We thank referee #1 very much for the extensive review of our manuscript and the positive
feedback. We also much appreciate the critical feedback and the suggestion to add a broader
discussion of related literature. Addressing comments and suggestions clearly improved the
quality of our manuscript.

The comments and our answers are listed below. The referee’s comments are written in black,
our responses in green.

Overview of the work:

The authors present a three-part study where they first developed a method to extract SPP from
pollen grains, then measured the ice nucleating ability of SSP and its washing water, and finally,
quantified the protein content of the INMs from the washing water. The authors investigated the
ice nucleating ability of different extraction steps of the pollen grain, and found that the SPP
themselves were not ice active. However, the authors determined that the washing of the SPP
resulted in the isolation of ice nucleating macromolecules. This procedure is well explained and
well-illustrated and the investigated work is clearly described. Furthermore, the authors used two
methods, fluorescence spectroscopy and quantitative protein analysis assay, to determine the
protein content of the ice nucleating macromolecules. This last chemical step is of particular value
to the research field of biological ice nuclei. The work presented merits publication in
Biogeosciences after minor revisions; my suggested revisions are focused on additional
experimental details as well as on adding important literature context and comparisons to the
results and discussion sections.

General feedback:

1. Additional details on the replicates and on the uncertainty of the ice nucleation results are
necessary. Can the authors comment on the number of replicates necessary to generate
Figures 4. What are the uncertainties associated with the immersion freezing technique
and can the authors add appropriate error bars to their freezing data in Figure 4?

We thank the referee for this comment. Indeed, it is important to clarify the uncertainties
of our ice nucleation assay. The temperature uncertainty of VODCA is 0.5 °C which was
previously determined by Zolles et al.,, 2015. Furthermore, we determined the
measurement uncertainty by calculating the counting error and performed a Gaul3 error
propagation as described in Kunert et al., 2018. Errors larger than 100% were excluded
in the graphs.

References:
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J. (2018). Twin-plate Ice Nucleation Assay (TINA) with infrared detection for high-



throughput droplet freezing experiments with biological ice nuclei in laboratory and field
samples. Atmospheric Measurement Techniques, 11(11), 6327-6337.

Zolles, T., Burkart, J., Hausler, T., Pummer, B., Hitzenberger, R., & Grothe, H. (2015).
Identification of ice nucleation active sites on feldspar dust particles. The Journal of
Physical Chemistry A, 119(11), 2692-2700.

The work is well presented but lacks discussions on the comparison of the results with
previously published work in the results sections and conclusion. For example, do the
results presented corroborate (or not) the work by (Dreischmeier et al., 2017)? In the
results section, can the authors elaborate on the comparison of their findings with work on
fungal spores (Haga et al., 2014, 2013; Kunert et al., 2019)? Can the authors discuss their
findings in terms of structural studies of INMs such as (Ling et al., 2018; Santl-Temkiv et
al., 2015)? The authors mention how the intine is composed of cellulose, yet there is
interesting literature in ice nucleation on the relevance of cellulose which can be
mentioned (see (Hiranuma et al., 2015, 2018)). Is there any connection with SPP and
lignin (see (Bogler and Borduas-Dedekind, 2020))? In an atmospheric implication section,
can the authors discuss if airborne ice nuclei of unknown origin could be attributed to SPPs
(like in (Lloyd et al., 2020))? Are the INMs in this work forming nanogels (see (Xi et al.,
2021))? In the opinion of the authors, is the field converging towards proteinaceous
material is the most important INMs? If not, why? If so, why? Discussing these details will
place the presented work in the greater context of the current literature on INMs and will
allow future work to more effectively build upon the work presented.

We thank the referee for the feedback and agree that a deeper discussion regarding the
chemical analysis of INMs will improve the manuscript. We extended chapter 3.3 Chemical
Analysis not only with a deeper discussion but also with an additional experiment where
proteins of sample B were unfolded using urea as a reagent and subtilisin as an enzymatic
digestion tool (please see the details about the experiment in answer 1 to referee 2).
Furthermore, we decided to remove the sub-headlines 3.3.1 and 3.3.2.

We added the following discussion to chapter 3.3 starting in line 268:

“However, in literature only Tong et al., 2015 deal with proteins as INMs in birch pollen.
Still, the exact chemical composition of the INM from primary biological aerosol particles
(PBAPSs) is a matter of controversial discussion. When Pummer et al., 2012 discovered
that ice nuclei are water soluble and can be extracted from pollen, they proposed that
polysaccharides are the responsible moieties. This was supported by infrared and raman
spectra and by size filtration experiments pointing to INMs larger than 100 kDa bearing
carboxylate groups (Pummer et al., 2013, Dreischmeier et al., 2017). INMs with similar
physical and chemical properties were also extracted from other PBAPs such as fungi
(Haga et al. 2013, 2014, Kunert et al. 2019). This led Hiranuma et al., 2015, 2018 to the
conclusion that cellulose, which is a polysaccharide and part of PBAPs cell walls, might



be responsible for the INA. But also for other polymers such as lignin and nanogels, which
can take up water in their structures as well, a similar ice nucleation activity as for cellulose
was found (Bogler and Borduas-Dedekind 2020, Xi et al., 2021). Structure and size are
also crucial for bacterial ice nucleation proteins, where repeat numbers and
oligomerization contribute in a seemingly independent manner to the nucleation
mechanism (Ling et al., 2018, Santl-Temkiv et al., 2015). In general, INMs in the
atmosphere are manifold and found from different sources such as forests, deserts and
marine environments (Lloyd et al., 2020).

In summary, our experiments come to a similar conclusion as Tong et al., 2015 pointing
in the direction of proteins but are not a priori in contradiction with the other recent
literature. The piece of puzzle could be a glycoprotein, which exhibits carboxylate
functionalities, is larger 100kDa, can bind water in tertiary structures and displays
degeneration and unfolding of its secondary structure due to heat treatment or reaction
with enzymes. Also glycoproteins are known to be part of the metabolism of cells
regulating freezing stress tolerance (Zachariassen and Kristiansen, 2000).”
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Specific comments:

Title: I'm wondering if a title highlighting all three parts of the study (SPP extraction and INM
isolation) may be more representative of the work. In addition, the major finding of the work is the
chemical identification of proteinaceous material, which should also be mentioned in the title.



Would the authors consider revising their title along the lines of “Isolation of subpollen particles
(SPP) and their ice nucleating ability: SPP are carriers of proteinaceous ice nucleating
macromolecules”?

We thank the referee for the suggestion and decided to change the title. The new title now is:
“Isolation of subpollen particles (SPP) of birch: SPP are potential carriers of ice nucleating
macromolecules.”

Abstract:

Are the authors interested in citing the thunderstorm asthma literature to *motivate* their
research? As it currently stands, the mention of thunderstorm asthma appears to be an
afterthought in the introduction. | would recommend mentioning this context already in the abstract
as well as move the introduction paragraph (lines 87-99) earlier. It's an arguably important
motivation for the presented research. Recent reference (including refs therein): (Bannister et al.,
2021)

We decided to mention thunderstorm asthma only as an afterthought, as the phenomenon of
thunderstorm asthma is predominantly related to grass pollen. To our knowledge no case of
thunderstorm asthma in relation to birch pollen has been reported.

Line 13: the authors state a gap in knowledge, “explanations on how these materials could
distribute in the atmosphere are missing” but do not address this gap in their study. Perhaps this
sentence can be reworded to address the gap indeed addressed here.

We reworded the sentence accordingly: “However, INM and SPP are not clearly distinguished.
This has motivated the present study which focuses on birch pollen and investigates the
relationship between pollen grains, INM and SPP."

Line 16: what is meant by “loosely attached”? Van der Waals forces? Covalent bonds?

We could separate the INM from the SPP simply by rinsing the SPP with water. Due to the
removability without reagents we believe that INMs are not covalently bonded. We decided to
clarify the statement and reworded the sentence: “We show that INM are not bonded (i.e. can be
washed off with water) to SPP.”

Introduction:

Lines 69-70: | would be interested to read a (Tong et al., 2015) discussion in the results section
in more details.



We agree with the referee and added a discussion about the chemical analysis of INMs including
a discussion about proteins (Tong et al., 2015) in chapter 3.3. starting in line 268 (please see the
text in the comment above; point 2).

Lines 105-109: | would suggest also placing the emphasis of this work on the identification of
proteinaceous material as the ice active INMs. The authors show clear chemical evidence of these
types of molecules, and this finding is interesting and important.

We agree with the referee that the finding of proteinaceous material as the ice active INMs is
important. To prove the findings, we conducted an additional enzymatic digestion experiment. At
the end of the introduction in line 109 we also added a sentence: “To clarify the role of proteins in
heterogeneous freezing we conducted a specific enzymatic digestion/ protein unfolding
experiment.”

Methods:
Lines 116-118: add the date collection information.

We added the date of collection and the exact location of the birch tree. The sampling location
has changed as we now refer to the pollen we used for the additional experiments (based on the
suggestions of referee 2): “Freshly harvested pollen samples were collected from a birch tree at
the Donaukanal (location birch tree: 48.237480, 16.362990) in Vienna. Collection took place on
April 9, 2021.”

Lines 145-150: | wondered whether a figure with the described shapes could be helpful for the
reader to visualize this calculation.

We think this is a good idea and decided to add a figure to visualize the calculation. In the text we
also added the equation used to calculate the volume equivalent diameter.

“‘Based on the approximated shape the volume equivalent diameter d, was calculated by

equation:

d,=s2¢-1) 1
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Figure 2: Approximation of the shape of an SPP and determination of the respective volume
equivalent diameter dy.

Line 155: can the formation of the emulsion be described in more detail?

The experimental procedure was published already in 2012 by Pummer et al., 2015 by Zolles et
al., and 2018 by Felgitsch et al. To highlight the linkage, we added in line 155: “[...] a detailed
description of the experiment is given in Felgitsch et al., 2018, Zolles et al., 2015 and Pummer et
al., 2012.”

Furthermore, we described the preparation of the emulsion more clearly. We added in line 156
the mass percentage and the manufacturer/distributor: “(10 wt% lanolin, anhydrous, VWR Int.,
Radnor, PA, USA; 90 wt% paraffin, light, pure grade, AppliChem GmbH, Darmstadt GER)” and
the information “by mixing with a pipette tip” to the sentence.

The improved description is stated as follows:

“INM content from birch pollen was quantified in immersion freezing mode by using the Vienna
Optical Droplets Crystallization Analyzer (VODCA) setup (a detailed description of the experiment
is given in Felgitsch et al., 2018, Zolles et al., 2015 and Pummer et al., 2012): An emulsion of 2
pl sample solution and 4 pl inert oil-mixture (10 wt% lanolin, anhydrous, VWR Int., Radnor, PA,
USA; 90 wt% paraffin, light, pure grade, AppliChem GmbH, Darmstadt GER) is prepared by
mixing with a pipette tip on a microscopic glass slide and transferred into a cryo-cell. Sample
emulsions are cooled with a rate of 10 °C min. The freezing process was monitored by videos
at four different spots of each sample glass slide via a microscope camera (MDC320, Hengtech,
GER).”
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Pummer, B. G., Bauer, H., Bernardi, J., Bleicher, S., & Grothe, H. (2012). Suspendable
macromolecules are responsible for ice nucleation activity of birch and conifer pollen.
Atmospheric Chemistry and Physics, 12(5), 2541-2550.



Zolles, T., Burkart, J., Hausler, T., Pummer, B., Hitzenberger, R., & Grothe, H. (2015).
Identification of ice nucleation active sites on feldspar dust particles. The Journal of Physical
Chemistry A, 119(11), 2692-2700.

Felgitsch, L., Baloh, P., Burkart, J., Mayr, M., Momken, M. E., Seifried, T. M., ... & Grothe, H.
(2018). Birch leaves and branches as a source of ice-nucleating macromolecules. Atmospheric
Chemistry and Physics, 18(21), 16063-16079.

Lines 166-168: Can’t dilution have an effect on the protein structure and thus its ice nucleating
ability? How did the authors control for this issue?

We confirm that aggregation can influence the ice nucleation behavior as shown in Qiu et al.,
2019 for example. However, investigating the aggregation of birch INMs is out of focus for this
paper. To avoid this issue, we just state the cumulative nuclei concentration (CNC) values in the
paper (instead of e.g. number concentration of proteins). CNC refers to the number of ice
nucleating particles or macromolecules independent of their structural composition (e.g.
composed of one single protein or an aggregate). To clarify, we added the following sentence to
the text (line 164): “Note that one ice nuclei can also be an aggregate of more than one single
molecule (Qiu et al., 2019).”

We like the idea of the referee to further investigate the ice nucleation of single molecules and
aggregates from birch pollen. This will be part of a follow-up paper.

References:

Qiu, Y., Hudait, A., & Molinero, V. (2019). How size and aggregation of ice-binding proteins control
their ice nucleation efficiency. Journal of the American Chemical Society, 141(18), 7439-7452.

Linea 167-168: Why was this diameter range chosen? Can a brief explanation be given?

This diameter range is relevant for atmospheric cloud droplets as described by Pruppacher and
Klett, 2010. Therefore, the freezing behavior is similar to atmospheric ice nucleation. To clarify
we added in line 169: “The selected size range is relevant for atmospheric cloud droplets.” to the
experimental section.

References:

Pruppacher, H. R., & Klett, J. D. (2010). Microstructure of atmospheric clouds and precipitation.
In Microphysics of Clouds and Precipitation (pp. 10-73). Springer, Dordrecht.

Results:

Lines 199-200: How does this process affect the atmospheric relevance of the results in this
manuscript? Can the authors elaborate?



In our experiments with fresh pollen grains we observed that particulate material is expelled from
pollen grains in water. This process has also been documented in literature (e.g. Grote et al.,
2003; already referenced in the manuscript). We have now added a video
(https://ucloud.univie.ac.at/index.php/s/FuUF5SVBfgaybOta) and additional electron microscope
images to illustrate the process of pollen rupture as it naturally occurs with fresh pollen grains.
Insoluble SPP are clearly visible. In contrast, we do not find any insoluble SPP with commercial
pollen, as commercial pollen has lost the ability to rupture and germinate. To mimic the natural
process and to access the insoluble SPP we cracked the grains in the mixing mill. We again
emphasize that such insoluble SPP are not obtained when commercial pollen grains are just
mixed with water. In nature the process of pollen rupture is believed to occur (Schappi et al., 1999,
Grote et al., 2003; Taylor et al 2004, Hughes et al., 2020).

Line 210: “volume equivalent diameters” can be defined here.

We added a figure to visualize the calculation and defined the volume equivalent diameter in the
figure (see comment 145-150).

Lines 237-240: good control experiment.
We thank the referee for this comment.
Lines 242-244: this sentence seems out of place? Move to the introduction?

We moved the sentences “Purified SPP are composed of starch and are contained in the pollen
grains as energy storage units. Starch is a polysaccharide made of amylose and amylopectin
(Hancock & Bryon 2000; Buléon et al., 1998) inside the amyloplast membrane (Matsushima et
al., 2016)” to the introduction (starting in line 104).

Line 262: What is the mass percentage of the sample that is thought to contain these
concentrations of proteins?

Unfortunately, we were not able to determine the dry mass of our samples due to low
concentration and limited sample volume.

Figure 1: it's not clear in the caption where images of 1a and 1b are from? Could additional details
be added? Which part of the figure is copyrighted?

We realized that the phrase ‘information for the drawing is taken from...." is confusing and
overcautious. We deleted the phrase. All three images were created by the authors.

Figure 2: very clear! Well done! 1 Small addition: could the instrument be specified in the caption
as well?

We thank the referee for this feedback. We added the name and details of the instrument in the
caption: “Extraction process of SPP. Step 1: Entire pollen grains mixed with ultrapure water are
crushed in a mixer mill (MM400, Retsch Gmbh, Haan, GER). [...] "



Figure 3: additional details in the caption of how these distributions were generated would be
useful.

We added details to the caption of Figure 3. The caption now reads:

Figure 3: a) Size distribution of SPP. The volume equivalent diameter dy was calculated by
equation 1 that is based on the approximated shape of an SPP. The d, of 326 SPP was binned
into 23 equidistant intervals between 0.2-2.5 um. b) Aspect ratio of SPP.

Figure 4: Compelling data. Good job. Related to the general feedback, a discussion of replicates
and uncertainties could be reported here in the caption and displayed on the graphs.

We thank the referee for these remarks. As mentioned above we added a statement regarding
the uncertainty of the ice nucleation assay in chapter 2.4 and added error bars to the graphs.

Figure 5: Cool data!
We thank the referee for this positive feedback.

Sl: the Sl for this manuscript is quite short, and | wondered whether the authors might consider
including the Sl into the text (easier for the reader). For example, Figure S1 could be merged
within Figure 2 of the main text.

We leave the control experiment in the Sl but added the additional experiment to the main text.
Conclusion:

Line 274: can the authors make connections between the water-soluble component to dissolved
organic matter? (see (Borduas-Dedekind et al., 2019; Knackstedt et al., 2018))

We thank the referee for this remark and added the following to line 273:

“The soluble INMs are easily extracted with water. In nature, INMs from the surface of birches are
washed down by rain (Seifried et al., 2020) certainly ending up in soil and/or rivers (Borduas-
Dedekind et al., 2019; Knackstedt et al., 2018).”
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Technical comments:

In many instances throughout the text, a comma is missing to separate a clause from the
sentence. Ex: lines 13, 15, 18, 19, 31 and so on. (English vs German syntax and comma usage)

We have carefully gone through the manuscript and added missing commas.
Line 48: “The solution is” should be “was”
Corrected.
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