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 1 

Abstract 2 

The occurrence of ice-nucleating particles (INPs) in our atmosphere has a profound impact on the 3 

properties and lifetime of supercooled clouds. To date, the identities, sources and abundances of particles 4 

capable of nucleating ice at relatively low supercoolings (T > -15 °C) remain enigmatic. While biomolecules 5 

such as proteins and carbohydrates have been implicated as important high-temperature INPs, the lack of 6 

knowledge on the environmental fates of these species makes it difficult to assess their potential 7 

atmospheric impacts.  Here we show that such nanoscale ice nucleating proteins from a common soil 8 

borne fungus (Fusarium avenaceum) preferentially bind to and confer their ice-nucleating properties to 9 

kaolinite. The ice-nucleating activity of the proteinaceous INPs is unaffected by adsorption to the clay, and 10 

once bound the proteins do not readily desorb, retaining much of the activity even after multiple washings 11 

with pure water. The atmospheric implications of the finding that biological residues can confer their ice-12 

nucleating ability to dust particles are discussed.  13 

  14 
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1. Introduction 1 

Aerosols in our atmosphere can modify cloud properties by acting as cloud condensation nuclei (CCN) and 2 

ice-nucleating particles (INPs). While atmospheric INPs are rare in comparison to CCN (DeMott et al., 3 

2010;Pruppacher and Klett, 1997), they exert a disproportionate effect on cloud properties such as albedo, 4 

extent, lifetime, dynamics and conversion to precipitation (Boucher et al., 2013;Rosenfeld et al., 5 

2011;Storelvmo et al., 2011). Biological particles in our atmosphere are the most efficient known catalysts 6 

relevant for ice formation in supercooled cloud water droplets (Murray et al., 2012;Hoose and Möhler). 7 

Certain bacteria, fungal spores and pollen grains can facilitate the freezing of supercooled cloud water 8 

droplets at temperatures where common inorganic ice-nucleating particles such as mineral dusts or black 9 

carbon are comparably inactive (T > -15 °C)  (Murray et al., 2012;Hoose and Möhler, 2012;Fröhlich-10 

Nowoisky et al., 2015;Pummer et al., 2015;O'Sullivan et al., 2015 ). However, number densities of these 11 

supermicron biological particles are typically many orders of magnitude lower than those of their inorganic 12 

counterparts at altitudes relevant for supercooled clouds (Hoose et al., 2010).  13 

 14 

The majority of past studies on the atmospheric implications of biological ice nucleators have focused on 15 

examining the activities of supermicron cellular entities such as bacteria, fungal spores and pollen grains. 16 

However, there is evidence that subcellular portions of biological INPs, such as proteins and carbohydrates, 17 

can be readily lost from terrestrial INPs such as fungal mycelia or pollen grains on contact with water and 18 

continue to exhibit the ice-nucleating abilities of the parent particles (Pouleur et al.;Augustin et al., 19 

2013;Fröhlich-Nowoisky et al., 2015;O'Sullivan et al., 2015;Pummer et al., 2012). Similarly, in the oceans, 20 

subcellular INPs thought to be associated with phytoplankton, have also been identified (Wilson et al., 21 

2015;Schnell and Vali, 1975). This is important because the number densities of these nanoscale fragments 22 

can far outnumber those of the parent cellular particles. For instance, each single grain of pollen has 23 

roughly 10,000 INPs at its surface, which are easily separable on contact with water (Augustin et al., 24 

2013;O'Sullivan et al., 2015). Similarly, a single gram of Fusarium avenaceum harbours 108 proteinaceaous 25 

INPs active at temperatures above -7 °C (O'Sullivan et al., 2015). However, given their size, these nanoscale 26 
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INPs (nano-INPs) are unlikely to be directly aerosolized in abundance from surfaces. While readily lost from 1 

cells on wetting, significant questions remain regarding the environmental fates of biological nano-INPs. 2 

In particular, do these efficient INPs adsorb to larger particles which are more readily aerosolized such as 3 

soil mineral dusts, and critically, is activity retained upon adsorption? 4 

 5 

Several recent studies have indicated that biogenic matter co-transported with soil dusts has an 6 

exceptional ability to catalyze the freezing of supercooled water droplets. Pratt and co-workers (2009) 7 

demonstrated that in mixed phase clouds above Wyoming, mineral dust particles were the dominant ice 8 

crystal residues sampled, while 60% of these mineral dust particles were internally mixed with an 9 

observable amount of biogenic and/or humic-like substances. Similarly, co-lofted mineral dusts and 10 

biological materials have been demonstrated by Creamean et al. (2013) to represent a major contributor 11 

in the generation of precipitation over the Sierra Nevada Mountains on the West Coast of the U.S.   12 

 13 

Laboratory-based studies have shown that organic matter in soils is a potent source of INPs with activities 14 

greatly higher than those of the mineral components in the soils (Conen et al., 2011;O'Sullivan et al., 15 

2014;Tobo et al., 2014). In the 1970s, Schnell (1977) performed experiments where distilled water was 16 

passed through a column of kaolinite capped with decaying leaf litter. Nuclei in the leaf litter were passed 17 

down through the column, leading to a dramatic increase in the ice nucleation activity of the kaolinite.  18 

Schnell suggested that biogenic materials became associated with the clay particles, imparting their ice-19 

nucleating activity to the clay.  Since this early study, it has been posited that the exceptional ice-nucleating 20 

abilities of fertile soil dust may stem from the incorporation of residues from bacterial, fungal and 21 

pollenaceous ice-nucleating particles (Conen et al., 2011;O'Sullivan et al., 2015;Fröhlich-Nowoisky et al., 22 

2015). Very recently, it has been reported that nanoscale pollenaceous INPs, which are thought to be 23 

carbohydrates, retain their nucleating activity when internally mixed with mineral dusts particles 24 

(Augustin-Bauditz et al., 2015). However, to date it remains unclear as to whether cell-free ice-nucleating 25 
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proteins, such as those derived from Fusarium fungi, can adsorb to and confer their exceptional nucleating 1 

activities to mineral dusts particles in soils.  2 

 3 

Once adsorbed to mineral surfaces, degradation of biomolecules such as proteins, peptides and amino 4 

acids by soil microbes and enzymes is generally reduced (Gianfreda et al., 1991;Fiorito et al., 2008;Koskella 5 

and Stotzky, 1997;Calamai et al., 2000;Lozzi et al., 2001). Indeed, proteins and carbohydrates in soils can 6 

exhibit exceptionally long lifetimes, on the order of up to half a century (Schmidt et al., 2011). 7 

Furthermore, adsorbed biomolecules can continue to exhibit activity when attached to clay surfaces. For 8 

instance, bound enzymes continue to convert substrates (LePrince and Quiquampoix, 1996;Rao et al., 9 

2000;Quiquampoix, 1987;Calamai et al., 2000), and bound insecticidal proteins from B. thuringenesis 10 

retain their ability to kill larvae (Koskella and Stotzky, 1997). However, once adsorbed to mineral surfaces, 11 

the magnitude of enzyme activities is typically reduced, and in some cases completely lost (Zimmerman 12 

and Ahn, 2011). Hence, it is necessary to study if the activity of ice-active proteins is retained when bound 13 

to clay minerals. 14 

 15 

Given recent findings that extracellular proteinaceous INPs (P-INPs) from common, globally distributed soil 16 

fungi are readily separated from the parent fungus upon contact with water (O'Sullivan et al., 17 

2015;Fröhlich-Nowoisky et al., 2015), examination of their environmental fates is required to understand 18 

how they can add to the budget of atmospheric INPs.  In this study, we examine the interactions of 19 

nanoscale ice-nucleating proteins from the soil-borne fungus Fusarium avenaceum with the common soil 20 

clay mineral kaolinite. It is demonstrated that, in the presence of cations commonly found in soil solutions, 21 

the P-INPs are rapidly adsorbed to the clay mineral, with the majority remaining bound even after 22 

successive washes. The implications of the finding that the proteins continue to exhibit their exceptional 23 

ice-nucleating abilities once they adsorb to mineral dust particles are discussed. 24 

  25 
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2. Methods 1 

2.1 Sample Preparation 2 

Fusarium avenaceum was sourced from the Commonwealth Agricultural Bureau (CABI) and grown by 3 

incubation in sterile potato dextrose broth for three days at 28 °C. A portion of mycelium was separated 4 

from the broth and resuspended in 50 mL of Milli-Q® grade water. Residual potato dextrose broth on the 5 

mycelium was minor. Regardless of this, the potato dextrose broth itself was tested for ice nucleation 6 

activity, and no activity above the background (freezing of Milli-Q® purified water) was observed. The 7 

mycelial suspension was then agitated by hand, and the proteinacous ice-nucleating particles separated 8 

by filtration using 0.2 m cellulose acetate filters (Sartorius Stedim®, Minisart 16534) and oil-free syringes. 9 

 10 

To examine the affinity of cell-free proteinaceous ice-nucleating particles (P-INPs) to the 1:1 (Si:Al) clay 11 

mineral kaolinite, the untreated clay was mixed together with an aqueous suspension containing P-INPs 12 

recovered by 0.2 m filtration of a Fusarium avenaceum suspension. Using the supernatant depletion 13 

method (Ralla et al., 2010;Ding and Henrichs, 2002;Lepoitevin et al., 2014), the clay was removed from the 14 

suspension by centrifugation, and resuspended in an equivalent volume of water (Fig. 1). Any freely 15 

suspended proteins would be expected to remain in the supernatant, while those bound to clay mineral 16 

particles would collect as a pellet at the bottom of the centrifuge tube.  The ice-nucleating activity of both 17 

the resuspended clay, and particles which remained in the supernatant were then determined using a 18 

microliter droplet freezing technique (see section 2.2).  19 

 20 

For these adsorption experiments, 4 ml of a stock P-INP suspension (derived from an initial concentration 21 

of 2×10-2 g/ml of mycelium prior to filtration, followed by a 1/20 dilution after filtration) was mixed with 1 22 

ml of a stock suspension of Clay Mineral Society kaolinite Kga-1b (0.125 g/ml) and diluted to 10 ml total. 23 

The kaolinite was dispersed in water by ultra-sonication and stirred magnetically for about one hour to 24 

produce the stock suspension, before being mixed with the stock P-INP suspension. The effects of solution 25 

acidity were examined by modifying the initial pH with either HCl or NaOH, and monitoring using a Hanna 26 
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instruments glass pH meter. The effects of electrolytes was also probed, by adjusting the solution ionic 1 

strength to either 1 or 10 mM with sodium chloride (Fisher, S/3160/5), calcium chloride dihydrate (Sigma, 2 

C3306) or magnesium chloride  hexahydrate (Sigma, M2670). After a prescribed contact time (either 2 3 

hours or 2 days), 1 ml of the suspension was centrifuged at 10,000 ×g for 4 minutes to pellet the clay. The 4 

supernatant was then carefully removed by gentle decanting, and the use of a 50 L pipette if necessary. 5 

Following this, the pellet was resuspended in 1 ml of water and vortexed to disperse.  Control experiments 6 

were performed in the absence of kaolinite with Milli-Q® purified water alone, or with CaCl2.  For 7 

desorption experiments, the clay pellet (and associated P-INP) was repeatedly washed in Milli-Q purified 8 

water, resuspended and centrifuged again.  9 

 10 

2.2 Measurement of ice-nucleating activities 11 

The measurement of ice-nucleating activities was performed using the Leeds microliter nucleation by 12 

immersed particles instrument (L-NIPI). The apparatus and experimental procedures have been 13 

described in depth elsewhere (Whale et al., 2015;O'Sullivan et al., 2015;O'Sullivan et al., 2014) and so are 14 

only briefly discussed here. 40-50 1 L droplets were pipetted onto a 22 mm diameter silanized slide 15 

(Hampton Scientific), which was cooled from the underside using Stirling-engine-chilled aluminium stage 16 

(Grant-Asymptote, EF600). The headspace above the droplets was enclosed in a Perspex shield, and gently 17 

purged with 200 cm3 min-1 of nitrogen gas to prevent unwanted condensation.  Nucleation events were 18 

detected using a USB camera embedded inside the external humidity control chamber by manually 19 

analyzing the recorded video. For all experiments, a 1 °C min-1 cooling rate was employed. The 20 

temperature error associated with the platinum resistance thermistor which monitored the aluminium 21 

cold stage was estimated as ±0.4 K. Each experiment was repeated twice, and the cumulative fraction 22 

frozen (F) of droplets compiled as a function of temperature. Full crystallization at such high temperatures 23 

could take up to a few seconds; nucleation points were taken as the first observable instance of ice 24 

formation in the droplets. 25 

  26 
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2.3 Data analysis 1 

From the cumulative fraction of droplets frozen (F) as a function of temperature, the time independent 2 

singular formulation can be used to describe the number of nucleating sites active at a given temperature 3 

contained within a given volume of water (V). 4 

 5 

 6 

𝐾 =
− ln(1 − 𝐹)

𝑉
 (1) 

 7 

 8 

Accordingly, the difference in the number of ice-nucleating sites between the supernatant and the 9 

resuspended clay pellet could be used as an indicator for the relative affinity of the free protein to the clay 10 

surfaces.  Uncertainties in the calculation of the number of nucleation sites are estimated by propagating 11 

those stemming from the mass of mycelium in the initial suspensions, dilution errors, droplet volume 12 

errors together and uncertainties which arise due to background freezing of the Milli-Q® water. 13 

Background nucleation, stemming from impurities in the Milli-Q® water and the silanized-glass substrate 14 

were subtracted out in the calculation of K (further details of this procedure can be found elsewhere 15 

(O'Sullivan et al., 2015)), although in practice these nucleation sites were many orders of magnitude less 16 

common than those of the P-INP in suspension. 17 

 18 

3.  Results and Discussion 19 

3.1. Clay-protein interactions in the absence of electrolytes 20 

Initially, we investigated adsorption of P-INPs to the clay in the absence of added salts and the results are 21 

shown in Fig. 2. Values of K are presented for suspensions where the initial pH was not adjusted (5.7) as 22 

well as where it was adjusted to 7.4 and 4.7 by addition of base or acid; this range of pH is relevant for 23 

typical topsoils. The open symbols in Fig. 2 are for the freezing of the supernatant after centrifuging the 24 

suspension, whereas the closed symbols are for the resuspended clay pellets. It is clear that the majority 25 
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of the P-INPs (around 90 % of those active at -7°C) remained in the supernatant (Fig. 2) and did not strongly 1 

adsorb to the clay particles. This result was independent of pH within the range investigated. Hence, in the 2 

absence of added salts, adsorption to the clay was minimal.  3 

 4 

Given the tendency of proteins to adsorb readily to clays (Zimmerman and Ahn, 2011;Yu et al., 2013), the 5 

absence of protein uptake to the clay observed here suggests that, in this pH range, repulsive interactions 6 

may inhibit adsorption.  In kaolinite heterogeneous electrostatic charges exist at various points on the 7 

surface (Tombácz and Szekeres, 2006). Permanent negative charges develop in kaolinite due to isomorphic 8 

substitutions, along with pH-dependent charges due to surface silanol and aluminol groups. In the range 9 

of pH studied, the silanol groups will likely be deprotonated, while aluminol groups become protonated 10 

below about pH 6.5 (Tombácz and Szekeres, 2006). The presence of salt ions which are present in soils can 11 

significantly alter the nature of the electrostatic interactions. Hence, the effects of adding salt ions such as 12 

Na+ and Ca2+ on the adsorption behavior was further probed.  13 

 14 

3.2 Clay-protein interactions in the presence of electrolytes 15 

Solution ionic strength is known to be important in regulating the adsorption of proteins to solid surfaces 16 

(Yu et al.;Rabe et al., 2011). To examine the impacts of ionic strength and the identity of salts on the uptake 17 

of the protein to the clay, salts were added to the suspension and the results are shown in Fig. 3. Control 18 

experiments in the absence of added kaolinite suggested no preferential settling of the protein in the 19 

electrolyte solution under centrifugation. After a contact time of 2 hours, only a minor enhancement in 20 

the extent of partitioning of P-INPs from the solution to the clay was observed when 1 mM NaCl was added 21 

(Fig. 3(a), blue circles). However, for 1 mM CaCl2 a large increase in the uptake of the protein to the clay 22 

was found (Fig. 3(a), red circles). When the contact time was increased to 2 days (Fig. 3(b)), a dramatic 23 

increase in the extent of adsorption to the clay was observed, with around 90% of INPs active at –7°C now 24 

being associated with the kaolinite for both 1 mM CaCl2 and NaCl solutions.  These observations indicate 25 
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that electrolytes can enhance the binding of ice active fungal proteins to kaolinite and that the identity of 1 

the cations in solution influences the adsorption process. 2 

 3 

On increasing the ionic strength of the solution to 10 mM with NaCl (for a 2 hour contact time), the amount 4 

of protein depleted from the supernatants was found to increase relative to when 1 mM was used such 5 

that the activity of the clay matched that of the supernatant (Fig 4 (a) blue circles). Once again, in the 6 

presence of divalent ions, such as Ca2+ or Mg2+, an even larger depletion of the free protein in solution was 7 

found, with the amount of P-INP in the pellet now exceeding that in the supernatant (Fig. 4(a)). Similar to 8 

the case for an ionic strength of 1 mM, allowing an extended contact time of 2 days was found to lead to 9 

a further depletion of the free protein in the suspension. As can be seen in Fig. 4 (b), after 2 days the 10 

majority of the protein is found to be associated with the clay mineral, regardless of the salt used. The 11 

relatively rapid uptake of the ice-nucleating protein to the clay mineral kaolinite observed here is also 12 

consistent with previous studies of the adsorption of a variety of proteins, where adsorption has been 13 

found to reach equilibrium on timescales of minutes to hours (Ding and Henrichs, 2002;Lepoitevin et al., 14 

2014;Ralla et al., 2010;Venkateswerlu and Stotzky, 1992). Such time scales are short on environmental 15 

time scales where cell-free proteins can have extended contact times with wet soil minerals. 16 

 17 

The effect of adding salts to the suspensions here likely involves altering the extent of electrostatic 18 

interactions between proteins in the suspension and the kaolinite adsorbent, as electrolytes act to screen 19 

Coulombic interactions (Rabe et al., 2011;Roth and Lenhoff, 1995). Variations in ionic strength impact upon 20 

both the kinetics and equilibrium position of protein adsorption on solid surfaces (Rabe et al., 2011). With 21 

increasing ionic strength, adsorption of proteins (or protein domains) to oppositely charged substrates is 22 

diminished, while adsorption between proteins and substrates with the same charge is enhanced (Rabe et 23 

al., 2011). Furthermore, the presence of electrolytes can also enhance adsorption by reducing unfavorable 24 

lateral interactions between adsorbed proteins (Rabe et al., 2011).  Together with the observed lack of 25 

adsorption across the pH range probed (Figure 2) the impacts of ionic strength in the current work suggest 26 
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that in the presence of added salts, repulsive electrostatic interactions are diminished allowing shorter 1 

range attractive forces to dominate.  2 

 3 

The increase in adsorption when a divalent cation is used rather than a monovalent one suggests that the 4 

character of the ion may also impact upon the adsorption process through mechanisms other than just 5 

the screening of negative charges. Similar results have previously been reported by Van Dulm et al. (1981) 6 

for the adsorption of proteins to negatively charged polystyrene surfaces. Effects such as relative abilities 7 

of different ions to act as bridges between proteins and surfaces of the same charge were suggested by 8 

the authors as possible reasons for preferential protein uptake in the presence of divalent salts. 9 

 10 

In a wide variety of past studies of protein adsorption on clays, adsorption has been found to be 11 

accompanied by concurrent changes in activities of the proteins (Zimmerman and Ahn, 2011). While no 12 

effects, or even an enhancement in activity has been observed for certain enzymes, reduction in activity 13 

is a common feature of protein adsorption to mineral dusts (Zimmerman and Ahn, 2011;Calamai et al., 14 

2000;Gianfreda et al., 1991;Hughes and Simpson, 1978). Such impairment of activities has been suggested 15 

to arise from conformational changes of the protein or the blocking of active sites upon adsorption (Rao 16 

et al., 2000;LePrince and Quiquampoix, 1996;Quiquampoix, 1987;Lozzi et al., 2001). In the current study, 17 

the continued activity of the adsorbed protein suggests that rapid inactivation in soils due to 18 

conformational changes upon adsorption does not take place and activity is likely to be transferred to 19 

surrounding soil particles upon release of Fusarium P-INPs. 20 

 21 

3.3. Reversibility of Adsorption 22 

To examine the extent to which adsorption was reversible, the clay pellet was repeatedly washed, 23 

centrifuged and resuspended in milli-Q purified water, with the results indicated in Figure 5. The first thing 24 

to note is that the clay pellet retains a substantial amount of fungal P-INPs even after five cycles of washing 25 

and centrifuging. But, with each wash the activity of the clay was observed to reduce with around 10% of 26 
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the protein lost to the supernatant on each cycle. The implication of this finding is that in soils the 1 

adsorption is at least partially reversible, which may have important consequences for the biodegradability 2 

of Fusarium P-INPs by soil microbes. The fact that a portion of the protein could be removed by washing 3 

further suggests that while the majority of the fungal P-INPs are likely to be bound to clay minerals in soils, 4 

they are not so tightly bound so as to prevent diffusion of the protein in soils over time. Accordingly, fungal 5 

P-INPs may leach into surface and ground waters, leading to the migration of fungal P-INPs to other soil 6 

surfaces spatially removed from the original source of the ice-nucleating fungus (Helassa et al., 2009).  7 

 8 

4. Conclusions 9 

Although certain biological particles harbor the most efficient naturally-occurring ice nucleation sites 10 

known, the roles biological particles play in cloud ice formation remains poorly constrained. Currently, 11 

there is a growing awareness that subcellular biological fragments from organisms, such as bacteria, pollen 12 

and fungi may be important atmospheric INPs (O'Sullivan et al., 2015;Pummer et al., 2012;Augustin et al., 13 

2013;Fröhlich-Nowoisky et al., 2015;Pummer et al., 2015;Šantl-Temkiv et al., 2015 ;Rangel‐Alvarado et 14 

al., 2015). However, our knowledge of the environmental processing of these biomolecular INPs, such as 15 

occurs in soils, currently limits our abilities to assess their contributions to airborne particles possessing 16 

efficient ice-nucleating sites. Whether these nanoscale fragments may add to the reservoir of INPs found 17 

in topsoils depends critically on whether activity is preserved upon adsorption to soil minerals. 18 

 19 

In this study we have demonstrated that proteinaceous INPs from a common soil-borne fungus are 20 

preferentially partitioned to clay surfaces in the presence of water containing electrolytes commonly 21 

found in soil solutions. Upon adsorption, the exceptional ice-nucleating activity of the fungal P-INPs was 22 

maintained, suggesting the adsorption process does not inactivate the efficient nucleating abilities of the 23 

protein. Accordingly, fungal P-INPs are likely to confer activity to soil particles once removed from mycelia 24 

by wetting. The fact that a minor amount of the protein could be removed from the clay suggests that 25 

adsorption to the clay was reversible, which is an important observation for the environmental fates of 26 
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fungal P-INPs.  With adsorption being reversible, the protein may be leachable by surface waters and can 1 

potentially migrate to other soil surfaces distant from the original source fungi (Helassa et al., 2009). 2 

Furthermore, the fact that a minor portion of the protein could be desorbed upon washing suggests that 3 

the protein may be accessible as a nutrient source for soil microbes, making it more susceptible to 4 

biodegradation (Fiorito et al., 2008;Gianfreda et al., 1991;Dashman and Stotzky, 1986). Consequently, 5 

future work should be aimed at addressing the issue of ice active protein lifetime with respect to 6 

biodegradation in soils. 7 

  8 

The persistence of P-INP activity following adsorption to soil minerals has important implications for our 9 

understandings of the roles which biological entities may play as sources of atmospheric INPs. As recently 10 

suggested, biogenic matter residues within soil dusts are potentially the largest contributor to the burden 11 

of atmospheric INPs at temperatures above -15 °C on a global basis (O'Sullivan et al., 2014;Conen et al., 12 

2011). Indeed, the characteristics of the organo-clay INPs examined in this study are similar to the efficient 13 

INPs which have been identified in topsoils (O'Sullivan et al., 2015;Conen et al., 2011), being proteinaceous 14 

in nature and exhibiting exceptional ice-nucleating abilities. Ice-nucleating activity has been observed in a 15 

variety of Fusarium species, and Fusaria are one of the most common soil fungi, occurring across the globe 16 

wherever crops are grown (Pitt et al., 2009). This, together with the fact that the contribution of dusts 17 

from agricultural regions to the total dust emissions is estimated to be in the region of 25% (Ginoux et al., 18 

2012), means mineral-bound proteins from fungi may be a major source of the rare particles capable of 19 

nucleating cloud ice at temperatures above -15 °C. However, not every strain of the five known ice 20 

nucleation active Fusarium species produce INPs (Pouleur et al., 1992;Richard et al., 1996). While Fusaria 21 

such as F. avenaceum are globally distributed, the relative abundances of each species is governed by 22 

factors such as climate and land use (West et al., 2012). The impacts of these factors on the distributions 23 

of P-INP producing Fusaria has yet to be fully discerned. This, together with studies of the biodegradability 24 

of fungal P-INPs will be required to further constrain the net contributions these particles make to the 25 

source strength of biological INPs lofted to the atmosphere. 26 
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Figures and Figure Legends 11 

 12 

 13 

 

 

Figure 1: Schematic of the depletion method used to evaluate interactions between proteinaceous ice-

nucleating particles (P-INPs) and the clay mineral kaolinite. Initially, suspensions containing the clay 

and protein were allowed to mix for a prescribed contact time. Following this, the clay was pelleted by 

centrifugation, the supernatant carefully removed and the remaining pellet resuspended in an 

equivalent volume of water (1 ml). The ice-nucleating activity of both the resuspended clay, and the 

supernatant is then tested to examine for the presence of P-INPs. 
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Figure 2: Effect of clay surfaces on fungal P-INPs in solution in the absence of added salts. The ice 

nucleating activities of the supernatant and the resuspended clay removed by centrifugation of a 

suspension of fungal P-INPs and kaolinite are illustrated. The contact time was 2 hours. Regardless of 

the initial pH used, ice-nucleating activity is predominantly found in the supernatant, suggesting that 

adsorption only occurs to a minor extent, if at all. 

 

 
Figure 3: Effect of electrolytes at an ionic strength of 1 mM on the uptake of P-INPs to the clay surface 

with a contact time of (a) 2 hours and (b) 2 days. Initially, in (a) it can be seen that uptake to the clay is 

greater in the presence of Ca2+ (closed red circles) compared with Na+ (closed blue circles), but after 2 

days (b), the extent of adsorption is the similar regardless of the salt used. After 2 days, depletion of 

the free protein is extensive, with on the order of 90 % of INPs active at -7°C found to be associated 

with the clay.  
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Figure 4: Effect of increasing ionic strength to 10 mM on the uptake of P-INPs to the clay surface. 

Illustrated are the activities of the clay (closed symbols) and the supernatant (open symbols) after 

contact times of (a) 2 hours and (b) 2 days. After 2 hours, the extent of adsorption is observed to be 

greater than the case of when an ionic strength of 1 mM is used (Figure 3(a)). On increasing the contact 

time adsorption continues to proceed, where it can be seen that after 2 days, greater than 90% of the 

protein is adsorbed to the clay pellet (panel (b)).   
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Figure 5: Effect of repeatedly washing the clay pellet by successive resuspension and centrifugation 

(see Figure 1). Illustrated are (a) activities of the clay and supernatant after adsorption is allowed to 

proceed for two hours, and (b) – (d) the effects of successive washing of the clay pellet with pure water.  

After each washing cycle, on the order of 10 % of the protein was observed to be lost to the 

supernatant, suggesting that the adsorption process is partially reversible.  
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