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Abstract

Biological particles, as a fraction of organic particles, potentially play a crucial role in ice nucleation processes. However, the

contributions and relationships of biological components and organic matter (OM) to atmospheric ice nucleation are still largely

unexplored. Here, droplet freezing assays, high-throughput sequencing technology and ultrahigh-resolution mass spectrometry

were performed to detect the INPs, microorganisms and OM molecules in precipitation collected at the summit of Mt. Lu,

China, respectively. Results revealed a predominant biological composition (71.7% and 93.2%) of total and nanoscale INPs (<

0.22 μm) at temperatures above -15°C. Specifically, bacterial INPs accounted for 36.1% of the biological INPs at temperatures

above -15degC. A notable correlation between sulfur-containing compounds, mainly proteinaceous and lignin-like substances,

and INPs was uncovered, with a co-occurrence network linking these compounds to Gram-positive bacteria and Agaricomycetes.

This study underscored the possible significance of sulfur-containing compounds in biological INP efficiency, which could further

help shed light on the ice nucleation mechanisms and potential sources of biological INPs.
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Key Points: 22 

 Biological materials predominated in ice nucleating particles (INPs) identified in 23 

precipitation. 24 

 Sulfur-containing compounds, associated with specific microbial taxa, likely acted as 25 

efficient INPs in precipitation. 26 

 This study preliminarily established an understanding of the connections between INPs, 27 

organic matter, and microorganisms. 28 

  29 
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Abstract 30 

Biological particles, as a fraction of organic particles, potentially play a crucial role in ice 31 

nucleation processes. However, the contributions and relationships of biological components and 32 

organic matter (OM) to atmospheric ice nucleation are still largely unexplored. Here, droplet 33 

freezing assays, high-throughput sequencing technology and ultrahigh-resolution mass 34 

spectrometry were performed to detect the INPs, microorganisms and OM molecules in 35 

precipitation collected at the summit of Mt. Lu, China, respectively. Results revealed a 36 

predominant biological composition (71.7% and 93.2%) of total and nanoscale INPs (< 0.22 m) 37 

at temperatures above −15°C. Specifically, bacterial INPs accounted for 36.1% of the biological 38 

INPs at temperatures above −15°C. A notable correlation between sulfur-containing compounds, 39 

mainly proteinaceous and lignin-like substances, and INPs was uncovered, with a co-occurrence 40 

network linking these compounds to Gram-positive bacteria and Agaricomycetes. This study 41 

underscored the possible significance of sulfur-containing compounds in biological INP 42 

efficiency, which could further help shed light on the ice nucleation mechanisms and potential 43 

sources of biological INPs.  44 

 45 

Plain Language Summary 46 

Ice nucleating particles (INPs) are particles that facilitate the freezing of water at temperatures 47 

above the homogenous freezing point, impacting cloud formation and precipitation processes in 48 

the atmosphere. This study identified different types of INPs, microbes and organic matter in 49 

precipitation sampled from Mt. Lu in southeastern China and investigated the connections 50 

between them. The findings suggested that a significant portion of INPs were of biological 51 

origin. Sulfur-containing compounds likely played an important role in ice nucleation, which 52 

may originate from certain microbial taxa. This study will help us understand the role of 53 

microbes and organic molecules in ice formation, which has broader implications in areas like 54 

preserving biological materials at low temperatures or even facilitating artificial snow 55 

production. 56 

 57 

1. Introduction 58 

Ice nucleation and subsequent ice crystal formation in clouds can affect the global hydrological 59 

cycle by altering cloud and precipitation formation, as well as affect the Earth’s solar radiation 60 

balance (DeMott et al., 2010; Lohmann & Feichter, 2005). As a result, ice nucleating particles 61 

(INPs) which aid the heterogeneous ice nucleation have received a great deal of attention (Kanji 62 

et al., 2017; Vali et al., 2015). To date, biological materials, mineral dust, crystalline salts, 63 

volcanic ash and carbonaceous combustion products (e.g., soot particles) have been identified as 64 

INPs (Hoose & Möhler, 2012; Kilchhofer et al., 2021; Möhler et al., 2008; Wise et al., 2012). 65 

Among them, biological materials (e.g., bacteria, fungal spores) or biological macromolecules 66 

(e.g., proteinaceous substances, saccharides, and lipids) exhibit the highest ice nucleation activity 67 

(INA) (Conen et al., 2011; Pummer et al., 2015). Some bacterial INPs, notably Pseudomonas 68 

syringae (Arny et al., 1976), Ps. fluorescens (Obata et al., 1987), Ps. viridiflava (Obata et al., 69 

1989), Erwinia ananas (Hew & Yang, 1992), Er. uredovora (Obata et al., 1989) and 70 

Xanthomonas campestris (Kim et al., 1987), were particularly effective at promoting ice 71 
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nucleation at above −10°C. Certain strains of Ps. syringae, known as highly active ice nucleators, 72 

even can initiate freezing at temperatures as high as −1.8°C (Maki et al., 1974). Fungi such as 73 

certain strains of Fusarium sp. (Kunert et al., 2019), Mortierella alpine (Iannone et al., 2011), 74 

and Cladosporium spores (Fröhlich-Nowoisky et al., 2015) have also demonstrated INA. The ice 75 

nucleation mechanisms in these microbial INPs are associated with proteins and polysaccharides 76 

(Morris et al., 2013). Additional biological materials, including pollen, lichens, and algae, are 77 

capable of initiating freezing at elevated temperatures (Christner, 2010; Duan et al., 2023; 78 

Karimi et al., 2019). Due to the remarkable INA of biological INPs (bio-INPs), the 79 

concentrations, compositions and influencing factors of bio-INPs in various environments have 80 

been widely documented (Che et al., 2019; Chen, Wu, Wu, et al., 2021; Huang et al., 2021; 81 

Pereira et al., 2021). 82 

Bio-INPs, as a part of organic INPs, have received limited attention regarding their INA from the 83 

perspective of organic matter (OM), especially at the molecular level. Past studies have primarily 84 

assessed the activities of bulk OM in environmental samples, e.g., marine aerosols (Wilson et al., 85 

2015) and agricultural soil dust (Conen et al., 2011; Hill et al., 2016; O'Sullivan et al., 2014; 86 

Tobo et al., 2014), utilizing heating treatment or hydrogen peroxide digestion combined with 87 

droplet freezing measurements. Diverse OM components, such as cellulose (Hiranuma et al., 88 

2019), lipids (Steinke et al., 2020), lignin (Bogler & Borduas-Dedekind, 2020), humic or fulvic 89 

acids (Klumpp et al., 2022; Wang & Knopf, 2011), humic-like substances (HULIS) (Chen, Wu, 90 

Zhao, et al., 2021) and proteinaceous materials (Christner, 2010; Watabe et al., 1993), were 91 

found to possess significant INA. The INA of these OM components exhibits considerable 92 

variation. For instance, the average freezing temperatures of fulvic acid and lignins ranged from 93 

−13°C to −8°C (Borduas-Dedekind et al., 2019), while the ice nucleation temperature of 94 

cellulose or polysaccharides (i.e., starches) was lower than −20°C (Hiranuma et al., 2019; 95 

Hiranuma et al., 2015; Steinke et al., 2020). Some proteinaceous materials derived from 96 

microorganisms exhibited notably efficient INA (Cascajo-Castresana et al., 2020; Maki et al., 97 

1974; Schnell & Vali, 1976). Specifically, iron storage proteins and ice nucleating proteins 98 

initiated ice formation at −4°C and −1.8°C, respectively (Cascajo-Castresana et al., 2020; Maki 99 

et al., 1974; Schnell & Vali, 1976). Nevertheless, the precise molecular-level compositions of 100 

bio-INPs remain comparatively less studied, requiring further investigation to elucidate the 101 

underlying ice nucleation mechanisms.  102 

Ice crystal formation in clouds plays a crucial role in Earth's radiative balance and hydrological 103 

cycle, prompting extensive global research on INPs in clouds and precipitation (Failor et al., 104 

2022; Petters & Wright, 2015). Previous studies have utilized the abundances of INPs in various 105 

precipitation samples, such as rain, snow, fog, and hail, to estimate INPs in clouds (Beall et al., 106 

2020; Martin et al., 2019; Michaud et al., 2014). While precipitation samples may collect 107 

additional INPs in the below-cloud atmosphere and undergo heterogeneous chemistry through 108 

gas adsorption or absorption (Lim et al., 2010), they largely resemble cloud water, particularly in 109 

clean areas (Hu et al., 2017). INPs in precipitation from clean and high-altitude regions face 110 

fewer environmental interferences, offering a more direct reflection of cloud ice nucleation 111 

processes. Additionally, collecting precipitation samples is more convenient than cloud water 112 

collection for characterizing atmospheric water properties.  113 

As a result, numerous studies have focused on INP concentrations in precipitation at 114 

mountainous sites (Ahern et al., 2007; Stopelli et al., 2017). Conen et al. (2015) revealed 115 
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seasonal variations in INP concentrations at −8°C at Jungfraujoch, with higher levels in summer. 116 

The INPs increases coincided with high wind speeds and air masses with little or no precipitation 117 

(Stopelli et al., 2016). Wind direction and air mass trajectories significantly affected INP 118 

concentrations and biogenic contributions at Jungfraujoch (Creamean et al., 2019) and 119 

southeastern Louisiana (Joyce et al., 2019). In some instances, anthropogenic factors, like PM10 120 

and rain acidification, have influenced INP concentrations (Lacher et al., 2018; Pouzet et al., 121 

2017). The Sierra Nevada Mountains in California, renowned for their orographic cloud 122 

formation, have undergone thorough studies regarding INP characteristics (Creamean et al., 2014; 123 

Creamean et al., 2016). Long-distance transported dust and biological particles were key 124 

components of INPs, significantly influencing orographic precipitation in the western United 125 

States (Creamean et al., 2013). At Puy de Dôme, biological materials also constituted major 126 

components of INPs, representing over 60% at −10°C (Joly et al., 2014; Testa et al., 2021). 127 

Nevertheless, microorganisms with known ice nucleation ability represented only a minority of 128 

bio-INPs in precipitation (Zhang et al., 2020), and many unknown bio-INPs remain to be 129 

explored. Additionally, nanoscale biological fragments have been found to possess ice nucleation 130 

capabilities in precipitation samples (O′Sullivan et al., 2015; Wilson et al., 2015). It is important 131 

to note that organisms, as a fraction of organic matter, continuously release various organic 132 

substances during their metabolic processes. It has been suggested that organic matter associated 133 

with biological substances may have high ice nucleating abilities in soils (Tobo et al., 2019). 134 

However, the specific connection between organic molecules and bio-INPs at the molecular level 135 

in precipitation remains unexplored.  136 

Mt. Lu, situated in the middle and lower reaches of Yangtze River in China, features high 137 

altitudes and deep valleys, resulting in significant vertical and horizontal climatic variations. Due 138 

to its unique geography, Mt. Lu frequently experiences meteorological phenomena such as rime, 139 

snow rime, and rain rime (Guo et al., 2019). Therefore, Mt. Lu has been the site of 140 

comprehensive observational studies focusing on the physical properties of precipitation and 141 

aerosols (Huang et al., 2018; Li et al., 2015; Sun et al., 2016). Here, to assess the abundances of 142 

INPs in clouds and the contribution of biological and organic fractions to INPs as well as their 143 

associations, precipitation (including rain and fog water) samples were collected from a 144 

relatively clean and high-altitude mountain site, Mt. Lu, in southeastern China. The abundances 145 

and compositions of INPs including bio-INPs, bacterial INPs, nanoscale INPs (nano-INPs) and 146 

biological nano-INPs were determined by droplet freezing assays coupled with corresponding 147 

pretreatments. Microbial and organic compositions were measured with high-throughput 148 

sequencing technology and ultrahigh-resolution Fourier transform ion cyclotron resonance mass 149 

spectrometry (FT-ICR MS), respectively. This study aims to provide more information on the 150 

components, sources and potential atmospheric processes of INPs, and especially to clarify the 151 

relationships among INPs, microorganisms and organic molecules. 152 

2. Materials and Methods 153 

2.1. Observation site and sample collection 154 

Precipitation including rainwater and fog water samples were collected at the summit of Mt. Lu 155 

(29.58°N, 115.98°E, 1165 m a.s.l.) from November to December 2019. Mt. Lu is located in the 156 

southeast of China and it has frequent cloudy weather and rainfall events throughout the year due 157 

to the influence of the subtropical monsoon. Fog water samples were collected into Teflon 158 
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bottles using a Caltech Active Cloudwater Collector (CASCC2) following the operation 159 

protocol. Rainwater samples were deposited directly into Teflon beakers. After collection, the 160 

samples were transferred to brown polyethylene bottles and stored at −20C. Meteorological data 161 

were recorded by an automatic meteorological monitoring station (Gill MetPak, UK), and hourly 162 

air quality data including air quality index (AQI), PM2.5, PM10, NO2, O3, SO2 and CO were 163 

obtained from the nearest air quality monitoring station (29.57°N, 115.98°E), which is 20 m 164 

away from the sampling site. All air quality data were downloaded from China National 165 

Environmental Monitoring Center (http://www.bjmemc.com.cn/). Detailed information about 166 

sampling periods is shown in Figure S1 and Table S1. 167 

2.2. Droplet freezing assays 168 

Total INPs, heat-sensitive INPs, lysozyme-sensitive INPs, nano-INPs (<0.22 μm) and heat-169 

sensitive nano-INPs were determined by droplet freezing assays coupled with corresponding 170 

pretreatments with a modified instrument based on Chen et al. (2018). Five aliquots of each 171 

sample were treated separately as follows: (a) no treatment, (b) heated at 98°C for 15 min, (c) 172 

incubated with 3 mg L
‒1

 lysozyme (L7773-50MG, Sigma) for 1 h at room temperature, (d) 173 

filtration through a 0.22 μm nitrous cellulose filter (Millipore, USA), (e) heated at 98°C for 15 174 

min after treatment (d). In this study, the concentrations of INPs after no treatment and under the 175 

latter four different treatments were considered as the concentrations of total INPs, heat-resistant 176 

INPs, lysozyme-resistant INPs, nano-INPs and heat-resistant nano-INPs, respectively (Christner 177 

et al., 2008; Conen et al., 2012). The concentrations of bio-INPs and bacterial INPs were 178 

obtained by subtracting the concentrations of heat-resistant INPs and lysozyme-resistant INPs 179 

from the total INP concentrations, respectively. The concentrations of bio-nano-INPs were 180 

obtained by subtracting the concentrations of heat-resistant nano-INPs from the nano-INP 181 

concentrations. 182 

The INA of untreated and different treated samples was determined by droplet freezing method 183 

with a modified instrument based on Chen et al. (2018). This method enables the measurement 184 

of larger particles and characterizes ice nucleation activity across a broad temperature range, 185 

making it popular for studying biological INPs. Substrate choice significantly influences the 186 

observed freezing temperature spectrum, and hydrophobic glass is commonly used as a substrate 187 

material in this method. Hydrophobic glass limits droplet spreading and contact area, and a large 188 

contact angle indicates weaker liquid-substrate interaction, which potentially reduces 189 

heterogeneous ice nucleation, enhancing experimental repeatability and accuracy. Nevertheless, 190 

hydrophobic glass may still induce ice nucleation due to micro or nanoscale surface defects. 191 

Ninety 1-μL droplets were added dropwise to a hydrophobic glass slide located on a cold stage. 192 

The cold stage was initially at 0°C and then cooled until all the droplets were frozen at a rate of 193 

1°C min
‒1

. A charge-coupled device camera was used to record images every 6 s and the images 194 

were used to determine the freezing of droplets based on the change in grayscale values during 195 

the phase transition from liquid water to ice. As a result, the temperature and the number of 196 

frozen droplets at that temperature could be recorded. Some samples were replicated three times 197 

to ensure the accuracy of the experiment. The concentrations of INPs, bio-INPs and bacterial 198 

INPs at the freezing temperature of −18°C, and nano-INPs and biological nano-INPs at −20°C 199 

are calculated as described in previous studies (Vali, 1971) and used to perform related analysis. 200 

The laboratory (double-distilled water) and field blanks (double-distilled water poured the clean 201 

samplers before sampling) were prepared to assess the effects of contamination using the same 202 

http://www.bjmemc.com.cn/
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ice nucleation assay. The initial freezing temperature (T0) for the laboratory blanks and filed 203 

blanks were observed to be below −20°C and −19°C, respectively. The T0 results were 204 

comparable to the results in previous studies using a similar instrument (Chen et al., 2018) and 205 

much lower than those of samples in this study, which indicated the effect of background values 206 

using this ice nucleation assay was quite limited. 207 

2.3. Taxonomic identification of bacteria and fungi 208 

Samples with a volume of 50 mL were filtered by 0.22 μm polycarbonate filters (Φ 25 mm, 209 

Whatman, UK). The filters and filtrates were used for biological analysis and OM 210 

characterization, respectively. The filters were cut and placed in the lysis tubes. Subsequently, 211 

the DNA was extracted by DNeasy PowerSoil Pro Kit (Qiagen, USA) according to the 212 

manufacturer's protocol, and quantified by NanoDrop 2000 Spectrophotometers (Thermo Fischer 213 

Scientific, Inc., USA). Then a certain amount of DNA was used for polymerase chain reaction 214 

(PCR) amplification of the V3-V4 region of the 16S ribosomal RNA (rRNA) gene for bacteria 215 

and the internal transcribed spacer (ITS) region of the fungal gene. Primer pair 338F (5'-216 

ACTCCTACGGGAGGCAGCAG-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3') for 217 

bacteria and primer pair ITS1F (5'-CTTGGTCATTTAGAGGAAGTAA-3') and ITS2 (5'-218 

GCTGCGTTCTTCATCGATGC-3') for fungi were used for the PCR. The 20-μL PCR mixture 219 

contained 10 μL Master Mix, 0.5 μL 10 μM of each primer, 5 μL genome DNA and 4 μL 220 

double-distilled H2O. PCR amplification was performed as follows: initial denaturation at 95°C 221 

for 5 min, followed by 35 cycles at 95°C for 30 s, 50°C for bacteria/55°C for fungi for 30 s and 222 

72°C for 40 s, with a final elongation at 72°C for 7 min. The PCR products were purified using 223 

Agencourt AMPure XP magnetic beads. After purification, the ranges of amplified fragments 224 

and the DNA concentrations were examined using an Agilent 2100 Bioanalyzer. Then the 225 

purified PCR products were sequenced using the Illumina Hiseq 2500 platform (2×250 paired 226 

ends) at Bgi Genomics Corporation, Shenzhen, China. 227 

The obtained reads from the platform that could match the primers have truncated the primers 228 

and connectors, and the treated reads were subjected to quality control according to the 229 

requirements of previous studies (Schmieder & Edwards, 2011). The quality-controlled reads 230 

were then stitched into tags by overlapping relationships between reads. The tags were clustered 231 

into operational taxonomic units (OTUs) at a minimum similarity of 97%. Taxonomic annotation 232 

of each OTU was performed using the Silva V138 database for bacteria and the UNITE database 233 

for fungi. 234 

2.4. FT-ICR MS analysis and molecular formula assignment 235 

The filtrates as mentioned in Sect. 2.3 were used to perform FT-ICR MS analysis according to 236 

previous studies (Chen et al., 2022). The Oasis hydrophilic-lipophilic balance (HLB) solid-phase 237 

extraction (SPE)-cartridges (200 mg, 6 mL) were conditioned with 3×6 mL of methanol and 2×6 238 

mL of Milli-Q water on a Supelco Visiprep SPE Vacuum Manifold (USA). Then, samples with a 239 

volume of 50 mL were introduced at a flow rate of 1‒2 mL min
‒1

 onto the cartridges. A 240 

subsequent rinse of the cartridges was performed using 6 mL of Milli-Q water, after which they 241 

were dried under a nitrogen stream for 1 hour. The analytes loaded onto the cartridges were then 242 

eluted with 2×6 mL of methanol. Finally, the extracts were concentrated to 1 mL by rotary 243 

evaporators (BUCHI, Switzerland) and stored at ‒20°C until analysis. 244 



manuscript submitted to Journal of Geophysical Research: Atmospheres 

7 

 

The organic fractions of extracts were subjected to analysis using a 7.0T SolariX 2xR FT-ICR 245 

MS instrument (Bruker, Germany), which was equipped with an electrospray ionization source 246 

(ESI) operating in the negative ion mode. The samples were introduced into the ESI source at an 247 

infusion flow rate of 150 μL h
‒1

, with a capillary voltage set at 5000 V. Mass spectra were 248 

acquired in the range of 150 to 1000 Da, and a total of 256 scans were collected to enhance the 249 

signal-to-noise ratio (S/N) for each averaged spectrum. 250 

Molecular formulas were assigned to mass peaks with a signal-to-noise ratio (S/N) greater than 251 

or equal to 4 using DataAnalysis v5.0 software (Bruker, Germany). The assignment of molecular 252 

formulas for the selected peaks was restricted to 
12

C (1 − 50), 
1
H (1 − 100), 

16
O (1 − 30), 

14
N (0 − 253 

2), and 
32

S (0 − 2). The assigned molecular formulas were categorized into four groups based on 254 

their elemental compositions: CHO, CHON, CHOS, and CHONS. The van Krevelen diagrams 255 

were used to classify molecules by H/C ratio and O/C ratio (Kim et al., 2004; Koch et al., 2007). 256 

Seven classes of compounds are distinguished according to H/C and O/C ratios: (A) lipids (1.5 < 257 

H/C ≤ 2, O/C ≤ 0.3), (B) aliphatic/proteins (1.5 < H/C ≤ 2.2, 0.3 < O/C ≤ 0.67), (C) 258 

lignins/carboxylic-rich alicyclic (CRAMs)-like structures (0.67 < H/C ≤ 1.5, 0.1 ≤ O/C < 0.67), 259 

(D) carbohydrates (1.5 < H/C ≤ 2.5, 0.67 < O/C ≤ 1.2), (E) unsaturated hydrocarbons (0.67 < 260 

H/C ≤ 1.5, O/C < 0.1), (F) aromatic structures (0.2 ≤ H/C ≤ 0.67, O/C < 0.67), and (G) highly 261 

oxygenated compounds (tannins) (0.6 < H/C ≤ 1.5, 0.67 ≤ O/C ≤ 1.0). More detailed information 262 

about the instrument and molecular formula assignment could be obtained from previous studies 263 

(Chen et al., 2022).  264 

2.5. Auxiliary chemical component analyses 265 

The subsamples were filtered with 0.22-μm pore PTFE filters (MillexGV, Millipore). The 266 

filtrates were used to analyze dissolved organic carbon (DOC) and three-dimensional excitation-267 

emission matrix (3D-EEM). DOC was measured by using a TOC analyzer (1030 W + 1088-OI 268 

Analytical, US). Fluorescence spectra were measured using 3D-EEM fluorescence spectroscopy 269 

(Aqualog, Horiba, Japan) as described in previous studies (Fu et al., 2015). 270 

2.6. Data analyses 271 

Data analysis in this study was conducted using the R software (R-Core-Team, 2012). The 272 

Spearman’s correlation analysis was used to assess correlations between peak area of organic 273 

molecules and INP concentrations, with a p-value less than 0.05 denoting statistical significance. 274 

Selected organic molecules with significant correlations with INPs were subjected to further 275 

analysis according to their elemental composition and classification as distinguished in the van 276 

Krevelen diagram. Co-occurrence network was constructed based on Spearman’s correlation 277 

analysis. The correlation coefficients and p-values were calculated between organic molecules 278 

and microbial genera. P-values were adjusted to control the False Discovery Rate (FDR) using 279 

the Benjamini-Hochberg method. A network was constructed using relationships that were 280 

statistically significant (p < 0.05) after FDR correction. Network visualization was achieved on 281 

the interactive platform Gephi 0.10.1 (https://gephi.org/). 282 

 283 
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3. Results 284 

3.1. Characteristics of INPs in precipitation 285 

Figure 1 shows the cumulative spectra of total INPs per unit volume of precipitation samples 286 

collected at Mt. Lu. The concentrations of total INPs in precipitation samples were 4‒4500 mL
−1

 287 

in the temperature range from −9.6C to −26.7C (Figure S1), which were within the range of 288 

the spectra observed in rainwater over the Tibetan Plateau (Chen, Wu, Wu, et al., 2021), Quito 289 

and Mexico (Pereira et al., 2021) using the same or similar drop-freezing assays. The total INPs 290 

per unit volume of air assuming a cloud condensed water content (CWC) value of 0.4 g m
−3

 291 

varied from 0.002 to 1.8 L
−1

 air. The T0 for fog water and rainwater samples were from −11.2C 292 

to −5.5C and from −14.8C to −9.6C, respectively, indicating fog water had higher INA than 293 

rainwater in this study. Hartmann et al. (2021) found that fog samples collected near Canada and 294 

European Arctic contained more INPs than seawater samples, freezing onset from −15C to 295 

−3.5C. Previous studies observed that cloud or fog water exhibited T0 warmer than −10C 296 

(Gong et al., 2020; Joly et al., 2014; Schnell, 1977). 297 

Compared to the untreated samples, heat treatment (98C) decreased T0 and the temperature at 298 

which 50% of the droplets frozen (T50) by 2.1C and 1.4C on average for the rainwater samples, 299 

and by 4.2C and 3.3C for the fog water samples, respectively (Table S1 and Figure S2). 300 

Heating treatment and lysozyme treatment are common pretreatment methods to detect 301 

biological and bacterial fractions of INPs, respectively (Christner et al., 2008; Conen et al., 302 

2012). Results showed that heat-sensitive INPs at temperatures above −11C constituted up to 303 

98% of the total INPs (Figure 2a). On average, 33% of the INPs in fog water were lysozyme-304 

sensitive at −11C (Figure 2b). Three fog samples were completely free of lysozyme-sensitive 305 

INPs. For rainwater, half of the rainwater samples were less sensitive to lysozyme digestion 306 

throughout the freezing process. It is noted that the samples R4, R7, R8, R9 and R10 contained 307 

11–45 heat-sensitive INPs mL
‒1

 at ≥ −12C, and almost all these INPs were susceptible to 308 

lysozyme, which suggested that bacterial INPs dominated bio-INPs in these samples. 309 

Filtration treatment with 0.22-μm pore filters significantly reduced T0 and T50 by 1.6C and 310 

3.0C for the precipitation samples, respectively (Table S1 and Figure S2). The INPs after 311 

filtration at −18C in the rainwater and fog water samples accounted for 28% and 35% of the 312 

total INPs, respectively (Figure 2c), suggesting the considerable existence of nano-INPs 313 

(defined as INPs < 0.22 μm herein). After heat treatment of the filtrate, T0 and T50 decreased by 314 

5.1C (6.3C for fog water and 3.9C for rainwater) and 3.3C (4.9C for fog water and 1.7C 315 

for rainwater) on average, respectively, demonstrating the biological origin of nano-INPs, such 316 

as proteinaceous materials (Christner et al., 2008) and lipids (Hill et al., 2016). 317 

3.2. Organic molecular compositions in precipitation  318 

Parallel factor analysis (PARAFAC) of EEM data identified four fluorescent components 319 

(Figure S3a). The components C1 (240, 310/395), C2 (242, 326/452), C3 (272/321) and C4 (249, 320 

359/445) (Ex/Em) were categorized as microbial HULIS, transitional marine HULIS, protein-321 

like organic matter (PLOM) and terrestrial HULIS, respectively (Chen et al., 2022; Yang et al., 322 

2019; Zhou et al., 2019). In fog water, microbial HULIS (46.1% ± 6.7%) predominated, 323 
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followed by PLOM (27.1% ± 6.2%) and terrestrial HULIS (23.9% ± 3.5%). In contrast, 324 

transitional HULIS was most prevalent in rainwater (40.8% ± 25.5%) (Figure S3b), highlighting 325 

distinct OM sources in rain and fog water.  326 

FT-ICR MS analyses were performed to obtain more detailed information on OM at a molecular 327 

level, and the mass spectra of assigned chemical formulas are present in Figure S4. In fog and 328 

rainwater samples, 8366 and 5604 formulas were identified, respectively (Figure S5a). 329 

Nitrogenous compounds (CHON and CHONS) in fog water predominated, accounting for 52–330 

69%, while the CHO and CHOS compounds accounted for 15–28% and 15–30%, respectively. 331 

The formula number of CHO and CHON compounds dominated in rainwater (67–86%), and the 332 

compounds that contained sulfur (CHOS and CHONS) occupied 25 ± 8% (Figure S5a). 333 

According to the nominal classification of seven compound classes in van Krevelen diagrams 334 

(Koch et al., 2007), lignins predominated among the assigned formulas in the fog and rainwater 335 

samples with a number fraction of 50% and 52%, respectively, followed by proteinaceous 336 

compounds (24% and 23%) (Figure S5b).  337 

3.3. Microbial community compositions and potential taxa with INA  338 

A total of 402 bacterial OTUs, classified into nine phyla, were detected in fog water and 339 

rainwater samples. The phyla Proteobacteria (37.7% of the total detected sequences), Firmicutes 340 

(20.8%), Actinobacteria (17.1%) and Cyanobacteria (13.7%) were the predominant phyla in all 341 

samples (Figure S6a). At the genus level, higher percentages of Bacillus (10.8%), GpI 342 

(Anabaena, 5.6%), and Sphingomonas (5.5%) were identified in rainwater samples, and the 343 

genera GpI (22.0%), and Sphingomonas (5.2%) dominated in fog water samples (Figure S6b). 344 

Genera Pseudomonas, Pantoea and Xanthomonas, which possibly contain potential ice 345 

nucleation-active bacterial species (Ariya et al., 2009; Kim et al., 1987; Maki et al., 1974), were 346 

detected in all samples, accounting for 3.6 ± 3.8% of the detected gene sequences (Figure S6c). 347 

Similar proportions of known bacteria with INA were also detected in rainwater samples from 348 

Hulunber, China (Du et al., 2017) and Kumamoto, Japan (Hu et al., 2017), and snow samples 349 

from Montreal, Canada (Mortazavi et al., 2008). Genus Xanthomonas was present in only six fog 350 

water and four rainwater samples, while the other two genera were detected in all samples. 351 

Pseudomonas accounted for 1.1 ± 1.3 and 1.7 ± 1.4% of the detected gene sequences in fog 352 

water and rainwater samples, respectively (Figure S6c). The relative abundance of Pantoea was 353 

significantly higher in rainwater samples (4.4%) than in fog water samples (0.9%). 354 

In the fungal community, 300 OTUs were detected and classified into seven phyla. As shown in 355 

Figure S7a, Ascomycota (73.1%) and Basidiomycota (26.5%) emerged as the dominant phyla in 356 

all samples. In rain samples, the majority of fungi were from the genera Aspergillus (18.6%), 357 

Pseudocercospora (7.3%), and Cladosporium (5.8%) (Figure S7b). Among fungal community, 358 

some species of Fusarium, Mortierella, Puccinia, Sarocladium (formerly named Acremonium) 359 

and Isaria with INA could trigger ice freezing above 10C (Fröhlich-Nowoisky et al., 2015; 360 

Haga et al., 2013; Huffman et al., 2013; Kunert et al., 2019; Pummer et al., 2015; Rodríguez 361 

Zafra et al., 2016). Of these known potential ice nucleation-active fungal genera, Isaria, 362 

Sarocladium, Fusarium and Mortierella were detectable in some samples, with a fraction of 363 

0.006%, 0.38%, 0.37% and 0.007% on average, respectively. Known ice nucleation-active 364 

fungal species Sarocladium implicatum were detected in more than half of the samples (Figure 365 

S7c). However, the total abundances of known potential ice nucleation-active fungal genera 366 
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detected in this study were minor (0.6 ± 1.3%), indicating the possible existence of unknown ice 367 

nucleation-active microbial taxa. 368 

3.4. Relationship between INPs and OM compositions in precipitation 369 

Spearman’s correlation revealed that PLOM (C3) and terrestrial HULIS (C4) were significantly 370 

positively related with total, heat-sensitive, and lysozyme-sensitive INPs at –18C, and nano-371 

INPs and heat-sensitive nano-INPs at –20C (Figure S8). However, transitional marine HULIS 372 

(C2) exhibited a strong negative correlation with INPs, suggesting potential interference in INP 373 

formation by certain substances. To deepen the understanding of the relationship between OM at 374 

a molecular level and INPs, we conducted Spearman’s correlation analysis of the detected 375 

organic formula peak intensities and different types of INP concentrations. The analysis revealed 376 

significant correlations (p < 0.05) for 2926, 2108 and 1382 formulas with total, heat-sensitive, 377 

and lysozyme-sensitive INPs at –18C, respectively (Figure S9). Among these INP-related 378 

formulas, the CHONS group was predominant (34–48%), followed by the CHOS group (30–379 

36%) (Figure S9a). OM molecules significantly correlated with different types of INPs are 380 

illustrated by van Krevelen diagrams to facilitate the classification of INP-related OM molecules 381 

(Figure 3), and results showed that the INP-related formulas were mainly assigned to 382 

proteinaceous compounds (38–43%) and lignins (28–35%).  383 

After filtration treatment, more OM molecules were associated with the concentrations of nano-384 

INPs (formula number: 5380) and heat-sensitive nano-INPs at –20C (formula number: 5379) 385 

(Figure S9), which were dominated by CHONS compounds with a fraction of 56%. According 386 

to the compound classes, these formulas were mainly assigned to lignins, accounting for 38%, 387 

followed by proteinaceous compounds (37%). When correlation coefficients exceeded 0.7, the 388 

majority of formulas linked to total, heat-sensitive, and lysozyme-sensitive INPs were 389 

proteinaceous compounds (67%, 71% and 72%, respectively) and carbohydrates (17%, 15% and 390 

17%). For nano-INPs and heat-sensitive nano-INPs, proteinaceous substances predominated, 391 

accounting for 59% and 54% respectively (Figure S10).  392 

3.5. Relations between microbial taxa and biological INPs-related organic molecules  393 

To ascertain if microorganisms contribute organic molecules that potentially affect INPs, we 394 

conducted a co-occurrence network analysis based on Spearman’s correlations analysis between 395 

microbial communities (including bacteria and fungi) and the organic molecules significantly 396 

associated with heat-sensitive INPs (r values > 0.7, formula number: 64) (Figure S11). In the 397 

constructed network, nodes symbolize OM and microbial genera, and edges denote the 398 

correlation strength between OM and microbial genera. A total of 197 and 500 pairs of 399 

correlations were established between bacterial and fungal genera and these organic formulas, 400 

respectively (Figure S11). Twelve bacterial and 13 fungal genera were linked to the organic 401 

formulas. Bacterial genera GpI (Anabaena), Friedmanniella and Roseomonas exhibited the 402 

highest degree centrality values of 26.5%, 29.1%, and 18.3%, respectively, indicating more 403 

organic molecule associations. Paenibacillus, Romboutsia and Clostridium_sensu_stricto 1 404 

showed negative associations with some carbohydrate molecules. Other bacterial genera had 405 

limited associations with organic molecules. Meanwhile, strong correlations between 13 fungal 406 

genera and organic molecules were noted (Figure S11). Sistotrema, Hydnomerulius, Stereum, 407 

Diatrype, Pseudocercospora and Neocucurbitaria were closely linked together and 408 
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predominated in all relationships. Moreover, Trametes and Hypholoma also exhibited positive 409 

correlations with the organic molecules, while Herpotrichia showed negative interactions. 410 

The network between microbial taxa and biological nano-INPs-related OM formulas (r values > 411 

0.7, formula number: 507) revealed that 18 bacterial and 17 fungal genera interacted with the 412 

OM formulas, including all genera found in the previous network (Figure 4). The resulting 413 

network was composed of 525 nodes and 1486 edges for bacteria, and 469 nodes and 1259 edges 414 

for fungi, respectively. Predominant bacterial genera in the network were Microbacterium, GpI, 415 

Acidisphaera and Roseomonas, mainly associated with proteinaceous compounds and lipids. In 416 

contrast, several Ascomycota phylum members like Neocucurbitaria, Pseudocercospora, 417 

Cadophora, and Herpotrichia showed negative associations with proteinaceous compounds and 418 

lipids, while Basidiomycota phylum members Hydnomerulius and Sistotrema displayed strong 419 

positive correlations with these compounds. 420 

4. Discussion 421 

4.1. Dominant contribution of biological matters to precipitation INPs  422 

The INPs in all rainwater samples initiated freezing at temperatures above −15°C, and nearly all 423 

fog water samples contained INPs active at ≥ −10 °C (Figure 1). High T0 and T50 values often 424 

signify bio-INPs presence, as many known bio-INPs trigger ice formation at temperatures above 425 

−15°C, while the ice nucleation-active at < −15°C is typically dominated by minerals (Hiranuma 426 

et al., 2013; Hoose & Möhler, 2012; Murray et al., 2013). Here, heat-sensitive INPs represented 427 

bio-INPs (Conen et al., 2022; Sze et al., 2023; Tang et al., 2022), as heating treatment can reduce 428 

the INA of many biological materials (e.g., bacteria, fungi, leaf debris) by inactivating ice 429 

nucleation proteinaceous matter (Failor et al., 2017; Hill et al., 2016; Pouleur et al., 1992; 430 

Schnell & Vali, 1973), though certain pollen is heat-resistant to temperature > 95C (Duan et al., 431 

2023; Pummer et al., 2012).  432 

Results showed that the total INPs in all the rainwater samples initiated freezing at temperatures 433 

warmer than −15°C, and almost all the fog water samples contained INPs active at ≥ −10°C 434 

(Figure 1). The mechanisms of fog and rain formation differ, as well as the conditions and 435 

physical processes under which they exist in the atmosphere. The formation of fog primarily 436 

occurs through the direct condensation of water vapor onto ice nuclei or condensation nuclei, 437 

resulting in the formation of tiny water droplets (Gill et al., 1983; Gultepe et al., 2007), which 438 

may cause INPs to be more concentrated within the fog. In contrast, rain formation involves 439 

different atmospheric processes and conditions that might not always enhance the INP 440 

concentrations as much as in fog. Additionally, fog droplets are smaller, providing a larger 441 

surface area capable of more effectively absorbing and enriching particulate matter in the air. 442 

Compared to rainwater, the limited dilution of fog water and the more efficient transfer of 443 

surface emissions to fog water may contribute to higher concentrations of particulate matter in 444 

fog water (Klemm & Wrzesinsky, 2007). The total INPs at temperatures > −15°C in fog water 445 

contained a large fraction (51.2%) of heat-sensitive INPs, with proportions increasing with 446 

temperature in most samples (Figure 2), suggesting a dominance of biological materials in INPs. 447 

The bio-INPs to non-bio-INPs ratio was significantly higher in fog water (10.5%) than in 448 

rainwater (1.6%), indicating a greater contribution of bio-INPs in fog water. Notably, fractions of 449 

heat-sensitive INPs at −24C to −20C enhanced to 78% and 89% on average in R6 and R7, 450 
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respectively, indicating other INP types besides bio-INPs (Atkinson et al., 2013; Hiranuma et al., 451 

2013), also found by Chen, Wu, Chen, et al. (2021). Some inorganic substances (e.g., quartz) 452 

whose INA is reduced by thermal interference, and other non-thermally labile substances may 453 

contribute to this phenomenon (Harrison et al., 2019; Wilson et al., 2015).  454 

Bacteria are potentially an important type of bio-INPs considering their number in air (Failor et 455 

al., 2017; Lohmann & Feichter, 2005; Morris et al., 2004). INPs sensitive to lysozyme digestion 456 

(i.e., to dissolve the cell wall structure) have been widely regarded as bacterial INPs (Christner et 457 

al., 2008; Failor et al., 2017; Morris et al., 2013). However, lysozyme mainly acts on 458 

peptidoglycans (Masschalck & Michiels, 2003; Repaske, 1956), less effective on Gram-negative 459 

bacteria with low peptidoglycan cell wall content (Joly et al., 2014), and the INA of urediospores 460 

of rust fungi even increased after lysozyme treatment (Morris et al., 2013). Therefore, the use of 461 

lysozyme-sensitive INPs to indicate bacterial INPs may be subject to some error. Lysozyme-462 

sensitive INPs accounted for 44.8% of bio-INPs, suggesting other types of biological particles, 463 

e.g., Gram-negative bacteria, fungi, or plant debris also contributed to bio-INPs.  464 

The filtration tests showed a certain number of INPs passed through 0.2 µm filters (Figure S2), 465 

suggesting the existence of nano-INPs. Nanoscale INPs could promote the efficient formation of 466 

ice embryos due to the large specific surface area (Pruppacher & Klett, 2010) or attachment to 467 

the particle surfaces thereby enhancing the INA of particles (O'Sullivan et al., 2016; Pummer et 468 

al., 2015). Such findings were observed in terrestrial and marine ecosystems (Augustin et al., 469 

2013; Du et al., 2017) and nano-INPs were highly likely contributed by smaller biological 470 

particles (Pummer et al., 2015). Known ice nucleation-active bacteria or fungi could exist as 471 

submicron fragments, and microbial fragments and ice nucleation-active proteinaceous matter 472 

were passed through the filter and retained in the filtrate (Šantl-Temkiv et al., 2015). Pollen 473 

readily released large amounts of nanoscale INPs when in contact with water (Augustin et al., 474 

2013; Duan et al., 2023). This was consistent with the finding in this study that the proportions of 475 

nano-INPs in total INPs were almost identical to that of heat-sensitive nano-INPs (Figure 2). 476 

These nano-INPs were mainly biological, such as proteinaceous materials, lipid bodies, 477 

carbohydrates and cell structures (such as ribosomes), which could be degraded or inactivated by 478 

heating (Hill et al., 2016; Rederstorff et al., 2011; Urano & Douple, 2023). 479 

4.2. OM molecules with high INA in precipitation  480 

Figure 3 depicts sulfur-containing compounds (CHOS, CHONS) dominating the OM formulas 481 

associated with INPs, with a positive correlation between different INP concentrations and the 482 

formula numbers of CHOS and CHONS (Table S2), highlighting the possible importance of 483 

sulfur-containing compounds in INPs. Previous studies have demonstrated that under deposition 484 

nucleation mode sulfate-organic particles could promote heterogeneous ice nucleation (Froyd et 485 

al., 2010; Knopf et al., 2018), and organosulfur compounds dominated ice residuals (Cziczo et 486 

al., 2013; DeMott et al., 2003). Several potential explanations were proposed in previous studies 487 

regarding OM molecules as INPs. Fukuta (1966) proposed that organics with INA are mostly 488 

crystalline solids with low solubility and high melting points, having polar or hydrogen bonding 489 

groups as active sites. Baustian et al. (2012) uncovered a complex link between ice formation 490 

and organic materials, with INA potentially influenced by chemical composition and spatial 491 

chemical arrangement in mixed particles. Here, CHOS and CHONS were predominantly 492 

assigned to proteinaceous compounds (Figure 3), possibly vital for ice formation (O'Sullivan et 493 
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al., 2016; Šantl-Temkiv et al., 2019), partially accounting for the possible INA of the sulfur-494 

containing compounds in this study. Several possible structures of these proteinaceous 495 

compounds are presented in Figure 3f. Due to technical limitations, only the molecular formulas 496 

and the classification of the detected compounds could be identified, and the molecular structures 497 

are not yet known due to isomers. The proteinaceous compounds shown in Figure 3f represent 498 

merely one among several potential structures. The precise molecular structures, as yet 499 

undetermined, necessitate additional comprehensive investigation. 500 

Proteinaceous materials are the most studied organics to nucleate ice because the presence of 501 

proteinaceous matter in the outer layer of the cell membrane enables the INA of microorganisms 502 

(Gurian-Sherman & Lindow, 1993; Lindow et al., 1989). The structure of ice nucleation-active 503 

proteinaceous matter contains a hydrophobic N-terminal domain, a hydrophilic C-terminal 504 

domain and a large central repeating domain that can act as an ice nucleation site (Huang et al., 505 

2021; Wolber & Warren, 1989). In this study, more proteinaceous compounds had positive 506 

relationships with different types of INPs (Figure 3), further clarifying the important 507 

contribution of proteinaceous matter to INPs. Interestingly, some proteinaceous compounds 508 

exhibiting negative correlations with INPs were identified (Figure 3 and Table S3), implying the 509 

presence of antifreeze proteinaceous materials (Davies, 2014; Dreischmeier et al., 2017; 510 

Govindarajan & Lindow, 1988). These proteinaceous materials are ice-structured materials that 511 

inhibit ice growth by maintaining the temperature in the range between the melting point and the 512 

freezing point(Baskaran et al., 2021).  513 

In addition, lignins and carbohydrates were also significantly positively correlated with INPs 514 

(Figure 3 and S9). Lignin-like substances are complex organic polymers derived from the cell 515 

wall structure of vascular plants (Miller et al., 2021). A large number of lignins existing in plant 516 

xylem had INA (Conen et al., 2016; Gute & Abbatt, 2020), and lignins have been identified as 517 

water-soluble macromolecules with INA (Pummer et al., 2015; Steinke et al., 2020). The INA of 518 

lignins may also be confirmed by the result that more lignin molecules were highly related to 519 

nano-INPs compared to total INPs (Figure S9). In addition, due to the stable INA under different 520 

environmental stresses (Bogler & Borduas-Dedekind, 2020), lignins have been recommended for 521 

use as an ice-nucleating standard (Miller et al., 2021).  522 

Carbohydrates largely contributed to the INA of pollen or plants (Dreischmeier et al., 2017; Krog 523 

et al., 1979). Carbohydrate mixtures with other substances (e.g., mucilage or proteinaceous 524 

substances) serve as intrinsic ice nucleators in some plants (Brush et al., 1994; Embuscado et al., 525 

1996). Under high humidity, pollen emits vast amounts of carbohydrate-rich submicron particles 526 

that retain the INA of the parent body (Duan et al., 2023; Hill et al., 2017; Pummer et al., 2012; 527 

Steiner et al., 2015). Notably, some polysaccharides can inhibit ice nucleation (Yamashita et al., 528 

2002), with their effect on ice formation depending on molecular size and structure 529 

(Dreischmeier et al., 2017; Duan et al., 2023; Walters et al., 2009). Dreischmeier et al. (2017) 530 

found that the smaller polysaccharides (< 100 kDa) exhibited stronger ice-binding abilities. The 531 

molecular structure of known INPs shows that INA is primarily attributed to the presence of 532 

hydroxyl groups in the molecules (Graether & Jia, 2001), which could potentially elucidate the 533 

INA of carbohydrates with multiple hydrogen bonds, especially those with hydroxyl groups 534 

(Wolf et al., 2019). 535 
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4.3. Potential microbial sources of INPs-related OM molecules  536 

Fundamentally, microorganisms own INA because of the presence of intrinsic substances that 537 

promote ice nucleation (Delort et al., 2010). These substances are likely to be biological 538 

macromolecules such as proteinaceous substances, lipids and carbohydrates (Koop & Zobrist, 539 

2009). Ice-nucleating sites in bacteria and fungi were mainly contributed by proteinaceous 540 

substances, while pollen is more likely to be contributed by carbohydrates and/or proteinaceous 541 

substances (Dreischmeier et al., 2017; O'Sullivan et al., 2016). This is in agreement with the 542 

findings in this study that proteinaceous or carbohydrate-like substances significantly correlated 543 

with INPs (Figure 3). In the constructed co-occurrence networks, bacterial taxa with positive 544 

correlations with OMs mostly belong to the order Actinomycetales (Figure S12) which are 545 

filamentous Gram-positive bacteria without a nucleus (Yanti et al., 2012). The known ice-546 

nucleating bacteria were mostly Gram-negative (Maki et al., 1974), but a few Gram-positive 547 

species with INA were also detected (Failor et al., 2017). Recent studies isolated several Gram-548 

positive bacteria with INA, i.e., Paenibacillus sp., Bacillus sp. (Beall et al., 2021), and some 549 

species of Actinomycetes (such as Microbacterium esteraromaticum, Rhodococcus 550 

corynebacteroide and Brevibacterium sp.)(Cid et al., 2016), some of which were also occurred in 551 

the constructed co-occurrence networks.  552 

Compared with bacteria (edges: 772), fungi (edges: 492) were positively associated with fewer 553 

nano-INPs-related OM molecules (Figure 4), suggesting a lesser contribution of fungi to nano-554 

INPs-related OM molecules. In previous studies, fungi with high INA were some lichen 555 

mycobionts (Kieft & Ruscetti, 1990) and some species of Fusarium, Penicillium and 556 

Cladosporium (Pouleur et al., 1992). Recently, ice nucleation abilities were detected in other 557 

fungal taxa, e.g., some species of Isaria and Acremonium (Huffman et al., 2013), as well as in 558 

some rust fungi (Morris et al., 2013). Among them, rust fungi had a high capacity for ice 559 

nucleation, which initiated ice nucleation at > −4C (Morris et al., 2013), but most fungi were 560 

less capable of ice formation than bacteria (Maki et al., 1974; Obata et al., 1989). Meanwhile, the 561 

genera positively associated with nano-INPs-related OM molecules were Hydnomerulius and 562 

Sistotrema, which belong to Agaricomycetes, implying a potential ice nucleation ability of 563 

Agaricomycetes. A similar finding was provided by Tang et al. (2022) that elevated INP 564 

concentrations in precipitation were accompanied by increases in the relative abundances of 565 

Agaricomycetes. 566 

The presence of proteins, carbohydrates or lipid fractions with ice nucleation or antifreeze 567 

capabilities within the microorganism enable diverse biological entities to influence ice 568 

formation differently (Dreischmeier et al., 2017; O′Sullivan et al., 2015). Nonetheless, OM 569 

molecules were significantly smaller than intact cells (Govindarajan & Lindow, 1988; Pummer 570 

et al., 2012), and the possibility of organic compounds with varying ice nucleation abilities 571 

coexisting within the same microorganism cannot be discounted (Dreischmeier et al., 2017; 572 

Failor et al., 2017; Rice et al., 2015). Certain proteinaceous materials or carbohydrates possess 573 

both ice-binding and ice-nucleating abilities (Xu et al., 1998). For example, the large ice-574 

nucleating polysaccharides in birch pollen may be composed of smaller clusters of ice-binding 575 

polysaccharides (Dreischmeier et al., 2017). Moreover, a fraction of the ice-nucleating protein 576 

within Pseudomonas syringae exhibited ice-binding capability (Kobashigawa et al., 2005). This 577 

mechanism could help explain the occurrence of a comparable microbial taxa in both co-578 
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occurrence networks of bio-INPs-related and biological nano-INPs-related OM formulas with 579 

microbial communities (Figure 4 and S11). 580 

5. Conclusions 581 

Building upon previous research works, this study for the first time emphasizes the linkage 582 

between INPs, organic molecules, and microorganisms in environmental precipitation samples. It 583 

highlights the significant contribution of biological materials to INPs, advancing our 584 

understanding of these interactions in real environments. OM molecules associated with INPs 585 

predominantly comprised sulfur-containing compounds, as revealed by the van Krevelen 586 

diagram, which allocated these molecules chiefly to biologically relevant categories such as 587 

proteins, lignin, and carbohydrates. Co-occurrence networks further corroborated that specific 588 

microorganisms may contribute to INP-related OM molecules, with the contribution from 589 

bacteria being more substantial than that from fungi. It warrants acknowledgment, however, that 590 

the genera appearing in co-occurrence networks have not been tested for INA, and the known 591 

ice-nucleating taxa did not feature in the networks. The ice nucleation capacity of a considerable 592 

array of microbial taxa remains uncharted owing to microbial diversity, and the studies 593 

scrutinizing OM molecules possessing INA in organisms are still limited. Future investigations 594 

are imperative for the identification of the ice nucleation ability across a broader spectrum of 595 

microbial taxa.  596 
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 1036 

Figure 1. Total concentrations of ice nucleating particles in precipitation samples. The 1037 

cumulative ice nucleating particle (INP) spectra per unit volume of rainwater samples (blue dots) 1038 

and fog water samples (red dots) were performed by droplet freezing assays. The INP spectra per 1039 

volume of air were calculated by assuming a cloud-condensed water content of 0.4 g m
−3 

1040 

according to Chen, Wu, Wu, et al. (2021). The shaded area represents the total INP 1041 

concentrations in precipitation samples measured by other studies (Chen, Wu, Wu, et al., 2021; 1042 

Gong et al., 2020; Hartmann et al., 2021; Joly et al., 2014; Pereira et al., 2021).  1043 
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 1044 

Figure 2. Contribution of biological materials to total ice nucleating particles. Variations in 1045 

the percentages of heat-sensitive ice nucleating particles (INPs) (a, regarded as biological INPs 1046 

in this study) and lysozyme-sensitive INPs (b, regarded as bacterial INPs) to total INPs were 1047 

observed at different temperatures. (c) and (d) represent the proportions of nanoscale INPs 1048 

(nano-INPs, INPs smaller than 0.22 μm herein) and heat-sensitive nano-INPs (biological nano-1049 

INPs) to total INPs, respectively.  1050 
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 1051 

Figure 3. Organic molecular composition associated with different types of ice nucleating 1052 

particles. The organic molecules significantly correlated with the concentrations of total (a), 1053 

biological (b) and bacterial (c) ice nucleating particles (INPs) at −18°C, and nanoscale INPs 1054 

(nano-INPs) (d) and biological nano-INPs (e) at −20°C based on Spearman correlation analysis 1055 

(p < 0.05) and their classification are presented by van Krevelen diagrams. The fractional 1056 

contributions to the organic molecules are shown for each molecular class. The contributions of 1057 

sulfur-containing compounds (CHOS and CHONS, circle) and non-sulfur-containing compounds 1058 

(CHO and CHON, square) to total organic molecules correlated with different types of INPs are 1059 

shown. f shows the possible structures of sulfur-containing compounds associated with INPs 1060 

based on molecular formulas.  1061 
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 1062 

Figure 4. Association between microbial taxa and nanoscale ice nucleating particles-related 1063 

organic matter. Co-occurrence networks of biological nanoscale ice nucleating particles-related 1064 

organic matter (OM) were constructed based on Spearman’s correlation analysis with bacterial (a) 1065 

and fungal (b) genera, respectively. Only OM molecules significantly correlated with biological 1066 

nanoscale ice nucleating particles (Spearman’s correlation coefficient > 0.7) were applied for 1067 

network construction. Microbial genera are labeled in yellow in networks. 1068 
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Figure S1. Data of environmental parameters (wind speed, wind direction, air
temperature, relative humidity, rainfall, particulate matter (PM), NO2, SO2, O3 and CO)
during the sampling period and the concentrations of different types of INPs. For the
sample IDs, F and R denote fog water and rainwater samples, respectively. F1, F2, and R3
were omitted from analyses due to small precipitation amounts.
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Figure S2. Comparisons of the total ice nucleating particles (INPs) spectra with heat-
resistant INP spectra, lysozyme-resistant INPs spectra, nano-INPs spectra, and heat-
resistant nano-INPs spectra obtained from rainwater samples (red dots) and fog water
samples (green dots).



4

Figure S3. Fluorescence signatures of four components (C1-C4) and their percentages in
the precipitation samples resolved by EEM fluorescent spectroscopy combined with
PARAFAC analysis.
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Figure S4. Reconstructed Fourier-transform ion cyclotron resonance mass spectra for 12
fog samples and 10 rainwater samples.
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Figure S5. The total numbers and number fractions of (a) CHO, CHON, CHOS and
CHONS, and (b) lipids, proteins, lignins, carbohydrates, unsaturated hydrocarbons,
aromatic structures and tannins compounds in the precipitation samples.
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Figure S6. Relative abundances of the bacterial dominant (a) phyla, (b) genera and (c)
the known INA species.
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Figure S7. Relative abundances of the fungal dominant (a) phyla, (b) genera and (c) the
known INA species.
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Figure S8. Spearman correlation heatmap of different types of INPs with (a) cations, (b)
anions and (c) fluorescent components observed based on EEM data. The marker *
represents the correlation that has significance at a p-value < 0.05.
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Figure S9. The total numbers and number fractions of (a) CHO, CHON, CHOS and
CHONS, and (b) lipids, proteins, lignins, carbohydrates, unsaturated hydrocarbons,
aromatic structures and tannins compounds related with different types of INPs based
on Spearman’s correlation analysis.
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Figure S10. Correlation coefficient distribution of lipids, proteinaceous matter, lignins,
carbohydrates, unsaturated hydrocarbons and tannins compounds with different types of
INPs.
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Figure S11. Co-occurrence analysis of the (a) bacterial and (b) fungal genera with OM
molecules related to biological INPs (correlation coefficient > 0.7) based on Spearman’s
correlation analysis.
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Figure S12. Krona diagram showing the taxonomic composition of the (a) bacterial and
(b) fungal genera included in the co-occurrence network constructed between OM
molecules associated with INPs (r values > 0.7) and microorganisms.
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Table S1. The onset freezing temperature (T0) and the temperature at which 50% of the droplets (T50) of different types of INPs.
Sample
ID

Sampling date (2019/##/## UTC+8:00) INPs Heat-resistant INPs Lysozyme-resistant INPs Nano-INPs Heat-resistant nano-INPs
Start time Stop time T0 T50 T0 T50 T0 T50 T0 T50 T0 T50

F3 11/17 18:00 11/18 8:00 -5.8 -10.6 -10.2 -12.1 -5.5 -11.5 -6.2 -11.5 -10.6 -15.5
F4 11/18 8:30 11/18 16:30 -5.6 -7.7 -10.1 -16.8 -5.6 -8.7 -5.7 -11.8 -10.2 -23.9
F5 11/24 19:00 11/25 8:30 -7.6 -13.4 -11.2 -15.5 -7.6 -14.7 -10.3 -18.2 -11.7 -22.2
F6 11/25 8:30 11/25 20:00 -7.1 -14.4 -11.2 -18.2 -7.1 -14.9 -8.3 -19.7 -15.7 -23.1
F7 11/25 20:00 11/26 8:00 -7.0 -13.8 -11.8 -14.2 -7.9 -14.1 -8.1 -19.3 -12.7 -23.9
F8 11/26 8:30 11/26 19:30 -8.2 -15.1 -11.9 -17.2 -8.8 -15.6 -15.5 -21.7 -18.0 -24.4
F9 11/26 19:30 11/27 8:30 -6.0 -12.4 -11.9 -16.2 -6.2 -14.2 -7.5 -20.6 -12.8 -22.7
F10 11/27 8:30 11/27 19:30 -5.5 -7.5 -10.1 -14.6 -5.5 -8.0 -5.6 -8.7 -15.2 -21.5
F11 11/28 8:30 11/28 19:30 -6.0 -16.4 -12.7 -19.7 -6.0 -16.8 -8.7 -20.2 -19.2 -23.1
F12 11/28 20:00 11/29 8:30 -6.2 -12.1 -10.7 -19.3 -6.4 -13.9 -6.5 -12.8 -16.3 -22.0
F13 11/29 8:30 11/29 19:00 -5.9 -14.5 -10.4 -15.0 -6.4 -14.9 -8.6 -19.5 -16.6 -22.7
F14 11/30 8:30 11/30 19:30 -10.2 -14.0 -10.9 -14.8 -10.2 -14.7 -10.2 -19.6 -18.3 -23.9
F15 11/30 19:30 12/01 9:30 -11.2 -20.1 -13.5 -22.1 -11.4 -19.2 -16.1 -24.4 -18.0 -25.8
F16 12/01 19:30 12/02 9:00 -6.0 -13.0 -10.3 -15.4 -6.0 -14.3 -6.5 -18.2 -16.4 -20.1
Fog -7.0 -13.2 -11.2 -16.5 -7.2 -14.0 -8.8 -17.6 -15.1 -22.5
R1 11/12 2:00 11/12 7:30 -14.1 -23.9 -19.3 -24.3 -12.8 -23.6 -11.0 -25.1 -21.4 -26.4
R2 11/12 7:30 11/12 11:00 -14.8 -22.8 -15.6 -23.0 -14.3 -23.0 -18.2 -24.8 -18.2 -25.1
R4 11/13 0:00 11/13 9:00 -9.8 -20.6 -11.5 -20.2 -11.8 -21.2 -15.5 -23.9 -17.2 -24.4
R5 11/17 18:00 11/18 7:00 -10.0 -20.0 -12.0 -21.2 -11.0 -20.6 -10.1 -21.3 -11.0 -23.6
R6 11/18 9:00 11/18 13:00 -9.6 -20.0 -12.5 -23.2 -10.9 -20.8 -12.9 -21.5 -16.9 -24.1
R7 11/26 9:00 11/26 10:00 -11.7 -19.8 -14.0 -24.1 -13.2 -20.1 -14.2 -20.4 -18.2 -25.7
R8 11/27 2:00 11/27 8:00 -10.4 -20.4 -11.4 -21.9 -14.0 -21.9 -12.3 -22.1 -14.7 -23.9
R9 11/27 10:00 11/27 12:00 -11.8 -21.9 -13.0 -23.5 -12.7 -23.3 -6.2 -23.2 -15.5 -23.5
R10 11/27 14:00 11/27 18:00 -10.0 -21.6 -12.4 -22.7 -10.8 -22.7 -11.3 -22.5 -16.9 -23.5
R11 12/01 4:00 12/01 9:30 -12.4 -21.2 -14.4 -21.4 -13.5 -22.8 -17.3 -22.7 -17.9 -24.5
Rain -11.5 -21.2 -13.6 -22.6 -12.5 -22.0 -12.9 -22.8 -16.8 -24.5
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Table S2. Spearman correlation between different types of INPs and the number of
different categories of organic molecular formulas assigned according to the elemental
compositions.

Types of INPs CHO CHON CHOS CHONS Total formulas
Total INPs -0.04 0.43 0.78** 0.77** 0.63**

Biological INPs -0.01 0.41 0.69** 0.62** 0.52*
Bacterial INPs 0.17 0.29 0.58** 0.46* 0.52*
Nano-INPs -0.33 0.19 0.59** 0.64** 0.37

Biological nano-INPs -0.37 0.14 0.59** 0.64** 0.33

Note: * p < 0.05, ** p < 0.01
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Table S3. The information of OM molecules exhibiting negative correlations with INPs.
The possible naming of compounds was provided.

m/z OM formula H/C O/C R2 Possible molecule
186 C9H17NO3 1.89 0.33 -0.56 Ac-Ile-OMe
230 C11H21NO4 1.91 0.36 -0.51 Boc-D-Ile-OH
244 C12H23NO4 1.92 0.33 -0.54 Boc-D-Leu-OMe

202 C9H17NO4 1.89 0.44 -0.56 Ac-Ser(tBu)-OH
Boc-N-methyl-L-alanine

284 C12H19N3O5 1.58 0.42 -0.62 H-Gly-Pro-Hyp-OH
257 C12H22N2O4 1.83 0.33 -0.63 Boc-Pro-NMe(OMe)
286 C12H21N3O5 1.75 0.42 -0.61 Ac-Ala-Ala-Ala-OMe
170 C9H17NO2 1.89 0.22 -0.55 H-D-Pro-OtBu
442 C21H37N3O7 1.76 0.33 -0.47 Boc-Lys(Boc)-Pro-OH
245 C10H18N2O5 1.80 0.50 -0.59 Boc-Gln-OH
287 C13H24N2O5 1.85 0.38 -0.48 Boc-Leu-Gly-OH
411 C23H28N2O5 1.22 0.22 -0.47 Z-Phe-Leu
425 C23H26N2O6 1.13 0.26 -0.61 Boc-D-Gln(Xan)-OH
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