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B I O P H Y S I C S

A previously unrecognized class of fungal 
ice-nucleating proteins with bacterial ancestry
Rosemary J. Eufemio1†, Mariah Rojas2†, Kaden Shaw1, Ingrid de Almeida Ribeiro3, Hao-Bo Guo4, 
Galit Renzer5, Kassaye Belay2, Haijie Liu2, Parkesh Suseendran2, Xiaofeng Wang2,  
Janine Fröhlich-Nowoisky6, Ulrich Pöschl6, Mischa Bonn5, Rajiv J. Berry4, Valeria Molinero3,  
Boris A. Vinatzer2, Konrad Meister1,5*

Ice-nucleating proteins (INpros) catalyze ice formation at high subzero temperatures, with major biological and 
environmental implications. While bacterial INpros have been structurally characterized, their counterparts in 
other organisms have remained largely unknown. Here, we identify membrane-independent proteins in fungi of 
the Mortierellaceae family that promote ice formation with high efficiency. These proteins are predicted to adopt 
β-solenoid folds and multimerize to form extended ice-binding surfaces, exhibiting mechanistic parallels with 
bacterial INpros. Structural modeling, phylogenetic analysis, and heterologous gene expression leading to ice 
nucleation in Escherichia coli and Saccharomyces cerevisiae show that the fungal INpros are encoded by orthologs 
of the bacterial InaZ gene, which was likely acquired by a fungal ancestor through horizontal gene transfer. The 
discovery of cell-free fungal INpros provides tools for innovative freezing applications and reveals biophysical 
constraints on ice nucleation across life.

INTRODUCTION
The crystallization of water is the most ubiquitous phase transition 
on Earth, influencing ecological interactions, atmospheric process-
es, and climate dynamics. Ice formation is thermodynamically fa-
vorable below 0°C, but it is kinetically hindered because of the high 
energetic cost of forming an initial ice nucleus (1). Above −46°C, 
homogeneous ice nucleation is very slow (2), and various substrates 
can act as catalysts to heterogeneously accelerate ice nucleation. In 
nature, the freezing of water is facilitated by ice nucleators (INs) of 
biological and abiotic origins. Biological INs are found across all 
kingdoms of life (3–8), with those from bacteria and fungi being the 
most efficient, enabling ice formation at temperatures as high as 
−2°C (9, 10). In contrast, most abiotic INs freeze water at lower tem-
peratures (11, 12), while silver iodide, a widely used artificial cloud-
seeding agent, initiates ice formation around −5°C (13). Efficient 
biological INs can affect crop frost damage, cloud formation, and 
precipitation, and their unmatched efficiencies enabled applications 
in artificial snowmaking and cryopreservation (14, 15). Despite the 
diversity of biological INs capable of nucleating ice above −10°C, 
only bacterial INs have been fully sequenced and structurally char-
acterized, serving as the key model for understanding biomolecular 
ice formation. The ice-nucleating activity of Gammaproteobacteria 
like Pseudomonas syringae originates from a highly conserved fam-
ily of membrane-associated ice-nucleating proteins (INpros) encod-
ed by the InaZ gene (16). The InaZ protein consists of ~1200 residues 
and has a three-domain architecture, with an N-terminal membrane-
anchoring domain, a central repeating domain (CRD), and a C-terminal 

capping domain. The CRD, which constitutes most of the structure, 
comprises 50 to 100 tandem repeats of a conserved 16-residue se-
quence and adopts a β-solenoid fold. This rigid, repetitive architec-
ture serves as a molecular scaffold for ice nucleation, with the 
conserved motifs threonine-X-threonine (TxT) and serine-leucine-
threonine (SLT) facilitating the ordering of interfacial water mole-
cules to promote ice formation (17). The CRD further enables the 
assembly of bacterial INpros into large functional aggregates, where 
ice-nucleating efficiency depends on the size and spatial organiza-
tion of nucleation sites. This supramolecular organization relies on 
an intact membrane (18–20), as individual INpros lack the tem-
plating area required to nucleate ice at temperatures close to 0°C 
(18, 21, 22). Unlike bacterial INpros, the genetic and molecular basis 
of ice formation in other organisms is largely unknown. However, 
several widely distributed fungi and lichen species exhibit highly ef-
ficient and exceptionally stable ice-nucleating activity (6, 7, 10, 23) 
that enables freezing above −5°C. These INs function independent 
of cell membranes (23), withstand extreme pH conditions (2 to 12) 
(24), and have been confirmed as proteinaceous through circular 
dichroism and their sensitivity to proteolytic digestion and heat de-
naturation (10, 25). Size characterization experiments suggest that 
they are smaller than bacterial INpros and nucleate ice through a 
fundamentally distinct, nonmembrane-bound mechanism (6, 10,   
25). Here, we examine the genetic basis, composition, and structure 
of these potent biological INs to elucidate the molecular determi-
nants of their size, stability, and supramolecular aggregation mecha-
nisms that drive their remarkable ice-nucleating activity.

RESULTS
Genome sequencing reveals orthologs of bacterial 
InaZ in fungi
We sequenced the genomes of the ice nucleation active strain 13A of 
Mortierella alpina (23) and a pure fungal culture, L01-tf-B03, ob-
tained from the lichen Peltigera britannica (26). DNA extracted 
from these ice nucleation active–confirmed strains was sequenced 
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using Illumina technology, with sequencing reads assembled into 
high-quality draft genomes. The genome sequences were annotated, 
with gene predictions informed by genomes of related species. For 
the M. alpina genome, the most closely related, publicly available 
genomes were those of other M. alpina strains, as determined by 
sequence similarity in the internal transcribed spacer (ITS) locus. 
Unexpectedly, the fungal culture derived from P. britannica also ex-
hibited the highest sequence similarity to species within the family 
Mortierellaceae. A core-genome tree using genes that were present 
in single copy (n = 224) in all members of the family was then con-
structed (fig. S1) and confirmed the identity of the M. alpina 13A 
strain based on its location within a clade consisting of other 
M. alpina strains. The fungal culture L01-tf-B03 from P. britannica 
shared a common ancestor with two Entomortierella parvispora 
strains, suggesting L01-tf-B03 to be affiliated with that species.

Next, we screened the sequences for INpros by searching for con-
served regions and known ice-binding motifs, such as TxT and SLT. 
Using this approach, we identified two candidate INpro sequences, 
which we analyzed for similarity to bacterial INpros. We performed 
a basic local alignment search to identify regions of sequence simi-
larity at the protein level between the fungal INpros, known bacte-
rial INpros, and other potential INpros. Using this approach, we 
identified a third potential INpro with high sequence similarity 

from Podila clonocystis, also in the Mortierellaceae family (27). Fig-
ure 1A presents the comparative analysis of fungal and bacterial IN-
pro sequences. We found that the INpros from M. alpina (MoINpro), 
E. parvispora (EnINpro), and P. clonocystis (PoINpro) consist of 990 
(100 kDa), 809 (81.8 kDa), and 606 (64 kDa) amino acids, respec-
tively. These fungal INpros are smaller than the 120-kDa INpros 
from P. syringae (PsINpro).

Multiple sequence alignments reveal that fungal INpros share 
high sequence similarity with each other (~75%) and with bacterial 
InaZ proteins (~58%) despite the differences in size (figs. S3 and S4). 
For P. syringae, the PsINpro gene encodes a long β-solenoid fold, 
comprising a CRD with 51 coils and 10 charge-rich coils, each con-
sisting of 16 residues (Fig. 1A). PsINpro further features a short C-
terminal region and a long, flexible N-terminal domain. The length, 
location, and sequence of charged residues and the CRD–to–charged- 
coil ratio are highly conserved across bacterial INpros and likely 
critical for INpro multimerization (28). The largest sequence over-
lap between fungal and bacterial INpros occurs in the CRD, with 
nearly 100% similarity. This region contains repetitive TxT and SxLT 
motifs (Fig.  1B), which serve as putative ice-nucleating motifs 
(17, 21). The other highly conserved tyrosine-glycine-serine (YGS) 
motifs are likely not involved in ice binding but rather provide an 
INpro dimerization interface (18, 22, 29). The fungal INpros also 

Fig. 1. Comparative analysis of fungal and bacterial INpros. (A) Schematic domain map of MoINpro, EnINpro, PPoINpro, and PsINpro, highlighting conserved and vari-
able regions. (B and C) WebLogo plots of the first 33 and the last 7 16-residue repeats in EnINpro CRD, illustrating sequence conservation. The overall stack height reflects 
the degree of conservation, while individual letter heights represent the relative frequency of each amino acid at that position. (D) AlphaFold3 models of MoINpro, 
EnINpro, PoINpro, and PsINpro with the characteristic β strands of the CRD. The models are colored by different domains and correspond to those shown in (A).
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have flexible N-terminal domains of varying lengths but lack a de-
fined membrane-anchoring region. The charge-rich coils near the C 
terminus exhibit fewer repetitive motifs, and the alignment of an-
notated INpro gene regions reveals lower sequence conservation 
between fungi and bacteria (Fig. 1 and fig. S3). All fungal INpros 
contain six cysteine residues near the C terminus and two cysteine 
residues at the start of the CRD domain, which are capable of disul-
fide bond formation. These features are unique to fungal INpros, 
likely playing key roles in their structural arrangement and stability.

Given the protein similarities, we performed a phylogenetic 
analysis to compare the DNA sequences of bacterial InaZ genes 
and the genes encoding the fungal INpro to determine whether 
these similarities arose through convergent evolution or horizontal 
gene transfer (HGT). Figure 2 presents a phylogenetic tree of 218 
InaZ orthologs in the bacterial genera Pantoea, Pseudomonas, and 
Xanthomonas and 15 InaZ orthologs identified in the Mortierellaceae 
(encoding the three proteins described above and 12 orthologs 
found in additional Mortierellaceae genome sequences; table  S1). 
While most bacterial clades are collapsed in Fig. 2, fig. S2 shows 
the tree with all 217 individual genes. The 15 INpro genes from the 
Mortierellaceae family form a single cluster that shares a most recent 
common ancestor (MRCA) with InaZ orthologs of Pseudomonas 
mandelii. However, the bootstrap support for the MRCA is only 
61%, while the first node with a high support is the node represent-
ing the MRCA of the Mortierellaceae, P. mandelii, Pseudomonas 
fluorescens, and Pantoea InaZ sequences. This suggests that the InaZ 
gene was originally acquired by an ancient Mortierellaceae strain 
through an HGT event from an ancient bacterial strain that had an 
InaZ gene sequence ancestral to today’s P. mandelii, P. fluorescens, 
and Pantoea InaZ sequences. The bacterial origin of the fungal InaZ 
orthologs is further supported by their guanine (G) and cytosine (C) 
nucleotides (GC) content, which is higher compared to a set of ran-
domly selected fungal genes and more similar to the GC content of 
bacterial genes, including bacterial InaZ genes (fig. S3). Codon us-
age of the fungal InaZ orthologs is distinct from that of both other 
fungal genes and bacterial genes (fig. S3), while codon usage of bac-
terial InaZ genes is indistinguishable from other bacterial genes. 
These results support a bacterial origin of the fungal InaZ orthologs 
whereby GC content and codon usage became more similar to the 
overall GC content and codon usage of the recipient fungal genomes 
over evolutionary times, a well-studied evolutionary mechanism 
(30–32). The fungal INpros also exhibit unique features that are en-
tirely absent in bacterial INpros. These findings suggest that while 
the DNA fragment encoding the core INpro framework may have 
been acquired by HGT from bacteria, subsequent evolutionary ad-
aptations, such as a merger with a fungal gene, optimized function 
in fungi.

Genetic confirmation of fungal InaZ orthologs as 
encoding INpro
To confirm that the proteins encoded by the fungal orthologs of the 
bacterial InaZ gene do have ice nucleation activity, plasmids carrying the 
InaZ orthologs from M. alpina 13A (MoINpro) and E. parvispora L01-
tf-B03 (EnINpro) were constructed and introduced in Saccharomyces 
cerevisiae and Escherichia coli. No freezing events were observed in 
the negative controls: water or the control strains (S. cerevisiae and 
E. coli) not expressing InaZ orthologs (fig. S6). In contrast, Fig. 3 
shows that heterologous expression of MoINpro and EnINpro in 
S. cerevisiae is sufficient to confer potent ice nucleation activity. For 

MoINpro, expression in yeast shifts the nucleation from −26°C to 
T₅₀ ~ −7.1°C, while expression in E. coli shifts it to T₅₀ ~ −14.4°C 
(fig.  S6). For EnINpro, expression in yeast results in a shift to 
T₅₀ ~ −7.4°C and, in E. coli, to T₅₀ ~ −15.3°C (fig. S6). T₅₀ is defined 
as the temperature at which 50% of droplets in the assay have frozen. 
These results establish that the identified genes encode active IN-
pros. Dilution series and cumulative freezing spectra (Fig. 3B) con-
firm that this gain of function is unambiguous and, in the case of 
EnINpro, resembles the activity of the native host within ±1°C 
(fig. S7). The activity profiles of MoINpro and EnINpro expressed in 
E. coli do not reproduce the profiles observed in the native fungi. 
Such differences are expected when proteins are expressed outside 
their native host, where differences in pH and ionic conditions (33), 
membrane composition, and organism-specific cofactors can affect 
protein assembly (34). Consistent with this, previous studies have 
shown that heterologous expression of bacterial InaZ in yeast (35) 
and plant cells (36) reduced activity compared to native bacteria, 
whereas expression in closely related Gram-negative bacteria yields 
activities that more closely match those of the native bacteria (17, 22). 
Yet, only deleting the InaZ ortholog in a Mortierellaceae strain and 
observing a loss of ice nucleation activity would formally prove that 
the InaZ orthologs not only encode INpros but are also the sole genes 
required for ice nucleation activity in native Mortierellaceae. How-
ever, given the high sequence similarity between fungal and bacte-
rial InaZ genes and the demonstrated sufficiency of fungal InaZ 
genes in conferring ice nucleation activity to bacteria and yeast, it 
is highly unlikely that different, or additional, genes are required for 
this function in Mortierellaceae.

Structure of MoINpro, EnINpro, and PoINpro predicted 
by AlphaFold3
Figure 4 shows the AlphaFold3 model of EnINpro from E. parvispora 
(37). The structure consists of an N-terminal domain with a 158-residue 
flexible linker, followed by a central repetitive domain of ~19 nm, 
modeled as a continuous β-solenoid. Within the β-solenoid fold, 
each 16-residue repeat forms a single coil, and the overall fold closely 
resembles the previously characterized bacterial INpro β-solenoids. 
The β-solenoid can be divided into two distinct regions. The first 
region consists of 20 coils with a highly repetitive sequence, contain-
ing conserved TxT, SLT, and YGS motifs. These motifs form long 
parallel arrays that are likely responsible for the ice-nucleating func-
tion of the fungal protein (17, 21), and the cross-sectional geometry 
of the motifs is identical to that found in bacterial INpros. The sec-
ond region forms a transition zone, where the repetitive sequence 
becomes less conserved. This region consists of seven coils, includes 
the C-terminal domain, and lacks repetitive sequence features. In-
stead, it contains positively and negatively charged amino acids distrib-
uted in patches (figs. S8 and S9) likely assisting in the intermolecular 
assembly of the INpros (17, 18). Moreover, the region contains six 
cysteine residues that are capable of forming disulfide bonds. An 
additional pair of cysteines is located near the beginning of the β-
solenoid fold. Disulfide bonds are known to stabilize antifreeze pro-
tein solenoids (38), and in EnINpros, they may also function as 
structural caps of the β-solenoid, preserving the fold and preventing 
end-to-end associations. This stabilization mechanism clearly 
differentiates fungal INpros from bacterial INpros, where the C-
terminal region is enriched in arginine residues and contains a 
41-residue C-terminal cap structure, while the N-terminal cap is 
unknown. Over the 28 repeats, the EnINpro model predicts a slight 
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Fig. 2. Phylogenetic relationship between fungal and bacterial INpro genes. (A) Maximum likelihood phylogenetic tree illustrating the evolutionary placement of the 
genes coding for INpros in the Mortierellaceae relative to bacterial InaZ orthologs from Pantoea, Pseudomonas, and Xanthomonas. (B) The Mortierellaceae clade from the 
maximum likelihood tree with the genes encoding the INpros shown in Fig. 1 highlighted in red. Bootstrap values are shown as colored circles at the nodes.
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left-handed twist in the solenoid, similar to bacterial INpros. The 
slight rotation between adjacent coils will likely be eliminated as 
neighboring solenoids dimerize, forming a large flat surface re-
quired for efficient ice nucleation (21).

In PsINpro, positively charged lysine and arginine residues are 
clustering near the C terminus, while negatively charged aspartic 
and glutamic acid residues are localized near the N terminus, all 
positioned on one side of the solenoid. In contrast, EnINpros show 
a more evenly distributed charge pattern with alternating positive 
and negative residues rather than distinct clusters. In addition, fun-
gal INpros feature a highly charged N-terminal flexible linker, char-
acterized by distinct patches of positive and negative charge, further 
distinguishing them from bacterial INpros. The fungal INpros also 
incorporate histidine residues, which are largely absent in bacterial 
INpros. Overall, the differences in electrostatic surface properties 
are likely to influence INpro multimerization and stabilization.

Next, we modeled the protein structures of putative INpros from 
additional ice nucleation active fungal strains (figs.  S10 and S11). 
The MoINpro and PoINpro exhibit structural characteristics similar 
to the EnINpro, differing primarily in the length of the solenoids 
and composition of the N-terminal flexible linker. MoINpro, EnIN-
pro, and PoINpro have solenoid lengths of 25.3, 19, and 13.5 nm, 

and their CRD regions comprise 42, 31, and 23 repeats, respectively. 
All the fungal INpros further share a molecular width of 3.4 nm.

Multimerization enables high fungal ice nucleation activity
Figure 5A shows the results of ice nucleation experiments with my-
celial washes from the ice nucleation active strains M. alpina and 
E. parvispora. The cumulative freezing spectra comprise a complete 
dilution series with initial mycelial wash concentrations of ~1 mg/
ml. They exhibit two distinct increases in the cumulative number of 
ice nuclei per unit mass, Nm (T), for E. parvispora at ~−5.6° 
and ~−6.5°C, while M. alpina exhibits a single rise at ~−4.8°C, fol-
lowed by a plateau below −8°C, confirming that the investigated 
fungal INs are highly efficient (23, 39). The corresponding differen-
tial freezing spectra in Fig. 5B show the ice nucleation temperature 
distributions for M. alpina and E. parvispora derived from the ex-
perimental Nm (T) dataset using the heterogeneous underlying-
based (HUB) backward code (40), which fits the experimental Nm 
(T) data of droplet freezing experiments by a linear combination of 
Gaussian subpopulations (table S2). The best-fit differential spectra 
exhibit two Gaussian subpopulations centered at −5.9° and −7.5°C 
for M. alpina and three subpopulations at −5.6°, −6.5°, and −7.5°C 
for E. parvispora.

Fig. 3. Ice nucleation activity of yeast strains expressing fungal INpros. (A) Fraction of ice (fice) and cumulative freezing spectra (B) for a serial dilution of S. cerevisiae 
expressing EnINpro. The presented fice data correspond to the Nm plot shown in (B). (C) Fraction of ice (fice) and cumulative freezing spectra (D) for a serial dilution of 
S. cerevisiae expressing MoINpro. The presented fice data correspond to the Nm plot shown in (C). Serial 10-fold dilutions were prepared from IN samples with optical den-
sities of OD600 = 0.9 at 600 nm, which corresponds to a concentration of ~1 mg/ml. Blue-shaded regions represent the freezing range of pure water in our setup (<−23°C).
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The INpros provide a surface that can bind and order water mol-
ecules, thereby reducing the free energy barrier for ice nucleation. 
To estimate the number of INpros required to form aggregates ca-
pable of promoting ice nucleation at the observed freezing tempera-
tures, we applied the Heterogeneous Ice Nucleation Temperature 
(HINT) algorithm (21), which uses a numerical implementation of 
classical nucleation theory (CNT) to determine the free energy bar-
riers associated with ice formation and growth on finite surfaces. 
Leveraging experimentally derived thermodynamic properties of 
water, HINT enables calculations of the heterogeneous freezing 

temperature as a function of surface size. Simulations by Qiu et al. 
(21) have shown that increasing the length of the ice-binding β helix 
in bacterial INpros does not substantially affect freezing efficiency, 
as these proteins are already approximately eight times longer than 
they are wide. In contrast, increasing surface width through parallel 
alignment of INpros markedly improves nucleation efficiency by 
generating a more square-like ice-binding interface. Given that fun-
gal INpros also adopt elongated β-helical architectures, this suggests 
that warmer nucleation temperatures are governed primarily by sur-
face width and higher-order assembly rather than protein length 
alone (21). In our calculations, we assumed that the ice-binding sur-
face is flat, that the distance between monomers remains constant, 
and that the monomer size is characterized by the AlphaFold3 pa-
rameters of the solenoid (length: 25.3 nm MoINpro, 19 nm EnIN-
pro; width 3.4 nm). Figure 5C shows the ice nucleation temperatures 
predicted for side-by-side INpro aggregates of MoINpro and EnIN-
pro. This comparison suggests that, for E. parvispora and M. alpina, 
the freezing modes that exhibit lower nucleation efficiency (−7.5°C) 
originate from INpro trimers, whereas the more efficient ice-
nucleating structures (−6.5° and −5.9°C, respectively) correspond 
to INpro tetramers. The highest freezing mode of E. parvispora at 
−5.6°C can be attributed to the formation of INpro pentamers.

This finding raises the question of what governs the aggregation 
and ice-nucleating activity of fungal INpro multimers. We propose 
that multimerization is driven by stacking of highly conserved tyro-
sine (Tyr) ladders, a process also suggested for bacterial INpros 
(18,  22,  29). The Tyr ladders create a structurally aligned surface, 
orienting ice-nucleating motifs in parallel and expanding the effec-
tive nucleation site. Further aggregation and multimer formation 
are likely mediated by electrostatic interactions (18). The electro-
static surface models (figs. S6, S7, and S13) of the fungal INpros re-
veal distinct charge distributions along the solenoid and the flexible 
N-terminal linker, suggesting that multimerization arises from at-
traction between oppositely charged residues and may be stabilized 
by the N-terminal linker, enhancing structural integrity and assembly 
efficiency. A schematic representation of this proposed mechanism 
is provided in fig. S13.

Fig. 5. Freezing experiments with aqueous samples of fungal INs from M. alpina and E. parvispora. (A) Cumulative freezing spectra (number of INs per unit mass, Nm) 
measured for M. alpina and E. parvispora. The lines represent the optimized solution obtained using the HUB-backward code, assuming that the differential spectra consist 
of two Gaussian subpopulations for M. alpina (blue line) and three Gaussian subpopulations for E. parvispora (dark red line) as shown in the next panel. (B) Differential 
freezing spectra [normalized distribution function, nm (T)] derived from (A) exhibiting modal freezing temperatures of −5.9° and −7.5°C for MoINpros and −5.6°, −6.5°, and 
−7.5°C for EnINpros (tables S2 and S3). (C) Ice nucleation temperatures predicted as a function of the number of aggregated MoINpro and EnINpro based on CNT as imple-
mented in the HINT algorithm (table S4). Blue circles and red squares indicate the freezing temperatures of rectangular surfaces formed by parallel-aligned INpro mono-
mers, assuming an ice-binding surface of 3.4-nm width and a length of 25.3 nm for MoINpro (blue) and 19 nm for EnINpro (red), based on AlphaFold3 structural predictions.

Fig. 4. AlphaFold3 model of EnINpro and cross sections through the solenoid. 
(A) The model of EnINpro is colored by different domains with arrows representing 
β strands. The model highlights a β-solenoid fold (gray, purple) adjacent to the di-
sulfide capping motif (orange). (B) Cross section through the central domain re-
gion. Residues are identified by their one-letter codes. Boxes indicated the location 
of the characteristic TQT, SLT, and YGS motifs. (C) Cross section of the central do-
main’s capping structure, where adjacent cysteine residues can form disulfide 
bonds that likely stabilize the β-solenoid fold.
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The function of fungal INpros independent of the membrane is 
supported by several independent lines of evidence; first, the fungal 
INpro sequence of M. alpina contains a canonical N-terminal signal 
peptide, consistent with secretion into the extracellular environ-
ment rather than membrane anchoring. In line with this, ice-
nucleating activity was recovered from aqueous solution following 
washing of mycelia. Second, ice-nucleating activity persists after se-
quential filtration through 5-μm, 0.1-μm, and 300-kDa cutoffs, 
yielding freezing spectra essentially indistinguishable from the orig-
inal sample (6, 23). These steps remove intact cells, large debris, and 
membrane vesicles, consistent with membrane-independent ice-
nucleating activity. In addition, the activity is resistant to treatments 
that perturb membranes, including lipases, surfactants, and mem-
brane fluidizers, as well as to repeated freeze-thaw cycles and elevat-
ed temperatures (figs. S12 and S14). This behavior contrasts with 
bacterial INpros, whose highest activities depend strongly on mem-
brane association and are sensitive to membrane perturbation.

Freezing spectra of purified fungal INpros (fig. S16) further dem-
onstrate that the INpros alone are sufficient to enable high ice nucle-
ation activity, independent of cellular or membrane components. 
Obtaining atomistic structural information on the fungal INpros 
and their functional assemblies during ice formation remains an im-
portant goal for future work. At present, these approaches are lim-
ited by the availability of purified fungal INpros, which can now be 
obtained only at nanomolar concentrations and are thus not ame-
nable to high-resolution structural characterization.

DISCUSSION
The discovery of soluble fungal INpros extends our understanding 
of how organisms overcome the kinetic barriers of ice formation. 
Despite their distant taxonomic origins, fungal and bacterial INpros 
share a conserved β-solenoid architecture and multimerization strat-
egy, hallmarks of highly efficient ice nucleation (10).

However, fungal INpros function independently of membrane 
attachment and likely achieve stability through a distinct disulfide 
capping mechanism (17, 38). Structural details into INpros are now 
obtained through artificial intelligence (AI)–based structure predic-
tions (22, 41); atomic resolution experiments are still needed to confirm 
INpro structures and assembly mechanism. Our proposed aggregation 
mechanism (fig. S13) combines the AI-predicted INpro structure with 
experimentally parameterized CNT for finite shapes, interpreting the 
observed freezing spectra. This provides strong support for the pro-
posed stoichiometry and INpro assembly; however, further experimen-
tal work is needed to resolve the molecular mechanism, including 
whether cofactors influence the formation of functional aggregates.

Our findings suggest that HGT enabled Mortierellaceae fungi to 
co-opt a bacterial ice nucleation framework, which was subsequently 
adapted for soluble, cell-free activity. This convergence underscores 
fundamental physical constraints on protein-mediated ice nucleation 
while revealing the versatility of biological solutions to environmental 
challenges. In addition to Mortierellaceae fungi, we also sequenced 
and analyzed genomes of two ice nucleation active Fusarium strains 
(10, 25) but found no proteins related to the INpros described here. 
This is consistent with previous studies that proposed that ice nucle-
ation in Fusarium is enabled by much smaller proteins (10, 25).

Beyond their biological significance, the fungal INpros exhibit 
extraordinary stability and potency, functioning at picomolar con-
centrations and under extreme conditions (figs. S14 and S15). Their 

membrane independence and solubility clearly distinguish them 
from bacterial INpros and could unlock possibilities for bioinspired 
freezing technologies, from precision cryopreservation to engineered 
weather modulation. The identification of such proteins in common 
soil fungi further raises the possibility that their contribution to at-
mospheric ice nucleation is now underestimated (23, 42). The fungal 
INpros’ ability to remain highly active at low concentrations and un-
der harsh conditions (figs. S14 and S15) may allow them to retain 
function if aerosolized. Future work should focus on quantifying 
their environmental prevalence and exploring their potential in syn-
thetic and applied contexts. More broadly, this study shows how gene 
transfer and structural convergence can drive evolutionary innovation 
at the interface of biology and physics.

MATERIALS AND METHODS
Genome sequencing
Strains were grown on potato dextrose agar or malt yeast extract agar 
(Difco, Thermo Fisher Scientific, USA) for 2 to 4 weeks at room tem-
perature (23, 43), and the mycelium was harvested using an ethanol-
sterilized razor blade. DNA was extracted using the QIAGEN All Prep 
Fungal DNA/RNA/Protein Kit (Hilden, Germany). DNA was eluted 
in molecular-grade water and stored at −80°C until sequencing.

Short-read sequencing was done on an Illumina NovaSeq X se-
quencer by SeqCenter (Pittsburgh, PA). Quality control and adapter 
trimming were done by the company. Genome assembly was done 
using SPAdes version 3.15.5. The assembled genomes were then an-
notated using Augustus version 3.5.0 using Fusarium graminearum 
as the model (44, 45).

Core genome phylogeny of the Mortierellaceae
To identify the genus and species of the isolates, the ITS region 
(ITS1, 5.8 S, and ITS2) was extracted using ITSx version 1.13 (46). 
The ITS region was blasted on National Center for Biotechnology 
Information (NCBI) and was found to be most closely associated 
with Mortierellaceae sequences. Mortierellaceae genomes used in a 
previous study were used to identify the specific genus and species 
of the isolates (27). The whole-genome assemblies of fungal ge-
nomes were downloaded from the NCBI Genome Assembly data-
base on 24 July 2024, using the ncbi-datasets-cli tool version 14.2.2 
(47). To construct a core genome tree, we used a combination of 
tools: Benchmarking Universal Single-Copy Orthologs version 5.8.2 
to identify single-copy genes, Multiple Sequence Comparison by 
Log-Expectation (MUSCLE) version 5.3 to align the identified 
single-copy genes (48), and TrimAI version 1.5 to remove poorly 
aligned sequences (49). The core phylogenetic trees were construct-
ed using IQ-TREE version 2.3 with maximum likelihood and ultra-
fast bootstrapping (50). Consensus trees were visualized using ggtree 
on R version 4.3.3 (Angel Food Cake) (51, 52). Linnemannia hyalina 
and Mortierella hygrophila were used as outgroups.

Phylogenetic analysis of bacterial and fungal InaZ orthologs
Several gene sequences associated with ice nucleation activity were 
downloaded from UniProt on 10 February 2025. InaZ from P. syringae 
(CAA26837.1) was used as a query sequence against a custom data-
base of all available genome assemblies of Mortierellaceae and Gam-
maproteobacteria assemblies in NCBI. To construct the database of 
Gammaproteobacteria, we began by filtering all Gammaproteobacte-
ria genomes available in NCBI. Following this initial selection, we 
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used a threshold of 99% average nucleotide identity to identify repre-
sentative strains within the dataset. To identify potential orthologs, 
50% identity, 200 alignment length, and an e-value ≤ 1e−5 were 
used to filter results. Overlapping sequences found on the same 
contig were merged using the bedtools merge version 2.31.1 func-
tion (53). Only the best hit (highest percent identity) was retained 
for each assembly (table S1) and was used for phylogenetic analy-
sis. Potential orthologs were then aligned using MUSCLE version 
5.3, and TrimAl version 1.5 was used to remove poorly aligned se-
quences (49,  50). The phylogenetic tree was constructed using 
IQTree version 2.3 with maximum likelihood and ultrafast boot-
strapping (51). The predicted root for the tree was found by calcu-
lating bootstrap values with IQTREE using nonreversible models 
using the --model-joint UNREST flag (54). Trees were visualized 
using ggtree on R version 4.3.3 (Angel Food Cake).

Nucleotide composition and relative synonymous codon usage val-
ues were calculated for nine INpro genes and nine randomly selected 
coding sequences from Gammaproteobacteria and Mortierellaceae 
genomes using CAICal version 1.3 (55). GenBank data for the se-
lected genomes were downloaded on 19 July 2025. Random coding 
sequences were chosen by generating random integers correspond-
ing to gene order in the genome annotation; the genes matching 
these numbers were included in the analysis. All statistical analyses 
were performed in R version 4.3.3, and figures were generated using 
the ggplot2 package.

Cloning of fungal InaZ orthologs in S. cerevisiae and E. coli 
and confirmation of ice nucleation activity
To clone INpro genes into a yeast vector, the M. alpina MoINpro 
(g9171) coding sequence was amplified with sense primer VTXW 
3636 (CTATACTTTAACTGCAGTTTAATTAATGCGTCTCTTC­
CTCTCAA), bold sequences are from M. alpina 13A, and antisense 
primer VTXW3637 (GCGAAGAAGTCCAAAGCTGGATCCTCA­
TTCATTATTACCACACC). The E. parvispora L01-tf-B03 EnINpro 
(g6506) coding sequence was amplified with sense primer XW3642 
(CTATACTTTAACTGCAGTTTAATTAATGGGCACCGCTGAT­
GTT), bold sequences are from E. parvispora, and antisense primer 
VTXW4643 (GCGAAGAAGTCCAAAGCTGGATCCTTATTGT­
CCACACTGGCC) by using PrimeSTAR Max DNA polymerase 
(Takara Bio, CA) in an epGradient Mastercycler (Eppendorf, CT) as 
below: 98°C for 10 s to denature DNA templates; 30 cycles with the 
following settings: 98°C for 10 s; 55°C for 10 s; and 68°C for 30 s, 
followed by a 5-min extension at 68°C. Polymerase chain reaction 
(PCR) products were separated using agarose gel electrophoresis and 
purified using the AccuPrep PCR/Gel purification kit (Bioneer, 
CA). The gel-purified PCR fragments were cloned into a PacI and 
XhoI-digested pB1YT3-FLAG-HA plasmid using the Genbuilder 
kit (GenScript, NJ) to make pU33-Ma_g9171 and pU33-EP_g6506. 
Both FLAG and HA tags were removed during cloning, and there-
fore, authentic proteins will be produced in yeast cells upon induc-
tion. After sequencing, plasmid DNA was transformed into yeast 
strain YPH500 (MAT-alpha, ura3-52 lys2-801 ada2-101 trp1-63 
his3-200 leu2-1) by the lithium acetate method (56). After transfor-
mation, yeast cells were plated onto synthetic complete (SC) medium 
with 2% glucose as a carbon source but lacking uracil (SC-U) to 
maintain a selection for the plasmid. To assess ice nucleation activity, 
yeast cells harboring pU33-Mag9171 or pU33-EPg6506 or yeast cells 
harboring pRS416 as the negative control were streaked onto SC-U 
plates containing 2% galactose and incubated at 30°C for ≥36 hours 

to induce gene expression. For expression in bacteria, the INpro gene 
sequences of E. parvispora (g6506) and M. alpina (g9171) were syn-
thesized and subcloned with a His-SUMO tag into the expression vec-
tor pET-16b by GenScript (GenScript, the Netherlands). The resulting 
plasmids were transformed into ClearColi electrocompetent cells 
(Biosearch Technologies, Germany) by electroporation. ClearColi 
cells are a genetically modified E. coli strain designed to reduce 
endotoxin contaminations in protein preparations. pUC19 DNA 
(Biosearch Technologies, Germany) and endotoxin-free water served 
as positive and negative transformation controls, respectively. After 
transformation, bacterial cells were plated onto LB-Miller agar with 
ampicillin (100 μg/ml) and grown at 37°C for 24 hours. Single colo-
nies visible after 24 hours were transferred to 5-ml loose-lid tubes of 
LB-Miller medium with ampicillin (100 μg/ml) and incubated over-
night at 37°C with 200 rpm shaking. The following day, 250 ml of 
prewarmed LB-Miller medium with ampicillin and 2% glucose [from 
40% (w/v) autoclaved glucose] was inoculated with 4.2 ml of the over-
night culture and grown at 37°C with 200 rpm shaking until an OD600 
(optical density at 600 nm) of 0.6 was reached. Gene expression was 
induced by adding isopropyl-β-d-thiogalactopyranoside to a final 
concentration of 1 mM, and the induced cultures were incubated at 
18°C for 36 hours with 200 rpm shaking. Cells were harvested by cen-
trifugation at 4000g for 15 min in 50 ml of aliquots, and the pellets 
were stored at −20°C.

Fungal culture and sample preparation
Fifty plates of the ice nucleation active fungal species M. alpina or 
E. parvispora were grown on full-strength potato dextrose agar plates 
(VWR International GmbH) and malt yeast extract agar plates (Dif-
co Malt Extract Broth, Thermo Fisher Scientific, USA), respectively. 
Growth occurred at room temperature for 2 weeks and then at 4°C 
for about 4 weeks. Pure water was obtained from Millipore Milli-Q 
Integral 3 water purification system (Merck Chemicals GmbH), au-
toclaved at 121°C for 15 min, and filtered through a 0.1-μm bottle 
top filtration unit (VWR International GmbH). For the droplet freez-
ing experiments, solutions of fungal mycelium were prepared as 
described previously with the following modifications. The fungal 
mycelium of five agar plates was collected in a sterile 50-ml tube, 
and the weight of the mycelium was determined gravimetrically. Ali-
quots of 50 ml of pure water were added to the mycelium. The sam-
ples were vortexed three times at 2700 rpm for 1 min. The mycelial 
washes for all experiments were filtered through a 0.1-μm bottle-top 
filtration unit (VWR International GmbH), and the resulting myce-
lial wash contained INs from spores and mycelial surfaces. For filtra-
tion experiments, the 0.1-μm filtrate was filtered through 50-kDa 
Molecular Weight Cut-Off Polyethersulfone (MWCO PES) ultrafil-
tration centrifugation units (Thermo Fisher Scientific), and the IN 
concentration was determined by Twin-plate Ice Nucleation Assay 
(TINA) measurements. To assess ice nucleation activity in the bac-
teria harboring His-SUMO-Ent1_pET-16b or His-SUMO-Mor1_
pET-16b, the harvested pellets were thawed on ice. One milligram of 
pellet was thawed on ice and suspended in 1 ml of pure water. A glass 
tissue grinder (MilliporeSigma, Merck KGaA, Darmstadt, Germany) 
was used to manually disrupt the cells. The suspension was centri-
fuged at 14,000g for 30 min at 4°C to pellet the cell debris, and the 
supernatant was measured using TINA. ClearColi cells prepared by 
the same procedure served as a negative control. Likewise, yeast cells 
were measured in pure water, and the yeast not expressing INpros 
served as a negative control.
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Purification of INpros from E. parvispora
The mycelial wash of E. parvispora was lyophilized and reconstituted 
in pure water to ~9 mg/ml for analysis by fast protein liquid chroma-
tography using a HiPrep 16/60 Sephacryl S-100 HR column (16 mm 
by 600 mm) (Cytiva, USA). The elution buffer was 50 mM sodium 
phosphate and 100 mM sodium chloride (pH 7.5). The flow rate was 
0.5 ml/min with absorbance recorded at 280 nm. Fractions were col-
lected in 1 ml of volumes. For SDS–polyacrylamide gel electrophore-
sis (PAGE), aliquots of the size exclusion fractions were mixed with a 
fourth volume of Bolt lithium dodecyl sulfate (LDS) Sample Buffer 
and a 10th volume of NuPAGE Sample Reducing Agent (Thermo 
Fisher Scientific) and heated at 95°C for 10 min. Samples were loaded 
onto a NuPAGE Bis-Tris Mini Protein gel, 4 to 12% next to a molecu-
lar weight marker (PageRuler Prestained Protein Ladder, catalog no. 
26616, Thermo Fisher Scientific). The electrophoresis setting was a 
constant voltage of 150 V for 60 min. Staining was performed using a 
Pierce Silver Stain Kit (Thermo Fisher Scientific).

TINA experiments
Ice nucleation experiments were performed using the high-
throughput TINA, which has been described in detail elsewhere 
(39). In a typical experiment, the investigated IN sample was serially 
diluted 10-fold by a liquid handling station (epMotion ep5073, 
Eppendorf). Then, 96 droplets (3 μl) per dilution were placed on two 
384-well plates and tested with a continuous cooling rate of 1°C/min 
from 0° to −30°C with a temperature uncertainty of ±0.2°C. The drop-
let freezing was determined by two infrared cameras (Seek Therman 
Compact XR, Seek Thermal Inc.). For each experiment, the obtained 
fraction of frozen droplets (fice) and the counting error were used to 
calculate the cumulative number of IN (Nm) with the associated error 
using Vali’s formula and Gaussian error propagation (57). All experi-
ments were performed at least three times. Background freezing of 
pure water in our system occurred at ~−23°C. We find that indepen-
dent samples from individual fungal cultures show similar results with 
minor variations, consistent with previous studies (23, 39).

Identification of the ice-nucleating subpopulations through 
HUB analysis
The HUB method (40) was used for the identification and quantifi-
cation of the subpopulations that constitute the experimental cumu-
lative freezing spectra. This method uses a stochastic optimization 
technique to extract the underlying distribution of heterogeneous 
ice nucleation temperatures Pu (T) that describes the characteristic 
freezing temperatures of all INs in a sample. For this, the HUB-
backward code available as a Python code (https://github.com/
Molinero-Group/underlying-distribution) was used to compute the 
differential freezing spectra nm (T), representing Pu (T), from the 
cumulative freezing spectra Nm (T) obtained from TINA experi-
ments. Pu (T) is assumed to be a linear combination of normalized 
Gaussian distribution functions Pi (T) that represent a distinct num-
ber of subpopulations p of the weights ci that give 

∑p

i=1
ci = 1 . Each 

subpopulation Pi (T) is characterized by its characteristic freezing 
temperature mode Tmode,i and the spread of the temperature distri-
bution si. The experimentally obtained Nm (T) is interpolated through 
a spline and smoothed with a Savitzky-Golay filter of first-order 
polynomial with a default value of 3 for the length of the filter win-
dow. The mean squared error (MSE) defines the accuracy of the de-
termined set of parameters for the distribution function. For analysis, 
optimized results with the lowest MSE were selected.

Prediction of the protein structures with AlphaFold3
AlphaFold3 was used for structure predictions (37). The best-ranked 
(i.e., with the overall highest pLDDT scores) AlphaFold monomer 
models predict INpro β helix with a slight twist. The AlphaFold pre-
dictions of INpro dimers and multimeric aggregates exhibited twist-
ed and kinked structures that do not match the observed high ice 
nucleation temperatures. All models were constructed using the 
same settings (version = 2, modelSeeds = 123).

Prediction of the ice nucleation temperatures of 
INpro aggregates
The HINT algorithm applies CNT to predict the heterogeneous ice 
nucleation temperature (Thet) on finite surfaces from experimentally 
determined thermodynamic and kinetic properties of water and the 
binding free energy of the ice-nucleating particle to ice (Δγbind) 
(21). The IN surfaces of EnINpro and MoINpro are modeled as rect-
angles of width W = 3.4 nm and lengths L = 19 nm (EnINpro) and 
25.3 nm (MoINpro), consistent with AlphaFold3 predictions. Func-
tional aggregates of n INpros are assumed to have widths Wn = n ×  
3.4 nm and the same lengths, consistent with the assembly model 
proposed here.

The algorithm computes the minimum free energy path ΔG for 
nucleating ice on the protein surface and its subsequent growth into 
the solution as a function of nucleus volume. From the ΔG profile, it 
identifies the free energy barriers and calculates nucleation rates. 
ΔG is evaluated using experimental thermodynamic data for water, 
assuming that the fungal INpros—same as the bacterial INpro 
(21)—bind ice as strongly as ice itself (Δγbind = −2 γice–liquid) and 
have a line tension τ = 10 pN for the ice-protein-water three-phase 
line. Two nucleation barriers, ΔG* (T), emerge from the analysis: 
one for ice growth on the protein surface and another for growth 
into bulk water (21). The larger barrier limits nucleation and sets 
Thet. To determine Thet, ΔG profiles are calculated every 0.1°C from 
the melting point to the homogeneous nucleation temperature, and 
the largest barrier at each temperature is used to compute the het-
erogeneous nucleation rate. We report as Thet the temperature for 
which the nucleation frequency is 102 s−1, corresponding to crystal-
lization at a cooling rate of 1°C min−1.

Supplementary Materials
The PDF file includes:
Figs. S1 to S16
Legend for table S1
Tables S2 to S5

Other Supplementary Material for this manuscript includes the following:
Table S1

REFERENCES
	 1.	H . Laksmono, T. A. McQueen, J. A. Sellberg, N. D. Loh, C. Huang, D. Schlesinger, R. G. Sierra, 

C. Y. Hampton, D. Nordlund, M. Beye, A. V. Martin, A. Barty, M. M. Seibert,  
M. Messerschmidt, G. J. Williams, S. Boutet, K. Amann-Winkel, T. Loerting,  
L. G. M. Pettersson, M. J. Bogan, A. Nilsson, Anomalous behavior of the homogeneous ice 
nucleation rate in “no-man’s land”. J. Phys. Chem. Lett. 6, 2826–2832 (2015).

	 2.	T . Koop, B. J. Murray, A physically constrained classical description of the homogeneous 
nucleation of ice in water. J. Chem. Phys. 145, 211915 (2016).

	 3.	 K. E. Zachariassen, E. Kristiansen, Ice nucleation and antinucleation in nature. Cryobiology 
41, 257–279 (2000).

	 4.	 J. G. Duman, Antifreeze and ice nucleator proteins in terrestrial arthropods. Annu. Rev. 
Physiol. 63, 327–357 (2001).

	 5.	 G. J. Warren, Bacterial ice nucleation: molecular biology and applications. Biotechnol. 
Genet. Eng. Rev. 5, 107–136 (1987).

D
ow

nloaded from
 https://w

w
w

.science.org on M
arch 12, 2026

https://github.com/Molinero-Group/underlying-distribution
https://github.com/Molinero-Group/underlying-distribution


Eufemio et al., Sci. Adv. 12, eaed9652 (2026)     11 March 2026

S c i e n c e  A d v a n c es   |  R esear     c h  A r t i c l e

10 of 11

	 6.	 A. T. Kunert, M. L. Pöhlker, K. Tang, C. S. Krevert, C. Wieder, K. R. Speth, L. E. Hanson,  
C. E. Morris, D. G. S. Iii, U. Pöschl, J. Fröhlich-Nowoisky, Macromolecular fungal ice nuclei in 
Fusarium: Effects of physical and chemical processing. Biogeosciences 16, 4647–4659 (2019).

	 7.	 R. J. Eufemio, I. de Almeida Ribeiro, V. Molinero, M. Bonn, T. L. Sformo, G. A. Laursen,  
J. Fröhlich-Nowoisky, K. Meister, Lichen species across Alaska produce highly active and 
stable ice nucleators. Biogeosciences Discuss. 2023, 1–18 (2023).

	 8.	 K. Dreischmeier, C. Budke, L. Wiehemeier, T. Kottke, T. Koop, Boreal pollen contain 
ice-nucleating as well as ice-binding ‘antifreeze’ polysaccharides. Sci. Rep. 7, 41890 (2017).

	 9.	L . R. Maki, E. L. Galyan, M. M. Chang-Chien, D. R. Caldwell, Ice nucleation induced by 
Pseudomonas syringae. Appl. Microbiol. 28, 456–459 (1974).

	 10.	 R. Schwidetzky, I. de Almeida Ribeiro, N. Bothen, A. T. Backes, A. L. DeVries, M. Bonn,  
J. Fröhlich-Nowoisky, V. Molinero, K. Meister, Functional aggregation of cell-free proteins 
enables fungal ice nucleation. Proc. Natl. Acad. Sci. U.S.A. 120, e2303243120 (2023).

	 11.	 J. D. Atkinson, B. J. Murray, M. T. Woodhouse, T. F. Whale, K. J. Baustian, K. S. Carslaw,  
S. Dobbie, D. O’Sullivan, T. L. Malkin, The importance of feldspar for ice nucleation by 
mineral dust in mixed-phase clouds. Nature 498, 355–358 (2013).

	 12.	L . Kaufmann, C. Marcolli, J. Hofer, V. Pinti, C. R. Hoyle, T. Peter, Ice nucleation efficiency of 
natural dust samples in the immersion mode. Atmos. Chem. Phys. 16, 11177–11206 
(2016).

	 13.	C . Marcolli, B. Nagare, A. Welti, U. Lohmann, Ice nucleation efficiency of AgI: Review and 
new insights. Atmos. Chem. Phys. 16, 8915–8937 (2016).

	 14.	 J. Fröhlich-Nowoisky, C. J. Kampf, B. Weber, J. A. Huffman, C. Pöhlker, M. O. Andreae,  
N. Lang-Yona, S. M. Burrows, S. S. Gunthe, W. Elbert, H. Su, P. Hoor, E. Thines, T. Hoffmann, 
V. R. Després, U. Pöschl, Bioaerosols in the Earth system: Climate, health, and ecosystem 
interactions. Atmos. Res. 182, 346–376 (2016).

	 15.	 S. E. Lindow, The role of bacterial ICE nucleation in frost injury to plants. Annu. Rev. 
Phytopathol. 21, 363–384 (1983).

	 16.	 G. Warren, L. Corotto, The consensus sequence of ice nucleation proteins from Erwinia 
herbicola, Pseudomonas fluorescens and Pseudomonas syringae. Gene 85, 239–242 
(1989).

	 17.	 J. Forbes, A. Bissoyi, L. Eickhoff, N. Reicher, T. Hansen, C. G. Bon, V. K. Walker, T. Koop,  
Y. Rudich, I. Braslavsky, P. L. Davies, Water-organizing motif continuity is critical for potent 
ice nucleation protein activity. Nat. Commun. 13, 5019 (2022).

	 18.	 G. Renzer, I. de Almeida Ribeiro, H.-B. Guo, J. Fröhlich-Nowoisky, R. J. Berry, M. Bonn,  
V. Molinero, K. Meister, Hierarchical assembly and environmental enhancement of 
bacterial ice nucleators. Proc. Natl. Acad. Sci. U.S.A. 121, e2409283121 (2024).

	 19.	 S. E. Lindow, Membrane fluidity as a factor in production and stability of bacterial ice 
nuclei active at high subfreezing temperatures. Cryobiology 32, 247–258 (1995).

	 20.	 R. Schwidetzky, P. Sudera, A. T. Backes, U. Pöschl, M. Bonn, J. Fröhlich-Nowoisky, K. Meister, 
Membranes are decisive for maximum freezing efficiency of bacterial ice nucleators. J. 
Phys. Chem. Lett. 12, 10783 (2021).

	 21.	 Y. Qiu, A. Hudait, V. Molinero, How size and aggregation of ice-binding proteins control 
their ice nucleation efficiency. J. Am. Chem. Soc. 141, 7439–7452 (2019).

	 22.	 S. Hartmann, M. Ling, L. S. A. Dreyer, A. Zipori, K. Finster, S. Grawe, L. Z. Jensen, S. Borck,  
N. Reicher, T. Drace, D. Niedermeier, N. C. Jones, S. V. Hoffmann, H. Wex, Y. Rudich,  
T. Boesen, T. Šantl-Temkiv, Structure and protein-protein interactions of ice nucleation 
proteins drive their activity. Front. Microbiol. 13, 872306 (2022).

	 23.	 J. Fröhlich-Nowoisky, T. C. J. Hill, B. G. Pummer, P. Yordanova, G. D. Franc, U. Pöschl, Ice 
nucleation activity in the widespread soil fungus Mortierella alpina. Biogeosciences 12, 
1057–1071 (2015).

	 24.	 S. Pouleur, C. Richard, J. G. Martin, H. Antoun, Ice nucleation activity in Fusarium 
acuminatum and Fusarium avenaceum. Appl. Environ. Microbiol. 58, 2960–2964 
(1992).

	 25.	 S. Yang, M. Rojas, J. J. Coleman, B. A. Vinatzer, Identification of candidate ice nucleation 
activity (INA) genes in Fusarium avenaceum by combining phenotypic characterization 
with comparative genomics and transcriptomics. J. Fungi 8, 958 (2022).

	 26.	 R. J. Eufemio, G. Renzer, M. Rojas, J. Miadlikowska, T. L. Sformo, F. Lutzoni, B. A. Vinatzer,  
K. Meister, Peltigera lichen thalli produce highly potent ice-nucleating agents. 
Biogeosciences 22, 2087–2096 (2025).

	 27.	N . Vandepol, J. Liber, A. Desirò, H. Na, M. Kennedy, K. Barry, I. V. Grigoriev, A. N. Miller,  
K. O’Donnell, J. E. Stajich, G. Bonito, Resolving the Mortierellaceae phylogeny through 
synthesis of multi-gene phylogenetics and phylogenomics. Fungal Divers. 104, 267–289 
(2020).

	 28.	T . Hansen, J. Lee, N. Reicher, G. Ovadia, S. Guo, W. Guo, J. Liu, I. Braslavsky, Y. Rudich,  
P. L. Davies, Ice nucleation proteins self-assemble into large fibres to trigger freezing at 
near 0 °C. eLife 12, RP91976 (2023).

	 29.	C . P. Garnham, R. L. Campbell, V. K. Walker, P. L. Davies, Novel dimeric β-helical model of an 
ice nucleation protein with bridged active sites. BMC Struct. Biol. 11, 36 (2011).

	 30.	 Y. Prat, M. Fromer, N. Linial, M. Linial, Codon usage is associated with the evolutionary age 
of genes in metazoan genomes. BMC Evol. Biol. 9, 285 (2009).

	 31.	H .-Q. Zhou, L.-W. Ning, H.-X. Zhang, F.-B. Guo, Analysis of the relationship between 
genomic GC content and patterns of base usage, codon usage and amino acid usage in 

prokaryotes: Similar GC content adopts similar compositional frequencies regardless of 
the phylogenetic lineages. PLOS ONE 9, e107319 (2014).

	 32.	 R. Wint, A. Salamov, I. V. Grigoriev, Kingdom-wide analysis of fungal protein-coding and tRNA 
genes reveals conserved patterns of adaptive evolution. Mol. Biol. Evol. 39, msab372 (2022).

	 33.	 R. Orij, S. Brul, G. J. Smits, Intracellular pH is a tightly controlled signal in yeast. Biochim. 
Biophys. Acta 1810, 933–944 (2011).

	 34.	 S. I. Yugueros, J. Peláez, J. E. Stajich, M. Fuertes-Rabanal, A. Sánchez-Vallet,  
A. Largo-Gosens, H. Mélida, Study of fungal cell wall evolution through its 
monosaccharide composition: An insight into fungal species interacting with plants. Cell 
Surf. 11, 100127 (2024).

	 35.	 W.-Z. Hwang, C. Coetzer, N. E. Tumer, T.-C. Lee, Expression of a bacterial ice nucleation 
gene in a yeast Saccharomyces cerevisiae and its possible application in food freezing 
processes. J. Agric. Food Chem. 49, 4662–4666 (2001).

	 36.	D . A. Baertlein, S. E. Lindow, N. J. Panopoulos, S. P. Lee, M. N. Mindrinos, T. H. H. Chen, 
Expression of a bacterial ice nucleation gene in plants 1. Plant Physiol. 100, 1730–1736 
(1992).

	 37.	 J. Abramson, J. Adler, J. Dunger, R. Evans, T. Green, A. Pritzel, O. Ronneberger, L. Willmore, 
A. J. Ballard, J. Bambrick, S. W. Bodenstein, D. A. Evans, C.-C. Hung, M. O’Neill, D. Reiman,  
K. Tunyasuvunakool, Z. Wu, A. Žemgulytė, E. Arvaniti, C. Beattie, O. Bertolli, A. Bridgland, 
A. Cherepanov, M. Congreve, A. I. Cowen-Rivers, A. Cowie, M. Figurnov, F. B. Fuchs,  
H. Gladman, R. Jain, Y. A. Khan, C. M. R. Low, K. Perlin, A. Potapenko, P. Savy, S. Singh,  
A. Stecula, A. Thillaisundaram, C. Tong, S. Yakneen, E. D. Zhong, M. Zielinski, A. Žídek,  
V. Bapst, P. Kohli, M. Jaderberg, D. Hassabis, J. M. Jumper, Accurate structure prediction of 
biomolecular interactions with AlphaFold 3. Nature 630, 493–500 (2024).

	 38.	N . Li, B. A. K. Chibber, F. J. Castellino, J. G. Duman, Mapping of disulfide bridges in 
antifreeze proteins from overwintering larvae of the beetle Dendroides canadensis. 
Biochemistry 37, 6343–6350 (1998).

	 39.	 A. T. Kunert, M. Lamneck, F. Helleis, U. Pöschl, M. L. Pohlker, J. Fröhlich-Nowoisky, 
Twin-plate ice nucleation assay (TINA) with infrared detection for high-throughput 
droplet freezing experiments with biological ice nuclei in laboratory and field samples. 
Atmos. Meas. Tech. 11, 6327–6337 (2018).

	 40.	I . de Almeida Ribeiro, K. Mei’ster, V. Molinero, HUB: A method to model and extract the 
distribution of ice nucleation temperatures from drop-freezing experiments. Atmos. 
Chem. Phys. 23, 5623–5639 (2023).

	 41.	H .-B. Guo, A. Perminov, S. Bekele, G. Kedziora, S. Farajollahi, V. Varaljay, K. Hinkle,  
V. Molinero, K. Meister, C. Hung, P. Dennis, N. Kelley-Loughnane, R. Berry, AlphaFold2 
models indicate that protein sequence determines both structure and dynamics. Sci. Rep. 
12, 10696 (2022).

	 42.	 R. G. Pawsey, L. A. F. Heath, An investigation of the spore population of the air at 
Nottingham: I. The results of petri dish trapping over one year. Trans. Br. Mycol. Soc. 47, 
351–355 (1964).

	 43.	 S. Yang, B. A. Vinatzer, Draft genome sequence of Mortierella alpina strain LL118, isolated 
from an aspen (Populus tremuloides) leaf litter sample. Microbiol. Resour. Announc. 10, 
e0086421 (2021).

	 44.	 A. Bankevich, S. Nurk, D. Antipov, A. A. Gurevich, M. Dvorkin, A. S. Kulikov, V. M. Lesin,  
S. I. Nikolenko, S. Pham, A. D. Prjibelski, A. V. Pyshkin, A. V. Sirotkin, N. Vyahhi, G. Tesler,  
M. A. Alekseyev, P. A. Pevzner, SPAdes: A new genome assembly algorithm and its 
applications to single-cell sequencing. J. Comput. Biol. 19, 455–477 (2012).

	 45.	 K. J. Hoff, M. Stanke, Predicting genes in single genomes with AUGUSTUS. Curr. Protoc. 
Bioinformatics 65, e57 (2019).

	 46.	 J. Bengtsson-Palme, M. Ryberg, M. Hartmann, S. Branco, Z. Wang, A. Godhe, P. De Wit,  
M. Sánchez-García, I. Ebersberger, F. de Sousa, A. Amend, A. Jumpponen, M. Unterseher, 
E. Kristiansson, K. Abarenkov, Y. J. K. Bertrand, K. Sanli, K. M. Eriksson, U. Vik, V. Veldre,  
R. H. Nilsson, Improved software detection and extraction of ITS1 and ITS2 from 
ribosomal ITS sequences of fungi and other eukaryotes for analysis of environmental 
sequencing data. Methods Ecol. Evol. 4, 914–919 (2013).

	 47.	N . A. O’Leary, E. Cox, J. B. Holmes, W. R. Anderson, R. Falk, V. Hem, M. T. N. Tsuchiya,  
G. D. Schuler, X. Zhang, J. Torcivia, A. Ketter, L. Breen, J. Cothran, H. Bajwa, J. Tinne,  
P. A. Meric, W. Hlavina, V. A. Schneider, Exploring and retrieving sequence and metadata 
for species across the tree of life with NCBI Datasets. Sci. Data 11, 732 (2024).

	 48.	 M. Manni, M. R. Berkeley, M. Seppey, E. M. Zdobnov, BUSCO: Assessing genomic data 
quality and beyond. Curr. Protoc. 1, e323 (2021).

	 49.	 R. C. Edgar, MUSCLE: Multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Res. 32, 1792–1797 (2004).

	 50.	 S. Capella-Gutiérrez, J. M. Silla-Martínez, T. Gabaldón, trimAl: A tool for automated alignment 
trimming in large-scale phylogenetic analyses. Bioinformatics 25, 1972–1973 (2009).

	 51.	 B. Q. Minh, H. A. Schmidt, O. Chernomor, D. Schrempf, M. D. Woodhams, A. von Haeseler, 
R. Lanfear, IQ-TREE 2: New models and efficient methods for phylogenetic inference in 
the genomic era. Mol. Biol. Evol. 37, 1530–1534 (2020).

	 52.	 S. Xu, L. Li, X. Luo, M. Chen, W. Tang, L. Zhan, Z. Dai, T. T. Lam, Y. Guan, G. Yu, Ggtree: A 
serialized data object for visualization of a phylogenetic tree and annotation data. iMeta 
1, e56 (2022).

D
ow

nloaded from
 https://w

w
w

.science.org on M
arch 12, 2026



Eufemio et al., Sci. Adv. 12, eaed9652 (2026)     11 March 2026

S c i e n c e  A d v a n c es   |  R esear     c h  A r t i c l e

11 of 11

	 53.	 A. R. Quinlan, I. M. Hall, BEDTools: A flexible suite of utilities for comparing genomic 
features. Bioinformatics 26, 841–842 (2010).

	 54.	 S. Naser-Khdour, B. Q. Minh, R. Lanfear, Assessing confidence in root placement on 
phylogenies: An empirical study using nonreversible models for mammals. Syst. Biol. 71, 
959–972 (2021).

	 55.	 P. Puigbò, I. G. Bravo, S. Garcia-Vallve, CAIcal: A combined set of tools to assess codon 
usage adaptation. Biol. Direct 3, 38 (2008).

	 56.	 R. D. Gietz, R. H. Schiestl, A. R. Willems, R. A. Woods, Studies on the transformation of 
intact yeast cells by the LiAc/SS-DNA/PEG procedure. Yeast 11, 355–360 (1995).

	 57.	 G. Vali, Quantitative evaluation of experimental results an the heterogeneous freezing 
nucleation of supercooled liquids. J. Atmos. Sci. 28, 402–409 (1971).

Acknowledgments: We thank N. Bothen, J. Brandt, A.-L. Leifke, and S. Pektas for technical 
assistance and helpful discussions. G.R., M.B., and K.M. are grateful to the MaxWater initiative 
from the Max Planck Society. B.A.V. and X.W. thank the Virginia Agricultural Experiment Station 
and the Hatch Program of the National Institute of Food and Agriculture, US Department of 
Agriculture. We thank the Center for High Performance Computing at the University of Utah 
for an award of computing time and technical support. AlphaFold modeling was conducted 
on DoD supercomputers supported through the DoD High Performance Computing 
Modernization Program. Phylogenetic analyses were performed on high-performance 
computing clusters provided by Advanced Research Computing at Virginia Tech. Funding: 
K.M. acknowledges support by the NSF under grants nos. (NSF 2336558, 2308172, and 
2116528) and the Department of Defense (DoD) through a Defense Established Program to 

Stimulate Competitive Research award FA9550-24-1-0197. I.d.A.R. and V.M. acknowledge the 
support by the Air Force Office of Scientific Research through the MURI award no. FA9550-20-
1-0351. B.A.V. acknowledges support by the National Science Foundation (IOS-1754721). 
Author contributions: Conceptualization: K.M., R.J.E., V.M., B.A.V., U.P., and M.R. Methodology: 
R.J.E., U.P., B.A.V., I.d.A.R., M.R., H.-B.G., R.J.B., and V.M. Investigation: R.J.E., K.S., H.L., P.S., M.R., 
H.-B.G., K.B., and J.F.-N. Visualization: R.J.E., M.R., K.M., I.d.A.R., G.R., and V.M. Supervision: K.M., 
U.P., B.A.V., X.W., M.B., V.M., and R.J.B. Validation: R.J.E., K.M., I.d.A.R., V.M., G.R., M.R., and H.-B.G. 
Formal analysis: R.J.E., K.M., I.d.A.R., V.M., J.F.-N., M.R., and H.-B.G. Funding acquisition: M.B., K.M., 
B.A.V., U.P., V.M., X.W., and R.J.B. Resources: M.B., U.P., K.M., J.F.-N., and V.M. Project administration: 
M.B., K.M., B.A.V., V.M., R.J.B., and X.W. Writing—original draft: R.J.E., B.A.V., K.M., V.M., and J.F.-N. 
Writing—review and editing: R.J.E., U.P., B.A.V., M.B., V.M., K.M., K.S., R.J.B., I.d.A.R., J.F.-N., X.W., 
M.R., and H.-B.G. Competing interests: The authors declare the following competing interests: 
Patent application has been submitted by Boise State University (K.M., B.A.V., and X.W.) for the 
production of INpros of the Mortierellaceae family in different hosts. All other authors declare 
that they have no competing interests. Data, code, and materials availability: All data and 
code needed to evaluate and reproduce the results in the paper are present in the paper and/or 
the Supplementary Materials. Materials are available from the corresponding author upon 
request. Fungal genomes for M. alpina and E. parvispora have been submitted to NCBI. 

Submitted 16 November 2025 
Accepted 11 February 2026 
Published 11 March 2026 
10.1126/sciadv.aed9652

D
ow

nloaded from
 https://w

w
w

.science.org on M
arch 12, 2026



A previously unrecognized class of fungal ice-nucleating proteins with bacterial
ancestry
Rosemary J. Eufemio, Mariah Rojas, Kaden Shaw, Ingrid de Almeida Ribeiro, Hao-Bo Guo, Galit Renzer, Kassaye Belay,
Haijie Liu, Parkesh Suseendran, Xiaofeng Wang, Janine Fröhlich-Nowoisky, Ulrich Pöschl, Mischa Bonn, Rajiv J. Berry,
Valeria Molinero, Boris A. Vinatzer, and Konrad Meister

Sci. Adv. 12 (11), eaed9652.  DOI: 10.1126/sciadv.aed9652

View the article online
https://www.science.org/doi/10.1126/sciadv.aed9652
Permissions
https://www.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS. 

Copyright © 2026 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

D
ow

nloaded from
 https://w

w
w

.science.org on M
arch 12, 2026

https://www.science.org/content/page/terms-service

	A previously unrecognized class of fungal ice-nucleating proteins with bacterial ancestry
	INTRODUCTION
	RESULTS
	Genome sequencing reveals orthologs of bacterial InaZ in fungi
	Genetic confirmation of fungal InaZ orthologs as encoding INpro
	Structure of MoINpro, EnINpro, and PoINpro predicted by AlphaFold3
	Multimerization enables high fungal ice nucleation activity

	DISCUSSION
	MATERIALS AND METHODS
	Genome sequencing
	Core genome phylogeny of the Mortierellaceae
	Phylogenetic analysis of bacterial and fungal InaZ orthologs
	Cloning of fungal InaZ orthologs in S. cerevisiae and E. coli and confirmation of ice nucleation activity
	Fungal culture and sample preparation
	Purification of INpros from E. parvispora
	TINA experiments
	Identification of the ice-nucleating subpopulations through HUB analysis
	Prediction of the protein structures with AlphaFold3
	Prediction of the ice nucleation temperatures of INpro aggregates

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES
	Acknowledgments


