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Abstract: 16 

Biological ice nucleation plays a key role in the survival and adaptation of cold-adapted 17 

organisms. Several species of bacteria, fungi, and insects produce ice nucleators (INs) that 18 

enable ice formation of ice at temperatures above -10 oC. Bacteria and fungi produce 19 

particularly potent INs that can promote water crystallization above -5 oC. Bacterial INs consist 20 

of extended protein units that aggregate to achieve superior functionality. Despite decades of 21 

research, the nature and identity of fungal INs remain elusive. Here we combine ice-nucleation 22 

measurements, physicochemical characterization, numerical modeling and nucleation theory to 23 

shed light on the size and nature of the INs from the fungus Fusarium acuminatum. We find 24 

ice-binding and ice-shaping activity of Fusarium IN, suggesting a potential connection between 25 

ice growth promotion and inhibition. We demonstrate that fungal INs are composed of small 26 

5.3 kDa protein subunits which assemble into ice-nucleating complexes that contain more than 27 

100 subunits and have an ice-binding area of at least 250 nm2. The potency of the INs is retained 28 

even when only the smaller subunits are initially present, suggesting robust pathways for their 29 

functional assembly in solution. We conclude that the use of small protein building blocks to 30 

build large IN assemblies is the common strategy among organisms to create potent biological 31 

INs.  32 

Significance 33 

Cold-blooded organisms have evolved efficient molecular strategies to control the nucleation 34 

and growth of ice. Although these strategies have developed independently across biological 35 

kingdoms, they all seem to rely on protein-building units to construct extended functional 36 

domains. Bacteria and insects use large proteinaceous units to obtain superior ice-nucleating 37 

complexes. However, the identity of fungal INs remains unknown. We show that small protein 38 

subunits, of which hundreds are capable of assembling in cell-free environments, make up 39 

fungal INs that enable ice formation at warm temperatures. Our findings highlight that nature 40 

has evolved a common E pluribus unum (out of many, one) strategy to enable high subzero ice 41 

nucleation temperatures by assembly of ice nucleating proteins into large functional aggregates.    42 

 43 

  44 
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The crystallization of water is the most prevalent liquid-to-solid phase transition on Earth. Ice 45 

formation is thermodynamically favored at temperatures below 0˚C, but the crystallization 46 

process is kinetically hindered by the cost of the ice nucleus interface. Consequently, pure water 47 

microdroplets can be supercooled to temperatures as low as −46 ˚C, below which homogenous 48 

ice nucleation seems to be unavoidable (1). In nature, the freezing of water is usually a 49 

heterogeneous process facilitated by ice nucleators (INs) of biological and abiotic origins. 50 

Natural occurring abiotic INs typically elevate freezing temperatures to  −15 to −30 ̊ C, whereas 51 

biological INs are more active and can facilitate freezing at temperatures between -2 and −15 52 

˚C (2). The benefits of ice nucleation for organisms from an ecological perspective, and its 53 

potential effects on cloud glaciation and precipitation are still not fully comprehended, and 54 

constitute a significant gap in our understanding of the relationship between climate and life. 55 

 The best-characterized biological INs are plant-associated bacteria of the genera Pseudomonas, 56 

Pantoea, and Xanthomonas, which enable ice formation at temperatures close to 0 ˚C (3). The 57 

ability of the ice-nucleating active bacteria to facilitate ice formation is attributed to ~120 kDa 58 

ice-nucleating proteins (INPs) that are anchored to their outer cell membrane, and that aggregate 59 

to achieve activity at high temperatures (4-6). The gene encoding the large INP units has been 60 

identified and found to be conserved across diverse ice-nucleating bacteria (7, 8). Besides 61 

bacteria, fungi produce very effective and the most widespread biological INs, enabling the 62 

crystallization of water at temperatures as warm as −2 ˚C (9, 10). The ice nucleation activity in 63 

fungi was first discovered in the genus Fusarium, and later observed in multiple other genera 64 

(e.g., Isaria, Mortierella, Sarocladium, Puccinia) (11-13). Ice-nucleating fungi can cause frost 65 

damage to plants, and have been found in rain, hail, and snow, suggesting that they may 66 

influence regional and global precipitation patterns (14-17). The cosmopolitan genus Fusarium 67 

comprises saprophytes and pathogens of plants and animals, and it is the most studied ice-68 

nucleation-active fungus (9, 10). Although widely distributed in soil and on plants, it has also 69 

been detected in atmospheric and cloud water samples, making it a highly relevant biological 70 

and atmospheric model system (12, 18). The chemical composition and structures of the 71 

macromolecules responsible for ice nucleation activity in fungi remain unknown. Our current 72 

understanding suggests that Fusarium INs are cell-free secreted soluble macromolecules with 73 

a molecular weight lower than 100 kDa, and stable at pH values from 2 to 12 (9, 10, 19-21). 74 

The Fusarium INs were proposed to be at least partially proteinaceous, given their heat 75 

inactivation, peak UV absorbance at 280 nm, and sensitivity to certain proteinases (10, 21, 22). 76 

In addition, Vinatzer and coworkers recently identified over 200 candidates for ice-nucleation 77 
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genes, which code for secreted proteins at low temperatures, through comparative genomic and 78 

transcriptomics  (21). Here, we investigate the composition, structure, and activity of INs from 79 

Fusarium acuminatum, which we purified from the surfaces of fungal spores and mycelia. We 80 

aim to identify the nature and size of the individual ice-nucleating macromolecules and estimate 81 

how many are involved in the aggregates responsible for these organisms’ exceptional ice 82 

nucleation activity. 83 

 84 

85 
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Results 86 

To investigate the freezing capabilities of INs from spores and mycelial surfaces of 87 

F. acuminatum, aqueous Fusarium extracts were serially diluted tenfold, resulting in a 88 

concentration range spanning from ~14.1 mg/mL to ~1.41 ng/mL. For each concentration, the 89 

freezing of 96 3 µL-sized droplets was followed with a cooling rate of 1 ˚C/min (23). These 90 

measurements provide the fraction of frozen droplets as a function of temperature for each 91 

concentration. The results are combined using Vali’s equation into a single freezing curve of 92 

F. acuminatum, shown in Fig. 1A, where Nm represents the total number of active INs above a 93 

certain temperature (24). The strong increase at −3.8 ˚C and the subsequent plateau in the 94 

cumulative number of INs per unit mass, Nm(T) suggest the presence of a single population of 95 

highly efficient INs, consistent with previous studies (10, 21). 96 

The high ice nucleation activity in Fusarium is indicative of INs capable of strong binding to 97 

ice (25). We employed ice affinity purification to capitalize on the ice-binding capabilities of 98 

the Fusarium INs to selectively purify them. The purification process involves the incorporation 99 

of the ice-binding INs into a slowly growing ice phase and the exclusion of non-ice-binding 100 

macromolecules and impurities (26, 27). Thereby, the ice-binding macromolecules present in 101 

F. acuminatum were isolated. The success of the process was assessed by monitoring the 102 

activity of the purified INs. The freezing curve of the ice-purified INs looks similar to that of 103 

the aqueous Fusarium extract, with a slight decrease in the total number of IN (Fig. 1A). The 104 

presence of ice-binding macromolecules in Fusarium was further investigated by measuring 105 

their ice-shaping capabilities. Using Nanoliter Cryoscopy we observed that when a ∼15 μm ice 106 

disc was slowly cooled, faceting occurred, and the disc transformed into a hexagon, as shown 107 

in Fig. 1B. The presence of hexagonally shaped ice crystals confirms that the purified 108 

macromolecules in the F. acuminatum samples selectively bind to ice. 109 
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110 
Fig. 1. Freezing experiments of aqueous extracts containing fungal ice nucleators from 111 

F. acuminatum. (A) Shown is the cumulative number of ice nucleators per unit mass of 112 

F. acuminatum (Nm) for extracts containing ice nucleators from spores and mycelial surfaces 113 

(blue) and for ice-purified ice nucleators (orange). (B) Cryomicroscopic image of a hexagonal 114 

ice crystal grown in a F. acuminatum IN extract. 115 

 116 

The proteinaceous nature of the ice-binding macromolecules of F. acuminatum had been 117 

suggested, but was not previously confirmed (10). Fig. 2A shows circular dichroism (CD) 118 

spectra of the ice-purified solutions of F. acuminatum at room temperature and at 90 ºC. The 119 

CD spectrum of the untreated sample shows a maximum molar ellipticity at ~235 nm and a 120 

minimum at ~205 nm. Spectral analysis and fold recognition using BeStSel reveals that the 121 

Fusarium INs are proteinaceous with ~34% antiparallel β-sheet and ~18% helical content (28). 122 

In addition, the spectral shape shows similarities with CD spectra of assembled hydrophobins 123 

derived from the fungi Grifola frondose (29). It is further worth mentioning that high β-sheet 124 

contents were also found in ice-nucleating proteins (INPs) derived from bacteria (25, 27, 30). 125 

Upon heating the purified Fusarium INs, the CD spectrum shows marked changes: a reduction 126 

of the molar ellipticity at 235 nm, and a shift of the minimum at ~205 nm to ~202 nm. These 127 

spectral changes following heating to 90 °C suggest significant, irreversible changes in the 128 

secondary structure of the fungal INs. We interpret that these conformational changes cause an 129 

irreversible loss of the protein’s native structure and are the origin of the observed elimination 130 

of Fusarium’s ice nucleation activity after heat treatment (Fig. 2B) (10). 131 
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 132 

Fig. 2. Characterization of aqueous solutions containing ice-purified fungal INs from 133 

F. acuminatum. (A) The CD spectrum shows a maximum molar ellipticity at ~235 nm and a 134 

minimum at ~205 nm, and both signals are altered following heating to ∼90 °C. (B) Effects of 135 

high temperature (98 °C) on the ice nucleation activity of F. acuminatum. Shown is the 136 

cumulative number of INs (Nm) per gram of mycelium plotted against the temperature. Data 137 

were obtained from Kunert et al. (10).  138 

 139 

To obtain the distribution of heterogeneous ice nucleation temperatures of F. acuminatum INs, 140 

we extracted the differential freezing spectrum 𝑛𝑚(𝑇)  from the experimental cumulative 141 

freezing spectrum Nm(T) using the Heterogeneous Underlying-Based (HUB) backward 142 

numerical code (31). The code implements a stochastic optimization procedure that enables the 143 

fitting of the experimental Nm(T) data, as shown in Fig. 3A, assuming a Gaussian distribution 144 

of nucleation temperatures in the sample. HUB-backward yields a differential spectrum 𝑛𝑚(𝑇) 145 

represented by a single population centered at −5.8oC (Fig. 3B). To interpret the position of the 146 

peak in the differential spectrum 𝑛𝑚(𝑇) of F. acuminatum, we use an accurate implementation 147 

of classical nucleation theory to predict ice nucleation temperatures of finite-sized IN 148 

surfaces (25). The calculation is implemented into a code known as the “Heterogeneous Ice 149 

Nucleation Temperature” (HINT), which takes into account the size and shape of the surface, 150 

and temperature-dependent thermodynamic and dynamic water properties to predict the 151 

temperature of heterogeneous ice nucleation (25). We assume that the ice-binding area of the 152 

fungal IN is a flat square surface with a binding energy Δγ corresponding to that of ice-binding 153 

to ice. The predicted freezing temperatures based on a square surface are shown in Fig. 3C. We 154 

determine that the ice nucleation signal in the differential spectrum 𝑛𝑚(𝑇) of F. acuminatum 155 

corresponds to an ice-nucleating surface of ~250 nm2, i.e. about 16 nm x 16 nm. Since we 156 
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assume maximum strength of Δγ, this estimate should be considered a lower limit to the size of 157 

the surface of the ice nucleating particles produced by F. acuminatum.  158 

 159 

Fig. 3. Freezing experiments of aqueous extracts containing fungal INs from F. acuminatum. 160 

(A) Cumulative number of INs per unit mass of F. acuminatum (Nm) for extracts containing INs 161 

from spores and mycelial surfaces. The magenta line represents the optimized solution obtained 162 

through the HUB-backward code. (B) Normalized distribution function that represents the 163 

differential freezing spectrum 𝑛𝑚(𝑇) which gives the cumulative number of INs per unit mass. 164 

The magenta circle represents the temperature (−5.8 oC) which gives the mode of the 165 

distribution, and the black dotted lines represent the full-width-at-half-maximum. (C) Ice 166 

nucleation temperatures as a function of ice-binding area for the INs from F. acuminatum. Blue 167 

data points show the freezing temperatures on a square surface predicted by nucleation theory 168 

and the HINT algorithm. The mode (−5.8 oC) and the full-width at half-maximum of the 169 

underlying distribution of the heterogeneous freezing temperature are represented by the 170 

magenta line and the grey area, respectively.  171 

 172 

Our theoretical estimate of the size of the IN surface responsible for the exceptional nucleation 173 

activity of F. acuminatum is consistent with the results of filtration experiments that showed 174 

Nm to be unchanged by filters with nominal cutoff down to 100 nm, minimally impacted by 175 

filters with nominal cutoff at ~9 nm (300 kDa), and strongly impacted by filters with smaller 176 

pores (Fig. S1) (10, 21). However, neither the filtration experiments nor our theoretical 177 

calculations can reveal whether the INs are composed of smaller subunits or their actual size. 178 

To address these questions, we used size exclusion chromatography (SEC), gel electrophoresis, 179 

and matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) spectroscopy of 180 

the purified Fusarium INs. Fig. 4A shows the SEC separation profile of standard calibration 181 

proteins and Fusarium INs in 50 mM sodium phosphate in 0.3 M NaCl buffer (pH 7.0). The 182 

elution profile of the Fusarium samples showed prominent peaks at ~5.20, ~7.40, ~10.98 and 183 

~12.40 min (Fig. 4C). Based on the elution profile of the calibration proteins, we estimate the 184 

molecular weight of the Fusarium elution peaks to be ~660, ~45, ~12 and ~6 kDa, respectively. 185 
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Given that proteins can vary significantly in shape, the determined molecular weights of the 186 

Fusarium INs should not be seen as absolutes, but rather as good approximations. Interestingly, 187 

we find that smaller Fusarium fractions (even the ~12 kDa one) retained high ice nucleation 188 

activity (Fig. S2), supporting the hypothesis that Fusarium INs must consist of smaller subunits 189 

able to (re)assemble into larger IN.  190 

The presence of small subunits with an estimated weight below 10 kDa is supported by MALDI 191 

spectra of ice-purified solutions of F. acuminatum and SDS-PAGE gel electrophoresis 192 

(Fig. 4B). A signal at ~5.3 kDa dominates the MALDI spectra, considering the 110 Da average 193 

molecular weight of amino acids, we estimate that this small protein unit contains ~48 amino 194 

acids. The SDS-PAGE gel shows a band at ~10 kDa, confirming the presence of small proteins. 195 

A globular protein of ~10 kDa would have a molecular diameter of ~1.4 nm, which is well 196 

below the minimal diameter of ~16 nm of a nucleation site required to initiate ice formation at 197 

-5.8 ˚C, according to our calculations using classical nucleation theory. Hence, we conclude 198 

that the Fusarium INs consist of small protein units that assemble into larger complexes in 199 

solution.  200 

We assessed the minimum number of protein units needed to achieve the -5.8 oC peak 201 

nucleation temperature of F. acuminatum through a combination of experiments, nucleation 202 

theory, and modeling results. We estimated the ice nucleating area of the 5.3 kDa (~48 amino 203 

acids) protein assuming it has the structure and dimensions of the -helix of the INP from 204 

P. syringae as predicted by AlphaFold2 (32). This results in an estimated 3.5 nm x 1.5 nm area 205 

per unit (see Supporting Information for details), and a minimum of ~50 units per aggregate. 206 

The mass of such an aggregate would be ~265 kDa. If we consider that only the 38% -sheet 207 

sequence of the protein contributes to the nucleation site, the IN assembly would have 208 

~130 units and a molecular weight of 697 kDa. This is in excellent agreement with the largest 209 

component detected in the size exclusion chromatography of the ice-purified solutions (Fig. 210 

4A).  211 

 212 
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 213 

 214 

Fig. 4. Characterization of aqueous solutions of ice-purified INs from F. acuminatum. (A) 215 

Separation of a protein standard and Fusarium INs on a gel filtration column in 50 mM sodium 216 

phosphate in 0.3 M NaCl buffer (pH 7.0) at a flow rate of 1 mL/min. (B) SDS-PAGE gel 217 

electrophoresis shows a weak band <~10 kDa (C) MALDI spectra show a dominant signal at 218 

~5300 which is highlighted in the inset.  219 

 220 

Discussion: 221 

Here we combine physicochemical characterizations of purified Fusarium INs with stochastic 222 

optimization algorithms and nucleation theory to unravel the nature and size of the units and 223 

functional assemblies that endow this fungus with outstanding ice nucleation ability. We find 224 

that the fungal INs consist of small protein subunits with about 50 amino acids, that assemble 225 

in aggregates containing over a hundred proteins in a cell-free environment to enable ice 226 

nucleation at high subzero temperatures. Similarly, small protein subunits released by the 227 

fungus Mortierella alpina also displayed ice-nucleating abilities (Fig. S2), suggesting that fungi 228 

display a common strategy of developing large IN from small protein units: E pluribus unum, 229 

out of many, one.   230 

Our results support that the E pluribus unum strategy is consistently used by nature to produce 231 

the most efficient biological INs through the functional aggregation of smaller, weakly 232 

nucleating units. P. syringae, for instance, display INP aggregates in their outer membrane that 233 

can nucleate ice at high onset temperatures. However, individual bacterial INPs nucleate ice at 234 

just −25 oC, and the intact membrane is required to ensure functional aggregation (33, 34). 235 

Likewise, control of ice nucleation by assembling large units is also common in insects and 236 
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pollen, where a combination of carbohydrates, lipids, and proteins enables freezing (35, 36). 237 

Nature has implemented these E pluribus unum strategies using a wide range of sizes of 238 

building blocks –from <10 kDa proteins in fungi to ~120 kDa elongated proteins in bacteria– 239 

as well as environments for the functional assembly that encompass from extracellular soluble 240 

aggregates in fungi to membrane-bound assemblies in bacteria. In all cases, however, the 241 

functional assembly of smaller units results in a sufficiently large ice-binding area that can 242 

support the formation of the critical nucleus at temperatures above −5 oC. We expect that the 243 

energetic benefit for the organism in producing smaller, multifunctional proteins rather than a 244 

single large one, contributes to the success and widespread adoption of the E pluribus unum 245 

strategy across species that are not evolutionary related. We expect that the same strategies can 246 

be applied to design and produce synthetic INs by self-assembly of small ice-binding structures. 247 

Developing such powerful synthetic INs would be highly valuable for applications ranging from 248 

cryopreservation of cells to cloud seeding. 249 

 250 

Methods: 251 

Fungal culture and sample preparation. 75 plates of the ice nucleation-active fungal strain 252 

Fusarium acuminatum were grown on full-strength potato dextrose agar plates (VWR 253 

International GmbH, Darmstadt, Germany). Growth occurred at room temperature for one week 254 

and then at 6 °C for about four weeks. Pure water was obtained from Millipore Milli-Q® Integral 255 

3 water purification system (Merck Chemicals GmbH, Darmstadt, Germany), autoclaved at 256 

121 °C for 15 min, and filtered through a 0.1 µm bottle top filtration unit (VWR International 257 

GmbH, Darmstadt, Germany). For the droplet freezing experiments, aqueous extracts of fungal 258 

mycelium were prepared as described previously with the following modifications (10). The 259 

fungal mycelium of five agar plates was collected in a sterile 50 mL tube, and the weight of the 260 

mycelium was determined gravimetrically. Aliquots of 50 mL of pure water were added to the 261 

mycelium. The samples were vortexed three times at 2700 rpm for 1 min. The aqueous extracts 262 

for all experiments were filtered through a 0.1 µm bottle-top filtration unit (VWR International 263 

GmbH), and the resulting aqueous extracts contained ice nucleators from spores and mycelial 264 

surfaces. For filtration experiments, the 0.1 μm filtrate was filtered through either 30 kDa or 265 

50 kDa MWCO PES ultrafiltration centrifugation units (Thermo Fisher Scientific, 266 

Braunschweig, Germany), and the ice nucleator concentration was determined by TINA 267 

measurements. 268 
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Ice affinity purification. Rotary ice-shell and ice-slide purification was used to purify the ice-269 

nucleating macromolecules of the crude fungal extract. Details of the purification method have 270 

been described elsewhere(26, 27). In short, in a 500 mL flask, ~20–30 mL water was used to 271 

form an ice-shell using a dry ice-ethanol bath for 30–60 s. The flask was then rotated in a 272 

temperature-controlled ethylene glycol bath, and the temperature of the bath was set to −2 °C. 273 

100 mL precooled fungal extract was added, and the flask rotated continuously in the bath until 274 

30% of the solution was frozen. The ice was melted and freeze-dried to obtain a mixture of the 275 

ice-binding macromolecules present in F. acuminatum. The success of the purification was 276 

checked by determining the ice nucleation activity of the purified Fusarium samples using 277 

TINA measurements. The ice-purified solution was used for SEC experiments and to obtain 278 

MALDI, SDS-PAGE and CD spectra. 279 

Size exclusion chromatography. 280 

The crude ice-purified extract was lyophilized and dissolved in water. The protein in the clear 281 

solution (~4 mg/mL) was analyzed by HPLC using a G2000SWXL TSK gel column (7.6 mm 282 

x 30 cm). The elution buffer was 0.05 M sodium phosphate in 0.3 M NaCl, pH 7.0. The flow 283 

rate was 1 mL/min, with absorbance recorded at 220 nm. 284 

 285 

SDS-PAGE 286 

Protein samples were mixed with a fifth volume of 6x Laemmli buffer containing 5% of β-287 

Mercaptoethanol and were heated at 95 °C for 5 min. Samples were loaded onto a 288 

MiniPROTEAN® TGX™ Stain-free Precast Protein Gel (4-20%, Bio-Rad, Munich, Germany) 289 

next to a molecular weight marker (Precision Plus Protein Unstained Standards, 161-0363, Bio-290 

Rad). The electrophoresis setting was a constant voltage of 175 V for 40 min. Image acquisition 291 

of the gel was performed using a ChemiDoc MP Imaging system and the Image Lab software 292 

(Version 5.1, Bio-Rad). 293 
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TINA experiments. Ice nucleation experiments were performed using the high-throughput 294 

Twin-plate Ice Nucleation Assay (TINA), which has been described in detail elsewhere (23). 295 

In a typical experiment, the investigated IN sample was serially diluted 10-fold by a liquid 296 

handling station (epMotion ep5073, Eppendorf, Hamburg, Germany). 96 droplets (3 µL) per 297 

dilution were placed on two 384-well plates and tested with a continuous cooling rate of 298 

1 °C/min from 0 °C to −20 °C with a temperature uncertainty of ±0.2 °C. The droplet-freezing 299 

was determined by two infrared cameras (Seek Therman Compact XR, Seek Thermal Inc., 300 

Santa Barbara, CA, USA). The obtained fraction of frozen droplets was used to calculate the 301 

cumulative number of ice nucleators using the Vali formula (24). All experiments were 302 

performed multiple times (e.g., Fig. 1, 3-5 samples) with independent samples. Background 303 

freezing of pure (autoclaved MilliQ) water in our system occurred at ~−25 °C. 304 

CD spectroscopy. CD spectra were recorded at a 1 nm interval from 260 to 180 nm using a 305 

Jasco J-1500 spectrometer. CD measurements were performed in a rectangular cell with the 306 

optical path of 0.1 cm. Equilibration time for every sample before each set of measurements 307 

was 15 min. All spectra were background subtracted and processed using the Spectra Manager 308 

Analysis program from JASCO. 309 

MALDI-TOF. MALDI measurements were carried out on a rapifleXTM MALDI-TOF/TOF 310 

mass spectrometer from Bruker Daltonik GmbH. The instrument is equipped with a scanning 311 

smartbeam 3D 10 kHz Nd:YAG laser at a wavelength of 355 nm and a 10-bit 5 GHz digitizer. 312 

The acceleration voltage was set to 20 kV and the mass spectra were recorded in positive ion 313 

mode. Calibration was done with the Bruker peptide mix and the Bruker protein calibration 314 

standard I and II in a mass range of up to 70 kDa. Sample preparation was done by mixing a 315 

saturated solution of sinapinic acid dissolved in water/acetonitrile (1:1 + 0,1 % trifluoroacetic 316 

acid) with an aqueous solution of the analyte in equal amounts. Samples were measured with 317 

random walk ionization across the sample spot. Typically, 8000 shots were averaged per 318 

spectrum.  319 

Nanoliter Cryoscopy. Ice shaping was determined at a Fusarium concentration of ~10 mg/mL 320 

in water using a Clifton Nanoliter Osmometer (37). Ice shaping was performed with a cooling 321 

rate of 0.075 °C/min and without annealing. Measurements were performed 2-4 times on 322 

independent samples. 323 

HUB method. We used the HUB-backward stochastic optimization code to extract the 324 

distribution of heterogeneous ice nucleation temperatures from the experimental cumulative 325 
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nucleation spectra (31). The HUB code uses the same assumptions adopted by Vali (24). It 326 

considers that the number of IN in each droplet follows the Poisson distribution, that each IN 327 

has a distinct nucleation temperature, and that the IN with the warmest nucleation temperature 328 

in the droplet sets the freezing temperature of the droplet in the cooling experiment. The HUB-329 

backward code represents the distribution of nucleation temperatures of the IN in the sample as 330 

a linear combination of Gaussian populations and uses a stochastic optimization procedure to 331 

find the best set of parameters of the populations: modes, widths and weights to reproduce the 332 

experimental Nm(T). The output of the HUB-backward is the differential spectrum nm(T) in 333 

terms of the distribution of subpopulations of INs that reproduce the cumulative freezing 334 

spectrum Nm(T) of Fusarium. We find that a single subpopulation represents well the 335 

experimental data for the fungus. 336 

Classical Nucleation Theory (CNT). The HINT algorithm is an accurate numerical 337 

implementation of classical nucleation theory that predicts the temperatures of heterogeneous 338 

nucleation of ice on finite-sized IN surface using experimental data for water such as the self-339 

diffusion coefficient D, the difference in chemical potential between liquid and ice ∆μ, and the 340 

ice-liquid surface tension γice-liquid, the surface binding free energy of the IN to ice bind  = γice-341 

IN - γice-liquid - γliquid-IN, where γice-IN and γliquid-IN are the surface tensions of the ice nucleating 342 

surface with ice and liquid water, respectively  (25). HINT uses that data to compute the free 343 

energy barriers for ice nucleation and the prefactor for the nucleation rate. It predicts the 344 

nucleation temperature with that data and knowledge of the experimental nucleation rate Jexp  = 345 

105 cm-3 s-1 corresponding to cooling microliter at rates of 1 Kmin-1 (38-40). For simplicity, we 346 

assume the IN surface is a square, and that the IN binds ice as strong as ice itself, i.e. bind  = 347 

-2 γice-liquid. The latter approximation implies that our estimate of the surface of the fungal IN is 348 

a lower bound of its actual value. 349 
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