °C and an onset, which is defined as the freezing

temperature of the sample, at about -40 °C. In contrast, the F. cylindrus sample shows the same maximum, but in addition a

second exothermic signal in the form of a shoulder at about -42 °C, with an onset at a somewhat higher temperature of -39 °C

when compared to the reference, and with small signals as high as -34 °C. Because of the colligative freezing point depression

of the seawater, the freezing temperatures of the reference and the sample are shifted to lower temperatures, compared to pure

water.

The larger broad signal in both emulsion samples corresponds to the homogeneous ice nucleation temperature of artificial

seawater. This signal is also observed in the F. cylindrus sample because many of the emulsion droplets in that sample do not

contain diatoms. The exothermic shoulder of the signal, which is not present in the reference, is most likely due to the freezing




of droplets containing a diatom cell or fragment, and the shift of the onset to higher temperature is a first indication for the

heterogeneous ice nucleation activity of the diatoms.

Because of the fact that the diatoms are of similar size as the emulsion droplets and the potential of mechanical disruption of

diatom cells during the fast stirring of the disperser during emulsion preparation, these emulsion experiments appear to us as

not suitable for a quantitative analysis of the ice nucleation activity of F. cylindrus. Thus, we employed non-invasive methods

in the experiments described below.

Parametrization of F. cylindrus ice nucleation efficiency

In Eq. (2) in the main paper, we provide a parametrization representing the ice nucleation of the different sea ice diatoms in

shown in Fig. 7 of the main paper in terms of the number of ice active sites per total mass of diatom cells, 1, 1orq1. We also

derived a parametrization for the individual ice nucleation efficiency of the F. cylindrus diatoms (see Fig. S9), which is given

in the following Eq. (S10):

10810 (M tota1 1) = —0.521789°C™1 - T — 6.1761, S10

where T is temperature to be entered in units of °C. For numerical code verification, Eq. (S10) should result in a value for

Nm_total 0f 8.2x107 ¢! at a temperature of -27.0 °C. This parametrization is valid over the temperature range between -24.5 °C

to -34.5 °C.



Table S1: Salts used for the preparation of artificial seawater for the F. cylindrus ice nucleation experiments. The amounts of
substances provided for each ion yield a mass of 500 g artificial seawater at a salinity of 34.5.

VWR
11.8446 | 202.68 202.68
Chemicals
VWR
0.3758 5.04 5.04
Chemicals
ITW Reagents | 5.3280 26.21 52.42 157.25
Acros
. 4.4902 27.87 13.94 139.36
Organics
ITW Reagents | 0.7460 5.07 10.15 10.15
double
. 477.23 26490.26
distilled water
500.01 230.55 5.04 26.21 5.07 270.28 13.94 26797.02




Table S2: Temperature parameters used in the microfluidic freezing experiments. The first number in each triplet is the final
temperature of the respective step in °C, the second number indicates the rate of cooling or heating in °C per min, and the third
number indicates the holding time at the final temperature in min. Reference samples were always investigated with the same
parameters as those given for each sample.

-20/-5/2 -20/-5/2 -20/-5/2 -20/-5/2 -20/-5/2 -5/-5/2

-45/-1/0 -45/-1/0 -45/-1/0 -45/-1/0 -45/-1/0 -40/-1/0
-10/5/2 -10/5/2 -10/5/2 -10/5/2 -10/5/2 -10/5/2
5/1/0 5/1/0 5/1/0 5/1/0 5/1/0 5/1/0
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Table S3: As prepared concentrations ¢ of the P. syringae samples, calculated fractions of droplets with at least one bacterium
P;(k = 1)cacunated, as well as measured fractions P;(K = 1)measurea and experimentally determined concentrations €peasured
based on the approach outlined above using Eq. (S+S8).

c/mL! P;(k = 1) caculated P;(k = 1) measured € measured/ ML
1.4x107 1.00%3:99 0.99 1.2x107
2.8x10° 0.66139° 0.61 2.5x10°
1.4x10° 0.4179:95 0.39 1.3x10°
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Table S4: Shifts in ice nucleation temperature relative to the AT'5, of artificial seawater for the untreated F. cylindrus samples,
as well as for the samples filtered with a 0.22 um syringe filter.

5x107 mL"! 7.2°C 6.4°C
1x10” mL™! 6.0 °C 52°C
2x106 mL"! 54°C 3.1°C
1x10° mL"! 4.8°C 2.6°C
5x10° mL"! 2.8°C 0.0°C
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Figure S1: Extraction of the pure F. cylindrus cells by filtration of the stock solution (green). After filtration, the filtrate (purple) should
only contain smaller cell fragments and soluble molecules such as fcIBP, while whole cells and larger fragments remain on the filter (orange
filter). By shaking the filter in artificial seawater (grey), the cells were resuspended (orange solution). As a finally test, filtration of this
suspension (blue) should not show any ice nucleation results different from those of pure artificial seawater.
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Figure S2: Sample preparation for the ice nucleation experiments with the f/2 medium. The spent medium should only contain a few diatoms,
because the diatoms were separated from the medium by centrifugation before (green vial). By filtration with a syringe-filter, we removed
the remaining cells and retained smaller F. cylindrus fragments and the fcIBP in the filtrate (blue solution). The solution was filtered by
centrifugation filtration and the resulting filtrate should only contain soluble macromolecules smaller than 100 kDa, e.g. fcIBP (pink vial).
The fresh f/2 medium (olive solution) does not contain any cells, fragments or fcIBP and was also filtered by centrifugation filtration as a
reference (purple vial).
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-32.8°C

T=-35.8°C

Figure S3: Optical photomicrographs of the freezing of microfluidic droplets during one of three freezing experiments with unfiltered F.
cylindrus suspensions in artificial seawater (concentration of 2x10° cells per mL). The white scale bar in the top left indicates a length of
500 pm and is the same for all three images. The droplets’ diameter is about (90 +5) pm. a: At a temperature of -32.8 °C all droplets are still
liquid. This is the last picture before the freezing of the first droplet during this experiment. b: At a temperature of -34.6 °C some droplets
are already frozen (black), while other droplets are still liquid (white). ¢: At a temperature of -35.8 °C all droplets are frozen. This is the first

picture after the freezing of the last droplet in this experiment.
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Figure S4: Calculated probability P, (k)_of the number k_of INPs per droplet for different values A of the average cell concentration per
droplet. The black-coloured bars indicate the probability for the occurrence of droplets without any INPs, while the red-coloured bars indicate

the combined probability P;(k = 1)_for droplets containing at least one INP. The corresponding values for P;(k > 1) _are annotated in each
panel for different values of 4.
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Figure S5: (a) Fraction of droplets containing at least one INP, P,(k = 1) _as a function of INP concentration in the investigated P. syringae

sample. The solid blue curve represents the values of P;(k = 1) for the droplets in the WISDOM experiment with a diameter of 90 um
calculated using Eq. (S7). the dashed curves indicate the uncertainty for a variation of £5 pum in droplet diameter. The grey shaded area
shows the Poisson relevant range, with the lower and upper limits at the concentrations corresponding to P;(k = 1) =0.050 and P;(k > 1)

=0.995. respectively. The coloured vertical bars mark the experimentally investigated concentrations of P. syringae: 1.4 x 10® mL"!

2.8 x 10° mL! (blue), and 1.4 x 107 mL"! (purple) and pure water (black). A comparable plot for the F. cylindrus diatoms can be found in
Fig. S6. (b) Fraction of frozen droplets as a function of temperature for different concentrations of P. syringae bacteria in double-distilled

water (coloured) and pure double-distilled water (black) for reference. The horizontal lines mark the values for P;(k = 1)measured, Se€ text.
Data points of frozen fractions are binned in temperature intervals of 0.5 °C (intervals without freezing events are not shown). Filled circles
represent droplets containing P. syringae cells (based on calculations for P;(k > 1)_with Eq. (S7)), in which freezing was induced

heterogeneously. Open circles represent droplets that should not contain P. syringae according to the calculations and, thus froze
homogenously.
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Figure S6: Fraction of droplets with at least one INP, P;(k = 1), as a function of INP concentration in the investigated samples. The solid
blue curve represents the values of P;(k = 1) for the droplets in the microfluidic experiment with a diameter of 90 um. The dashed curves
indicate the values for a variation of +5 pm in droplet diameter, i.e. 85-95 pm. The calculations of these curves are based on Eq. (#S7). The
grey shaded area shows the Poisson relevant range, see main text for definition, with the lower and the upper limits at the INP concentrations
corresponding to P(k = 1) = 0.050 and P;(k > 1) = 0.995. The vertical bars mark the concentration of the F. cylindrus diatom
suspensions used in the experiments: 5x10° mL! (dark red), 1x10° mL™! (bright red), 2x10° mL-" (yellow), 1x10” mL"! (green) and 5x107
mL! (purple) and pure seawater (black).
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Figure S5S7: Cumulative number of ice nucleating active sites, ny, for three different P. syringae bacteria suspensions with colours
indicating the respective concentration. Filled circles represent droplets containing bacteria, as calculated from Eq. (7S7), while open circles

represent droplets devoid of INP.
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Figure S8: Comparison of DSC thermograms of water-in-oil emulsions containing pure artificial seawater and artificial seawater with F.
cylindrus cells. (a) The endothermic melting-signals are almost identical for pure seawater and seawater containing diatoms. (b) Exothermic

freezing signals for pure seawater and seawater containing diatoms. While the seawater emulsion shows only one freezing signal, the
emulsion containing F. cylindrus shows the same signal but with a shoulder and smaller signals at higher temperature, indicative of diatom-
induced heterogeneous ice nucleation.
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Figure S9: Measured values for n,;, yo5 of F. cylindrus diatoms. The solid line represents a fit of the experimental n,, y4, values (blue
symbols) for the F. cylindrus diatoms. The parameterization of the fit is given in Eq. (S3S10). The dotted lines indicate to the upper and
lower 20 prediction bands of this fit. The temperatures are corrected for the freezing point depression of artificial seawater and, thus, represent

ice nucleation temperatures in pure water.
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