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ABSTRACT Airborne bacteria that nucleate ice at relatively warm temperatures
(��10°C) can interact with cloud water droplets, affecting the formation of ice in
clouds and the residency time of the cells in the atmosphere. We sampled 65 pre-
cipitation events in southeastern Louisiana over 2 years to examine the effect of sea-
son, meteorological conditions, storm type, and ecoregion source on the concentra-
tion and type of ice-nucleating particles (INPs) deposited. INPs sensitive to heat
treatment were inferred to be biological in origin, and the highest concentrations of
biological INPs (�16,000 INPs liter�1 active at �–10°C) were observed in snow and
sleet samples from wintertime nimbostratus clouds with cloud top temperatures as
warm as –7°C. Statistical analysis revealed three temperature classes of biological
INPs (INPs active from �5 to –10°C, �11 to –12°C, and �13 to –14°C) and one tem-
perature class of INPs that were sensitive to lysozyme (i.e., bacterial INPs, active from
�5 to –10°C). Significant correlations between the INP data and abundances of taxa
in the Bacteroidetes, Firmicutes, and unclassified bacterial divisions implied that cer-
tain members of these phyla may possess the ice nucleation phenotype. The interre-
lation between the INP classes and fluorescent dissolved organic matter, major ion
concentrations (Na�, Cl�, SO4

2�, and NO3
�), and backward air mass trajectories in-

dicated that the highest concentrations of INPs were sourced from high-latitude
North American and Asian continental environments, whereas the lowest values
were observed when air was sourced from marine ecoregions. The intra- and extra-
continental regions identified as sources of biological INPs in precipitation deposited
in the southeastern United States suggests that these bioaerosols can disperse and
affect meteorological conditions thousands of kilometers from their terrestrial points
of origin.

IMPORTANCE The particles most effective at inducing the freezing of water in the
atmosphere are microbiological in origin; however, information on the species har-
boring this phenotype, their environmental distribution, and ecological sources are
very limited. Analysis of precipitation collected over 2 years in Louisiana showed
that INPs active at the warmest temperatures were sourced from terrestrial ecosys-
tems and displayed behaviors that implicated specific bacterial taxa as the source of
the ice nucleation activity. The abundance of biological INPs was highest in precipi-
tation from winter storms and implied that their in-cloud concentrations were suffi-
cient to affect the formation of ice and precipitation in nimbostratus clouds.
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At temperatures warmer than –36°C, the phase change from water to ice requires
the presence of impurities that serve as sites for ice nucleation (1–3). Dust aerosols

have important roles in the troposphere by serving as ice-nucleating particles (INPs; see
Table 1 for acronym usage) that contribute to ice formation in clouds, a prerequisite for
snow and most rainfall (1, 4). However, atmospherically relevant mineral dust aerosols
do not initiate freezing at temperatures warmer than –15°C (5), whereas certain
microorganisms and biogenic molecules are very effective INPs and have ice-nucleating
(IN) activities at temperatures of �–10°C (4, 6–10). For instance, some strains of
Pseudomonas syringae express an outer membrane protein (InaZ) that structurally
orders water molecules into an ice-like configuration, allowing the phase transition at
temperatures as warm as –1.8°C (11–14). Since its initial discovery, the IN phenotype
has been demonstrated in several other Gammaproteobacteria (6, 15–19) and a species
of Firmicutes (20), as well as in certain fungi (21, 22), algae (23, 24), and pollens (10).
High IN activities are associated with epiphytic bacterial communities on the leaves of
deciduous plants (�105 IN bacteria cm�2 [25]) and the microbiological decomposition
of detritus in a variety of plant (9, 11, 26, 27), soil (28, 29), and aquatic (23, 30, 31)
ecosystems. While various environments are recognized to harbor biological INPs and
their presence in precipitation is well documented (7, 32–34), longitudinal data sets are
lacking, and there is a need for studies that identify sources of atmospheric biological
INPs and the conditions affecting their distribution in precipitation (5).

The warm temperatures at which biological INPs initiate freezing coupled with their
ubiquity in near-surface air (32, 35–37), cloud water (33, 38, 39), and precipitation (7,
32–34) implies that they could contribute to cloud ice formation under certain mete-
orological conditions (40). At cloud temperatures warmer than –10°C, biological INPs
could affect ice formation directly or via secondary ice formation processes (1, 41–47).
The interaction between biological INPs and cloud water may also indirectly affect
climate by influencing cloud albedo, and consequently, the global radiative budget
(48–51). Thus far, assessing the meteorological effects of biological INPs has been
hampered by the shortage of data on their abundance and ice-nucleating activity in the
atmosphere, which are important parameterizations in cloud modeling studies (40).
There is also evidence that the ice nucleation phenotype could provide a selective
advantage to aerially transported microbial populations, facilitating their removal from
the atmosphere and delivery to the surface in precipitation (40). Well-studied IN-active
bacteria, such as P. syringae, live epiphytically on plants and are phytopathogens,
suggesting that IN activity could play an important role in dissemination to new hosts
(52).

To improve understanding of the environmental factors affecting the type, abun-
dance, and sources of biological INPs in precipitation, we collected microbiological,
geochemical, and meteorological data from 65 precipitation events in Louisiana over a
2-year period. The purpose of this study was to determine if discernible patterns in the
composition and concentration of biological INPs deposited in precipitation were
associated with season, air mass history, cloud type, meteorological conditions, and
precipitation chemistry. Multivariate statistical analysis revealed temperature-specific
characteristics of the INP populations, identified explanatory variables that provide
information on the atmospheric sources of the biological INPs, and detected specific
meteorological conditions where they had high abundances in the precipitation. Our
analysis implies that the bioaerosol sources could be quite distant from the deposition
site (i.e., continental Asia and high-latitude North America) and indicated that terrestrial
environments were the main source of warm-temperature biological INPs in the
precipitation sampled. Moreover, our results show that the abundance of biological and
bacterial INPs were strongly associated with the season, storm type, and the presence
of specific bacterial taxa in the precipitation.

RESULTS
Total, biological, and bacterial INPs in Louisiana precipitation. The data col-

lected and analyzed during this study are provided in Data Set S1 in the supplemental
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material. Following Christner et al. (7), INPs in untreated samples are referred to as
“total,” those sensitive to heating at 95°C for 10 min are inferred to be proteinaceous in
origin and are classified as “biological,” and those inactivated by digestion with 3 mg
ml�1 lysozyme at 22°C for 60 min are classified as “bacterial.”

The warmest temperature at which ice nucleation occurred in all of the precipitation
samples was –10°C, but freezing was detected at – 4°C in six of the precipitation
samples. The number and activity temperature of total, biological, and bacterial INPs
varied significantly between precipitation events, with concentration values for a given
temperature ranging 2 to 3 orders of magnitude (Fig. 1a to c). The cumulative
concentrations of total, biological, and bacterial INPs active at –15°C averaged 16,200,
9,000, and 6,600 INPs liter�1 precipitation, respectively, with biological and bacterial
INPs comprising 56% and 41%, respectively, of the total cumulative INPs (Fig. 1d and
Table 2). Based on the total differential INP data, �95% of the INPs active at warmer
than –10°C were inferred to be biological in origin (Table 2). At temperatures colder
than –10°C, biological INPs were a maximum of 66% of the total differential INPs and
35% of the total differential INPs at –15°C (Table 2). On average, less than half of the
INPs at temperatures colder than – 8°C were bacterial, but they represented the vast
majority of INPs that were active at �– 8°C (Table 2).

TABLE 1 Reference list of acronym definitions in this study

Acronym Term Definition

INP Ice-nucleating particle A particle which catalyzes the conversion of liquid or gaseous water to ice
IN Ice nucleating The act of nucleating ice
DOM Dissolved organic matter Soluble organic molecules, predominantly composed of carbon, nitrogen,

oxygen, or phosphorus, that are dissolved within aqueous solutions
DOC Dissolved organic carbon Carbon fraction of DOM
EEMs Excitation emission matrices A three-dimensional scan produced by fluorescence spectroscopy which

produces a contour plot with excitation and emission wavelengths on
the x and y axis and intensity on the z axis; this method of chemical
analysis provides qualitative information on the presence of fluorescent
molecules within an aqueous solution

PARAFAC Parallel factor Statistical method used to analyze the output of EEMs and identify
recurring areas of varying fluorescent intensities; PARAFAC analysis
profiles aid in characterizing the dissolved organic matter present
within an aqueous sample

MBL Mixed boundary layer Lower layer of the troposphere where turbulent mixing with the Earth’s
surface occurs

HYSPLIT Hybrid single-particle Lagrangian
integrated trajectory

Atmospheric model created by the National Oceanic and Atmospheric
Administration that can calculate the history of an air mass at any
particular altitude within the atmosphere

LCL Lifted condensation levels Altitude within the troposphere at which condensation of water vapor
occurs when air is forcibly lifted by mechanical means (frontal systems,
convergence of air masses, or orographic lifting)

CCL Convective condensation levels Altitude within the troposphere at which condensation of water vapor
occurs when air is lifted due to convection (heating and rising of a
parcel of air in an unstable atmosphere)

EPA Environmental Protection Agency Agency of the USA which serves the purpose of protecting the
environment

CEC Commission for Environmental Cooperation Agency established by Canada, Mexico, and the USA as part of the North
American Agreement on Environmental Cooperation; this agency serves
the purpose of protecting the environment by promoting cooperation
between these nations and the public

EFA Exploratory factor analysis Multivariate statistical procedure which groups together similar variables
based on the pattern of matrix data across all observations and all
variables

MANOVA Multivariate analysis of variance Multivariate statistical procedure which accounts for variances within and
between group values in order to determine whether there is any
significant difference between the groups in question

OTU Operational taxonomic unit Group of related organisms based on a threshold of similarity among their
DNA sequences; the taxonomic level of sampling, which is defined by
the user, can correspond to bacterial populations, species, or genera
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The concentrations for each category of INP increased exponentially with decreasing
temperature to approximately –14°C (Fig. 1a to c). For 15 of the precipitation samples,
all of the 96 wells being tested were frozen before cooling to –15°C, indicating high
concentrations of INPs in the sample. Since at least one of the wells must remain
unfrozen to calculate the INP concentration (53), abundances at the lowest tempera-
tures could not be directly determined for these samples. Accordingly, the data

FIG 1 Concentrations of total, biological, and bacterial ice-nucleating particles (INPs) at activation temperatures of – 4 to
–15°C. The median and 95% confidence interval (CI) values are depicted by the black horizontal lines and dashed vertical
lines, respectively; boxes represent the interquartile range; whiskers represent maximum and minimum values, excluding
outliers; and open circles represent outliers. (a) Differential total INP concentrations, with sample sizes as follows: �4 to
�12°C, n � 61; �13°C, n � 56; �14°C, n � 48; and �15°C, n � 44. (b) Differential biological INP concentrations, with
sample sizes as follows: �4 to �12°C, n � 61; �13°C, n � 56; �14°C, n � 48; and �15°C, n � 44. (c) Differential bacterial
INP concentrations, with sample sizes as follows: �4 to �12°C, n � 54; �13°C, n � 44; �14°C, n � 37; and �15°C, n � 34.
(d) Cumulative concentrations of INPs active at temperatures of ��15°C for total, biological, and bacterial INPs.

TABLE 2 Average differential concentrations of total, biological, and bacterial INPs

Temp of
activation (°C)

Total INP concn (mean � SE)
(liter�1 precipitation)a

Biological INP concn (mean � SE)
(liter�1 precipitation)b

% of
total INP

Bacterial INP concn (mean � SE)
(liter�1 precipitation)c

% of
total INP

�4 2 � 1 2 � 1 100 2 � 1 100
�5 11 � 6 11 � 6 100 10 � 5 91
�6 61 � 11 60 � 11 98 35 � 6 57
�7 174 � 41 169 � 41 97 108 � 31 62
�8 231 � 64 223 � 64 97 118 � 42 51
�9 349 � 103 332 � 101 95 160 � 72 46
�10 520 � 161 460 � 155 88 211 � 54 41
�11 1,030 � 156 679 � 121 66 523 � 119 51
�12 2,700 � 341 1,530 � 227 57 941 � 153 35
�13 5,200 � 464 2,890 � 326 56 2,060 � 277 40
�14 5,650 � 496 2,800 � 359 50 2,830 � 480 50
�15 2,090 � 190 724 � 119 35 1,020 � 218 49
Cumulative INP 16,200 � 954 9,020 � 773 56 6,620 � 660 41
aTotal INP was as follows: �4 to –12°C, n � 61; –13°C, n � 56; –14°C, n � 48; and –15°C, n � 44.
bBiological INP was as follows: �4 to –12°C, n � 61; –13°C, n � 56; –14°C, n � 48; and –15°C, n � 44.
cBacterial INP was as follows: �4 to –12°C, n � 54; –13°C, n � 44; –14°C, n � 37; and –15°C, n � 34.
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reported at –13 to –15°C in Fig. 1 are missing observations for samples that had the
highest INP concentrations at these temperatures. Specifically, the total differential INP
data (n � 65) lacked values at –15°C (n � 3), �–14°C (n � 8), and �–13°C (n � 4), the
biological differential INP data (n � 65) lacked values at –15°C (n � 4), �–14°C (n � 6),
and �–13°C (n � 6), and the bacterial differential INP data (n � 56) lacked values at
–15°C (n � 3), �–14°C (n � 7), and �–13°C (n � 7). To use observations with missing
INP data in subsequent statistical analyses, multiple imputation was performed to
estimate the values at these colder temperatures based on the pattern of available data
(Table S1) (81, 82). Satisfactory relative efficiency values were produced for all INP types
using 5 imputations and a monotone regression method (82). The descriptive statistics
for the INP concentration data are listed in Table 3.

Exploratory factor analysis of the INP data. Exploratory factor analysis (EFA) was
used to examine correlations between variables (Data Set S1) and the differential INP
concentrations active from – 4 to –15°C (Table 4). EFA is a statistical method that
identifies patterns in multivariate data sets by searching for latent variables (referred to
as factors), which are identified based on shared variance between the measured
variables (83). In other words, the factors identified by EFA are measurements of
intercorrelation between measured variables in the data set. Factor “loading” is the
correlation between the factor and measured variable. A high-positive loading value
(1.0 � x � 0.5) of a variable indicates that its variance in the data set is mostly explained
by the factor onto which it is loading high. As such, a loading cutoff value of �0.50 was
used to determine the variables retained for each factor (Table 4). The total variance of
the factor is an estimation of how well the factor explains variance in the data set,

TABLE 3 Descriptive statistics of numerical variables measured in this study

Statistica

Total INP
concn (liter�1

precipitation)b

Biological INP
concn (liter�1

precipitation)b

Bacterial INP
concn (liter�1

precipitation)b

Cell concn
(liter�1

precipitation) pH
Conductivity
(�S cm�1)

DOC
(ppm)

Concn (�M) of:

Cl� NO3
� SO4

2� Na�

n 65 65 56 63 56 55 47 32 32 32 32
Mean 16,200 9,020 6,620 6.41E5 6.39 15.4 1.59 108 23.1 13 162
SD 6,349 5,108 3,628 9.54E5 0.83 8.95 1.12 104 14.1 7.8 101
Upper 95% CI 16,232 9,271 7,154 8.81E5 6.61 17.82 1.92 145 28.2 17.8 198
Lower 95% CI 16,133 9,192 7,094 4.00E5 6.17 12.98 1.26 70.1 18.0 12.2 125
Median 17,268 8,914 6,689 225,012 6.45 14.3 1.32 65.4 18.1 12.3 143
Variance 40,316,117 26,086,560 13,159,623 9.10E11 0.69 80.15 1.27 10,831 199 60 10,192
IQR 11,911 8,560 4,805 549,505 1.08 12.42 1.37 157 17.8 6.5 145
aCI, confidence interval; IQR, interquartile range.
bCumulative concentration at –15°C.

TABLE 4 Results of exploratory factor analysis for total, biological, and bacterial INPsa

Temp of
activation (°C)

Results for each factor by INP type

Total Biological Bacterial

Factor 1,
total�5 to �11

Factor 2,
total�11 to �14

Factor 1,
bio�5 to �10

Factor 2,
bio�13 to �14

Factor 3,
bio�11 to �12

Factor 1,
bac�5 to �10

Factor 2,
bac�4 and �12

�4 0.69
�5 0.51 0.50 0.57
�6 0.77 0.80 0.69
�7 0.79 0.76 0.72
�8 0.91 0.91 0.70
�9 0.79 0.76 0.52
�10 0.75 0.67 0.65
�11 0.60 0.60 0.68
�12 0.72 0.78 0.54
�13 0.85 0.87
�14 0.75 0.92 �0.56
�15
% varianceb 35.4 21.7 32.7 15.4 13.2 30.2 13.8
aFactors at each temperature were interpreted by examining the factor loadings of each variable. Variable loadings of �|0.50| (i.e., accounts for �25% of overlap
between variable and factor variance) were retained.

bIndicates the proportion of variance each factor accounts for in the INP data.
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which can be viewed as an indication of the influence the latent variable had on the
measured variables. The analysis for total and bacterial INPs produced two significant
factors, whereas biological INPs produced three significant factors (Table 4). Total INP
concentrations between �5 and –11°C positively correlated with factor 1, and those
between �11 and –14°C positively correlated with factor 2; however, the factor
loadings for – 4 and –15°C were not significant. The biological INP factor pattern
produced results similar to those of the total INP factor pattern, wherein INP concen-
trations between –5 and –10°C loaded onto factor 1 for biological INPs, �13 and –14°C
loaded onto factor 2, –11 and –12°C loaded onto factor 3, and – 4 and –15°C did not
load significantly onto any factor. For bacterial INPs, factor 1 positively correlated with
INP concentrations between �5 and –10°C, whereas factor 2 positively correlated with
INP concentrations at – 4 and –12°C and negatively correlated with INP concentrations
at –14°C. Due to the small number of observations for freezing at – 4°C (n � 6), bacterial
factor 2 (– 4 and –12°C) was dropped from subsequent analyses. For simplicity, each
factor is referred to here by INP type (total, biological [bio], or bacterial [bac]), with the
temperature range as the subscript (e.g., factor 1 for the total INPs active between –5
to –11°C is “total�5 to �11”).

INP factor concentrations correlate with the physical, chemical, and microbi-
ological data. The average (� standard error of the mean [SEM]) concentration of
DNA-containing cells in the 65 precipitation events was (6.4 � 9.5) � 105 cells liter�1,
and the statistical average and data range for the chemical and physical measurements
are provided in Table 3. Cell concentrations correlated positively and significantly with
the warm INP concentrations (total�5 to �11, bio�5 to �10, and bac�5 to �10; Table 5).
Precipitation pH correlated significantly with total�5 to �11 (Pearson’s r � 0.45) but not
with any other factor. While NO3

� and SO4
2� concentrations did not significantly

correlate with any factor, bac�5 to �10 correlated negatively and significantly with Na�

concentration (Pearson’s r � �0.42), and Cl� concentration correlated negatively and
significantly with total�5 to �11 (Table 5). Dissolved organic carbon (DOC) concentration
and precipitation conductivity (Data Set S1) did not correlate with any of the INP
factors.

Parallel factor (PARAFAC) analysis revealed three components from the excitation
emission matrices of all precipitation samples (Fig. 2a to c). PARAFAC component 1 (C1)
correlated significantly (Pearson’s r � 0.39) with all the warmer INP factors (Table 5) and
showed maximum fluorescence in two regions, one typically associated with the
humic-like dissolved organic matter (DOM) of terrestrial soils and plants (excitation/
emission wavelengths, 250 nm/400 to 440 nm) and the other associated with biolog-
ically influenced humic-like DOM of marine and freshwater environments. PARAFAC C2,
representing tyrosine- and tannin-like fluorescence, correlated with bio�11 to �12, while
PARAFAC C3 (associated with tryptophan-like fluorescence) did not correlate with any
factors (Table 5). Tyrosine- and tryptophan-like components (of C2 and C3, respectively)
represent amino acid-like constituents of the DOC pool that are indicative of DOC

TABLE 5 Correlations of INP factors with physical and chemical measurements of the precipitation, shown as Pearson correlation
coefficients calculated between factors of EFA and measured variables of precipitationa

INP factor

Cell abundance
(DNA-containing cells
liter�1 precipitation) pH

Conductivity
(�S cm�1)

Concn (�M) of:
DOC
(ppm)

Fluorescent organic
intensity (RU)
by componentb:

Cl� Na� NO3
� SO4

2� C1 C2 C3

total�5 to �11 0.45* 0.39* 0.26 �0.41* �0.34 �0.03 0.29 �0.01 0.48* 0.23 �0.01
total�11 to �14 0.25 0.19 0.23 0.07 0.07 0.17 0.23 �0.002 0.27 �0.01 �0.08
bio�5 to �10 0.43* 0.35 0.20 �0.35 �0.31 �0.08 0.30 �0.01 0.47* 0.14 �0.07
bio�13 to �14 0.06 �00.1 0.27 0.25 0.34 0.26 0.30 0.24 0.30 0.01 0.03
bio�11 to �12 0.29 0.25 0.22 �0.20 �0.21 0.18 0.21 0.14 0.39* 0.40* 0.15
bac�5 to �10 0.54** 0.29 0.17 �0.37 �0.42* �0.18 0.20 �0.07 0.46* 0.20 �0.08
aSignificance levels of Pearson correlation coefficients are as follows: *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001. The number of samples of each were the following: cell
abundance, n � 61; pH and conductivity, n � 52; ionic concentrations, n � 31; DOC and C1 to C3, n � 43.

bRU, Raman units.
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produced through microbial processes (84–86, 88). There were also significant corre-
lations of PARAFAC C1 fluorescence with NO3

� and SO4
2� concentrations but not with

Cl� or Na� concentrations.
INP factors correlate with season, cloud type, and air mass history. Multivariate

analysis of variance (MANOVA) was conducted to investigate if INP concentrations
varied based on the history of air mass interactions with the mixed boundary layer
(MBL). The results (Table S2 and Fig. 3) indicated that total, biological, and bacterial INP
concentrations were significantly different based on air mass origin and interactions
with the MBL (P 	 0.05). Air mass trajectory interactions with the East Asia ecoregions
(Fig. 4) produced the highest concentrations of INPs for all factors (Fig. 3). While most
of the East Asia trajectories interacted with the temperate and taiga regions of Asia, one
event (on 5 March 2015) did interact with the arid deserts and xeric shrublands of China
and Mongolia. Tukey’s honest significant difference post hoc analysis indicated that for
the total�5 to �11, bio�5 to �10, and bac�5 to �10 factors, the high northern latitudes
ecoregion had INP concentrations statistically similar to those for the East Asia ecore-
gion (Table S2). The eastern woodlands and wetlands ecoregion and deserts and
semiarid highlands ecoregion produced the lowest concentrations of total�11 to �14,

FIG 2 Results of fluorescent dissolved organic matter (DOM) excitation-emission matrices data investi-
gated using parallel factor (PARAFAC) analysis. (a to c) The three fluorescent DOM PARAFAC components
(component 1 [more complex, humic-like materials] [a], component 2 [tyrosine- and tannin-like materi-
als] [b], and component 3 [tryptophan-like materials] [c]) identified in 43 Louisiana precipitation events
from 2013 to 2015 are consistent with DOM from terrestrial and aquatic environments.

FIG 3 Average INP factor concentrations as a function of ecoregion classification. Multivariate analysis of
variance indicated that average INP concentrations differed based on the interactions of air masses with
the various ecoregions. This plot is showing the average of summed differential INP concentrations (y
axis) for each INP factor for each ecoregion. For example, bac (–5 to �10) is the average value of the
summed differential INP concentrations at �5, – 6, –7, – 8, –9, and –10°C for each ecoregion.
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bio�11 to �12, and bac�5 to �10 (Fig. 3). In general, the Pacific, North Atlantic, and South
Atlantic maritime ecoregions were inferred to be minor sources of all INP classes.
Trajectory analysis indicated that none of the air masses originating from the tropical
forest ecoregion during this study interacted with the MBL or surface.

To validate trends unmasked from the INP and air mass data analysis, DOM
PARAFAC component intensities were analyzed with backward air mass trajectories
(Table S3). Overall, the fluorescent DOM components showed differences between air
mass trajectories that interacted with central continental environments (i.e., the Great
Plains, eastern woodlands and wetlands, and deserts and semiarid highlands), northern
and more distant continental environments (East Asia, the high northern latitudes, and
the northwest forested mountains), and marine environments (Pacific maritime and
South Atlantic maritime) (Fig. S2). Since none of the storm air mass histories analyzed
originated from North Atlantic maritime environments, no PARAFAC data are available
from this ecoregion. Significant correlations were identified for DOM PARAFAC com-
ponents and select major ion concentrations, as follows: C1 to NO3

�, r � 0.46 and � �

0.61, and SO4
2�, r � 0.58 and � � 0.66; C2 to NO3

�, r � 0.36 and � � 0.42, and SO4
2�,

r � 0.30 and � � 0.54; and C3 to NO3
�, r � 0.33. None of the components correlated

with Cl� or Na� concentrations.
The concentration of all INP types correlated with season (MANOVA, P 	 0.001;

Table S4), and precipitation in winter contained the highest concentrations of all INPs
(Fig. 5b). Highly significant differences in INP concentrations were associated with the
type of mesoscale cloud system (i.e., stratiform versus convective) responsible for the
precipitation (P 	 0.05; Table S4), with stratiform systems containing the highest
concentrations for all INP factors (Fig. 5a). A subset of the stratiform events with
ice-containing precipitation (sleet or snow, n � 4) had the highest concentrations of all
INP classes (Fig. 5c), and a MANOVA showed these differences were significant from
those observed in rain samples (P 	 0.05; Table S4). Several of the locally measured
meteorological variables, including surface temperature and surface wind speed, cor-
related well (Pearson’s r � 0.30) with INP concentrations (Table S5).

FIG 4 Location and extent of the source ecoregions relevant in this study. These ecoregions of North America were defined by the EPA, USGS, and CEC, as
described in the text. The source ecoregion was used to classify interaction patterns between backwards air mass trajectories and the mixed boundary layer
for each precipitation event (Fig. S1). Location of the primary sampling site (Baton Rouge, LA) is indicated by the red star. EA, eastern Asia; PM, Pacific maritime;
NFM, northwest forested mountains; HNL, high northern latitudes; DSAH, desert and semiarid highlands; GP, Great Plains; EWW, eastern woodlands and
wetlands; NAM, North Atlantic maritime; SAM, South Atlantic maritime.
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Correlations between abundances of bacterial operational taxonomic units
and INPs. Of the 65 samples collected for DNA extraction, 20 of the samples were
excluded from further analysis because amplification of the 16S rRNA gene failed or
they were associated with trials in which spurious amplicons were generated in the
procedural controls. The composition of bacterial assemblages in 45 of the precipita-
tion events was assessed by comparing the amplified 16S rRNA genes from the
samples, and a total of 60,289 operational taxonomic units (OTUs) were identified. This
analysis revealed that 1,425 OTUs had statistically significant positive correlations to the
INP factors. Of these 1,425 OTUs, only those which had reads accounting for �0.1% of
the total number of reads across all samples were retained for further analysis (Table
S6). Spearman’s � correlations indicated that OTUs classified within the Bacteroidetes

FIG 5 Average INP factor concentrations as a function of cloud type, season, and precipitation phase. (a
to c) Multivariate analysis of variance indicated that average INP concentrations (Conc.) differed based on
the cloud type (a), season (b), and precipitation type (c). The average of summed differential (Diff.) INP
concentrations were determined as described in the Fig. 3 legend.
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had the most significant correlations with all INP factors, especially those within the
Cytophagales order. Several of the Cytophagales taxa (unidentified genus from Cytopha-
gaceae, Hymenobacter, and Flexibacter) showed the highest and most significant cor-
relations with total�5 to �11, bio�5 to �10, and bac�5 to �10 INPs (Table S7). Additionally,
the family Rikenellaceae from the order Bacteroidales, the family env.OPS_17 from the
order Sphingobacteriales, and the genus Segetibacter from the order Chitinophagales
contained highly significant correlations with all INP classes except for bio�11 to �12.

Firmicutes and unclassified divisions also had a relatively large number of significant
positive correlations with the INP factors (Table S6). Within the Firmicutes, OTUs
significantly correlating with all warm classes of INPs (total�5 to �11, bio�5 to �10, and
bac�5 to �10) were limited to the Carnobacteriaceae. A broader phylogenetic range of
OTUs positively correlated with the colder INP factors (total�11 to �14, bio�11 to �12, and
bio�13 to �14), and most of these taxa affiliated with the Bacteroidetes, Firmicutes, and
Proteobacteria, but there were also representatives from the phyla Cyanobacteria,
Planctomycetes, Spirochaetes, and Verrucomicrobia (Table S6). Overall, a smaller number
of OTUs correlated with the bacterial INP factors, and those that did belonged to the
Bacteroidetes, Proteobacteria, or unclassified divisions. Many of the OTUs (e.g., Hymeno-
bacter, Sphingobacteriales, Cytophagaceae, and Flexibacter) correlating with the warmer
INP factors (total�5 to �11, bio�5 to �10, and bac�5 to �10) had significantly higher
abundances in precipitation from nimbostratus clouds (n � 16) and during the winter
(n � 16; Fig. S3 and Table S7).

DISCUSSION

During this 2-year study, observations from a range of storm origins and types
provided the opportunity to examine linkages between biological INPs in precipitation
and geographic source, season, cloud lifetime and precipitation development, and the
meteorologically influenced dispersal of microorganisms in the atmosphere. The key
results from this analysis can be summarized as follows: (i) the sampled precipitation
contained several “classes” of INPs with distinct behaviors; the highest concentrations
of INPs likely originated from (ii) terrestrial regions geographically distant from Louisi-
ana and (iii) nimbostratus clouds, ice-phase precipitation, and winter storms; (iv) certain
bacterial taxa correlated significantly with the INP concentrations; and (v) the concen-
trations of INPs observed in the precipitation implied sufficient abundances in the
atmosphere to affect precipitation production in certain cloud types. The significance
and implications for each of these findings are discussed in greater detail below.

(i) INP “classes” identified in Louisiana precipitation. The EFA grouped differen-
tial INP concentrations by temperature of activation (Table 4), implying that the
sampled precipitation contained distinct types or classes of INPs. Since the total�5 to �11,
bio�5 to �10, and bac�5 to �10 factors were highly correlated to each other (r � 0.83 to
0.96, � � 0.83 to 0.94; Table S9), they are likely capturing similar aspects of the warm
temperature IN activities. Based on the properties of known IN species and biological
INPs (4, 11, 87), the total�5 to �11, bio�5 to �10, and bac�5 to �10 factors may represent
activities conveyed by intact bacterial cells that harbor IN proteins or heat-sensitive
compounds. Indeed, cell concentration correlated significantly with the warm INP
factors (total�5 to �11, bio�5 to �10, and bac�5 to �10; Table 5). All of the warm INP factors
also correlated significantly with PARAFAC component C1 (Table 5), which is known to
be associated with terrestrially derived DOM (84–86, 89). Taken together, these results
suggest that the warmest temperature INPs in the precipitation were largely bacterial
in origin, conveyed by proteinaceous IN activity, and aerosolized from terrestrial
environments. That no correlation existed for bio�11 to �12 or bio�13 to �14 with pH is
interesting considering that proteinaceous IN activity in certain fungi is heat sensitive
but unaffected by low pH (21). As such, the “colder” classes of biological INPs identified
could correspond to fungi possessing IN proteins (22) or DOM with IN activity (28, 29).

It is important to note that our method for classifying INPs provides a conservative
estimate of those from biological and bacterial sources (7). For example, the nonpro-
teinaceous IN material of some pollens and bacteria is resistant to heating at 100°C (10,
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20, 90) and therefore would not be identified as “biological” by our method. Likewise,
the use of lysozyme sensitivity to diagnose bacterial INPs should underestimate their
concentration because disparate cell wall compositions allow some bacteria to resist its
hydrolytic activity. Nevertheless, the significant correlation (Pearson’s r � 0.54) between
cell abundance and lysozyme-sensitive INPs (Table 5) implies that any bias introduced
by this approach was relatively uniform across samples.

(ii) Potential geographic origins of INP classes in Louisiana precipitation.
Previous studies have detected high abundances of biological INPs in plant and soil
environments (26, 91) and the emission of IN strains of P. syringae and Erwinia herbicola
from agricultural crops (92, 93). Our analysis revealed that air masses interacting with
the MBL in midlatitude continental regions replete with agricultural, woodland, and
herbaceous ecosystems (eastern woodland and wetlands and the Great Plains ecore-
gions; Fig. 4) did not subsequently produce precipitation with the highest concentra-
tions of total�5 to �11, bio�5 to �10, and bac�5 to �10 INPs observed (Fig. 6b, d, and g).

FIG 6 Summary of trends in ice-nucleating particle (INP) data with source ecoregion and physical, chemical, and
microbiological properties of the precipitation. Ecoregions as depicted in Fig. 4 are outlined by black solid lines. (a) Key for
INP concentrations in the ecoregion for panels b to g and Pearson correlation coefficents for panel h are shown. (b
to g) Ecoregions that correlated significantly with total�5 to �11 (b), total�11 to �14 (c), bio�5 to �10 (d), bio�11 to �12 (e),
bio�13 to �14 (f), and bac�5 to �10 (g) INP concentrations are shown. (h) Heat plot of Pearson correlation coefficients between
INP concentrations and various precipitation measurements, as follows (units): cell abundance (cells liter�1 precipitation);
conductivity (cond.; �S cm�1); chloride, sodium, nitrate, and sulfate (�M); DOC, dissolved organic carbon (parts per million);
C1, PARAFAC component C1 (Raman units [R.U.]); C2, PARAFAC component C2 (A.U.); and C3, PARAFAC component C3
(A.U.).
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In fact, air masses from the eastern woodland and wetlands ecoregion produced the
lowest INP concentrations in the precipitation from all nonmaritime locations (Fig. 6c,
f, and g). East Asia, the northwest forested mountains, and/or the high northern
latitudes ecoregions were the largest sources of all INP classes (Fig. 6). Although few
data are available, a recent study implicates high northern latitude aerosols in North
America as sources of biological INPs (94). The identification of soil-dwelling taxa (for
example, Hymenobacter spp. are ubiquitous in soils, especially desert soils [95–102])
that correlate well with the warm INP factors also suggests that terrestrial soils were the
most likely sources of the warm-temperature INPs.

Nearly all the INP factors correlated significantly (P 	 0.05) with DOM PARAFAC C1
(Table 5 and Fig. 6h). The region of maximum fluorescence in C1 (excitation [Ex]/
emission [Em] maxima, 250 nm/410 nm) is known to represent constituents of terres-
trially derived DOM from plants, soils, estuaries, wastewater, and agricultural catch-
ments (84–86, 89). Fluorescence at higher Ex/Em wavelength maxima of C1 (300
nm/410 nm) exhibited intensities similar to the “M peak” described by Coble et al. (84)
in shallow eutrophic marine waters from the Gulfs of Mexico and Maine, transitional
waters of the Puget Sound (103), and freshwater environments (89, 104, 105). DOM
associated with C1 typically consists of higher-molecular-weight aromatic chemical
species, characteristic of material that has been highly processed by biological and
geochemical activities (89, 104, 105). However, that the C1 component did not correlate
with the Cl� concentration in precipitation suggests that its source was not marine. This
contention is further supported by the significant positive correlation of C1 with NO3

�

(r � 0.46 and � � 0.61), which is an indicator of a terrestrial aerosol source (64).
Together, these results support the contention that continental environments were the
main source of warm INPs in the precipitation analyzed.

Aircraft-based measurements in air masses above the Sierra Nevadas have shown
high concentrations of biological INPs in clouds and precipitation containing desert
dust from Asia (106). Additionally, studies have also shown that the intercontinental
transport of microorganisms as aerosols is possible (106–109). This together with the
observation of terrestrial DOM (i.e., PARAFAC component C1) in air masses originating
from Asia implies an extracontinental source for the INPs in these precipitation samples
(Fig. 6). The same can be said for the high northern latitudes ecoregion; however, we
are not aware of prior studies that have examined geographic regions in the tundra or
northern forests of North America as atmospheric sources of biological INPs.

The bio�11 to �12 factor is the only class of INPs that has a significant correlation
(r � 0.40) with the tannin- and tyrosine-like DOM chemical species associated with
PARAFAC C2. Previous studies have identified C2 in microbially produced DOM from
terrestrial (89, 110) and freshwater (89) ecosystems. Additionally, the bio�11 to �12 factor
is the only one that did not have the highest concentrations when air masses interacted
with the surface in eastern Asia or the high northern latitudes. Instead, its highest
concentrations were observed in storms that originated from the forest mountains
ecoregion (Fig. 6e).

(iii) INP concentration as a function of season and meteorology. Winter storms
contained the highest concentrations of nearly all the INP factors (Fig. 5b and Data Set
S1), supporting the hypothesis that seasonal changes in meteorological patterns and/or
the source ecosystems of bioaerosols influenced the abundance of INPs in the precip-
itation. A considerable fraction of OTUs that correlate with the INP data had higher
abundances in winter precipitation (Fig. S3 and Table S7) and are related to psychro-
tolerant or psychrophilic species, suggesting a linkage between cold adaptation, lower
winter temperatures, and IN activity. This deduction is also supported by surface
temperature being inversely correlated with the warmest INP classes (total�5 to �11,
bio�5 to �10, and bac�5 to �10; Table S5). An alternative explanation for this finding is
the possible inactivation of biological INPs while descending through the atmosphere
or in the collection cans at the surface during summer. If this was the case, the actual
number and activity of INPs at cloud heights may be underestimated based on
inferences from summer rain samples. However, negative correlations between INP
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concentration and the sample collection time (amount of time precipitation samples
sat in collection cans before being processes) during the summer months were not
observed, suggesting that the data were not affected by this potential sampling artifact.
In fact, the only significant correlation to collection time observed was positive and
associated with the bio�13 to�14 data (r � 0.648, P � 0.005). Some IN active pollens
release their ice-nucleating macromolecules into solution when immersed in water (10),
providing one possible explanation for this curious result.

A subset of the wintertime nimbostratus events contained all the extreme outlying
INP data (Fig. 1), had the highest concentrations for all factors, had significantly higher
concentrations of INPs than winter convective storms (Fig. 5b), and were significantly
enriched for OTUs that correlated with the INP data (Fig. S3). There were only four
observations of ice-containing precipitation (snow or sleet) during this study, and these
samples had the highest INP concentrations and activity observed (Fig. 5c). While it is
tempting to suggest this result as evidence for the involvement of biological INPs in
ice-phase precipitation, it may also be explained by differences in below-cloud scav-
enging efficiencies between snowflakes and raindrops. However, previous work docu-
mented distinct microbial assemblages in snow versus the air mass from which it
precipitated (32), suggesting that snowflakes may be relatively inefficient at scrubbing
bacterium-sized aerosols from the atmosphere. Although there are a number of
uncertainties regarding aerosol scavenging in snow versus rain (111–113), cell concen-
trations in the snow and sleet were not significantly different from those observed in
rain samples, implying similar scavenging processes regardless of precipitation phase.

(iv) Potential phylogenetic and geographic sources of ice-nucleating bacteria.
The 16S rRNA gene sequences from 45 of the 65 precipitation events were successfully
amplified, sequenced, and analyzed (69). Of the OTUs that correlate significantly with
INP concentrations (Table S6), many are related to bacterial taxa documented in soils,
plant ecosystems, air, and precipitation (69, 114, 115). Although there were no signif-
icant trends between INPs and the known ice-nucleating genera Pseudomonas or
Pantoea, there are significant correlations between OTUs from Xanthomonadaceae
(i.e., containing the IN species Xanthomonas campestris) and the total�5 to �11,
total�11 to �14, and bio�5 to �10 factors. Taxa in the phylum Bacteroidetes had the
highest correlations with INP concentrations and were abundant in the samples (Table
S6), including OTUs from the Sphingobacteriales and Cytophagales. Several genera from
these orders have been reported in desert soils (Hymenobacter [100, 116, 117]), snow
and hail (Hymenobacter and genera from Sphingobacteriales [118, 119]), and air samples
collected over the northwest forested mountain/desert and semiarid highlands ecore-
gions and Asia (Flexibacter, Segetibacter, Hymenobacter, and genera from Sphingobac-
teriales [37, 118, 120–122]). The strong correlations between Bacteroidetes OTUs and
the warm INP factors (total�5 to �11, bio�5 to �10, and bac�5 to �10) are noteworthy
because ice-nucleating activity has not been documented within this phylum. In
particular, the Hymenobacter and Segetibacter taxa were strongly correlated with the
total�5 to �11, total�11 to �14, bio�5 to �10, and bac�5 to �10 INP data, and members of
these genera have also been reported in air (36, 37) and precipitation containing
Saharan and Asian dust (118). In fact, Meola et al. (118) showed that similar Cytopha-
gaceae phylotypes in European snow sequences coincided exclusively with the pres-
ence of Saharan dust. Several of the OTUs strongly correlated with the INP data (Table
S6) classified within groups of human- and animal-associated bacteria (e.g., Rikenel-
laceae, Blautia spp., and Roseburia spp. [55, 123, 124]), indicating an anthropogenic
and/or agricultural influence on the microbial composition of the precipitation ana-
lyzed. There were also strong correlations between the INP data and numerous
unclassified taxa (Table S6), supporting the possibility for the presence of ice-nucleating
activity in these poorly characterized bacterial lineages. Considering that correlations
may be illusory, exploration of species in these genera requires further investigation to
determine if they possess species with the IN phenotype.

The taxonomic data and chemical composition of the precipitation also provide
information to aid in assessing the potential ecological sources of the INPs sampled. For

Biological Ice Nuclei in Subtropical Precipitation Applied and Environmental Microbiology

December 2019 Volume 85 Issue 23 e01567-19 aem.asm.org 13

https://aem.asm.org


instance, the warmer classes of INPs (total�5 to �11, bio�5 to �10, and bac�5 to �10

factors) were positively correlated with taxa associated with desert and arctic soils (15,
96, 100, 116–118) and DOM typically associated with terrestrial plant, soil, and fresh-
water ecosystems (89, 105) but were negatively correlated with the Cl� concentration.
This implies that the most efficient INPs may have been sourced from desert and high
northern latitude continental environments as opposed to marine habitats (Fig. 6),
which is supported by hybrid single-particle Lagrangian integrated trajectory (HYSPLIT)
back-trajectory analysis that showed air masses interacting with the East Asia and high
northern latitude continental surfaces contained the highest INP concentrations (Fig.
6b to g and Table S2). In contrast, OTUs related to known marine taxa (e.g., Oceano-
spirillaceae) correlated with colder classes of INPs (total�11 to �14, bio�11 to �12, and
bio�13 to �14), suggesting marine environments as their source.

(v) Potential implications for biological INPs on meteorological processes.
While ice-containing clouds produce the majority of precipitation on a global scale (56),
there are large uncertainties regarding ice formation in mixed-phase clouds, the
abundances of biological INPs at cloud altitudes, and their involvement in precipitation
generation (5). To investigate the possibility that biological INPs have sufficient abun-
dances to affect ice formation in cloud water droplets, we used the precipitation data
to estimate their in-cloud abundances. Below-cloud scavenging complicates efforts to
directly relate precipitation to cloud water composition, and therefore, we estimated
boundary conditions following the approach of Petters and Wright (57).

Modeled simulations of summer and springtime convective clouds over North
America imply that as few as 1 INP m�3 (of air) active at –10°C could produce the
observed rates of precipitation (48, 58). At temperatures of �–10°C, the Louisiana
precipitation samples averaged cumulative concentrations of 1,300 total INPs liter�1,
1,100 biological INPs liter�1, and 600 bacterial INPs liter�1 of precipitation (Fig. 1).
Based on these data, we estimated the relative abundance of INPs within a cubic meter
of developing cumulonimbus cloud (i.e., convective cloud) and stratocumulus cloud
(i.e., stratiform). Over continental regions, cumulonimbus clouds typically contain cloud
droplet sizes in the range of 12 to 16 �m at concentrations of approximately 500 cm�3

(59, 60). Assuming a median cumulonimbus cloud droplet size of 14 �m (44), the
average cumulative concentration of INPs active at –10°C in precipitation would
represent approximately 0.5 to 1 INP m�3 of air, which is similar to modeled values
affecting precipitation rates (1 INP m�3 [48]). When considering the highest observed
INP abundances (16,100 total, 15,900 biological, and 5,900 bacterial INPs liter�1 of
precipitation, active at �–10°C; Fig. 1), concentrations as high as 5 to 10 INPs m�3 of
cumulonimbus cloud are inferred.

The mechanisms responsible for primary and secondary ice formation in nimbostra-
tus clouds differ substantially from those of convective clouds (43, 46, 50, 51). The
Wegener-Bergeron-Findeisen (WBF) process is thought to be the dominant process of
ice formation in mixed-phase clouds with updraft speeds of 	2 m s�1 (convective
clouds typically contain updraft speeds of �2 m s�1), which is consistent with nimbo-
stratus cloud conditions (41, 61, 62). Hence, it is possible that the WBF process allows
efficient removal of warm-temperature INPs from a nimbostratus cloud via ice forma-
tion and subsequent precipitation initiation. Although INPs active at temperatures
warmer than –9°C are also important for the Hallett-Mossop mechanism, this process
requires updraft speeds of �3 m s�1 for riming to work effectively and may only be
relevant to convective clouds (46). Stratus clouds that form over continents typically
contain fewer (�250 cm�3) and smaller cloud droplets than do convective clouds, with
average diameters of �10 �m (60). Based on these meteorological parameters, we infer
concentrations in stratus clouds of 0.1 to 0.2 INP m�3 based on the average biological
INP concentrations and 0.8 to 2 INP m�3 using the highest INP concentrations ob-
served. To our knowledge, INP concentration thresholds for precipitation formation in
stratus or stratus-like clouds have not been constrained within an aerosol-cloud mod-
eling framework. As our data show that biological INPs were at their highest concen-
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trations in precipitation from stratus-like clouds, and ice-phase stratiform precipitation
in particular (Fig. 5), such modeling efforts represent fertile territory for further study.

It is important to note that there are a number of uncertainties inherent to our
estimates of cloud INP concentrations based on data from precipitation, including the
actual cloud droplet sizes, the cloud thermodynamic properties, and the contribution
of below-cloud scavenging. With respect to below-cloud scavenging, aerosols the size
of most bacteria (0.5 to 1.5 �m) are typically referred to as the “scavenging gap” in
aerosol size distributions because particles of this size are not efficiently scrubbed by
raindrops regardless of the rainfall rate (63). Previous studies have shown similar
concentrations of INPs in cloud water and in precipitation at ground level (54, 57),
suggesting that below-cloud scrubbing may have a negligible role in altering the
composition of bacterium-sized INPs in raindrops.

Conclusion. Despite the fact that biological INPs have been studied for nearly
50 years, little is known about the microbiological and ecological sources of these
particles to the atmosphere. In this study, we analyzed precipitation from 65 storms
originating from air masses that had traversed regions of Asia, North America, the
Pacific Ocean, the Atlantic Ocean, and the Gulf of Mexico (Fig. 4), providing new
observations to assess the geographic sources of INPs deposited with precipitation in
the southeastern United States. Various studies have detected biological INPs in marine
waters and concluded that the ocean is a major atmospheric source of these bioaero-
sols (23, 30, 31, 91). However, we observed that prestorm air masses that interacted
with marine environments generated precipitation with the lowest concentrations of
INPs observed (Fig. 6). In contrast, the concentrations of all INP classes were highest
when air masses had interacted with continental ecoregions. The continental origin of
these bioaerosols was supported by positive correlation with the abundance of DOM
and bacterial taxa typically associated with terrestrial ecosystems and negative corre-
lation to marine aerosol proxies (Fig. 6h). These results lead to the conclusion that forest
and soil ecosystems are important year-round atmospheric sources of biological INPs to
precipitation in this subtropical region. Unexpectedly, our analysis implicated the high
northern latitudes and eastern Asia ecoregions as sources that produced the highest
concentrations of INPs in Louisiana precipitation (Fig. 6), corroborating similar obser-
vations in the western United States (106).

Multiple studies have confirmed the ubiquity of biological INPs in the atmosphere
and precipitation (5, 7, 39), but the meteorological conditions under which they may
have roles in affecting cloud ice formation and precipitation have remained speculative.
We observed the highest concentrations of total, biological, and bacterial INPs in
precipitation associated with winter storms composed of nimbostratus-like cloud for-
mations that originated from the western United States (Fig. 6). Since nimbostratus
clouds are low-level, relatively warm clouds (67), biological INPs would be in a favorable
position to affect precipitation processes if sufficiently abundant. Indeed, our estimates
from precipitation samples imply that INPs originating from warm clouds (tops warmer
than –15°C) were at concentrations predicted to influence ice formation and precipi-
tation. The role of biological INPs in meteorological processes may be especially
relevant to stratus-like clouds where updrafts are minimal and the WBF process is
significant for precipitation production. Considering that low temperature and nutrient
limitation affect the IN activity of P. syringae (73), metabolically active microorganisms
are present in cloud droplets (74), and liquid water can persist for days in nimbostratus
clouds at temperatures conducive to metabolism (10°C to –25°C [67, 75]), conditions
within a nimbostratus cloud might even promote in situ expression of the ice nucle-
ation phenotype.

Bacterial ice nucleation has been thought to be limited to certain species of
Gammaproteobacteria (i.e., P. syringae, Pseudomonas viridiflava, Pseudomonas fluore-
scens, Pantoea agglomerans, and Xanthomonas campestris) but recently was expanded
to include a member of the phylum Firmicutes (20). This raises the possibility that the
ice nucleation phenotype may be distributed in a broader phylogenetic range of
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bacteria than previously appreciated. We identified a number of phyla (Acidobacteria,
Bacteriodetes, Chlorobi, Cyanobacteria, Firmicutes, Planctomycetes, Proteobacteria, Spiro-
chaetes, and Verrucomicrobia) that may contain unrecognized lineages of ice-nucleating
bacteria, providing a motivation for future studies to explore the presence of this
phenotype in these taxa. Improved understanding of the diversity of ice-nucleating
bacteria and their atmospheric sources, transport, and role in hydrologic cycling
would lend valuable insight into their capacity to disperse aerially and participate
in landscape-atmospheric feedbacks that have meteorological consequences (76).

MATERIALS AND METHODS
Precipitation sampling. With the exception of one sleet storm sampled in Alexandria, LA (31.3113°N,

92.4451°W) during March 2015, 64 precipitation events (61 rain, 1 sleet, and 2 snow events) were sampled
between May 2013 and July 2015 from the roof of a six-floor building (�20 m above ground level) on the
Louisiana State University campus in Baton Rouge, LA (30.4145°N, 91.1783°W). The precipitation was sampled
at ambient temperatures by direct collection in 10 120-liter galvanized cans that were lined with clean, sterile
94 by 122-cm polypropylene bags (Fisher Scientific, Pittsburgh, PA). A total of 11 cans (10 for samples and one
as a procedural control) were used to collect samples for each precipitation event. The procedural control
remained sealed for the duration of the precipitation event, and then 3 liters of sterile deionized water that
was poured into the can was collected in a manner identical to the samples. A minimum of 3 liters of rain or
snow water equivalent was amalgamated from three collection cans for each sample. Precipitation from
Alexandria was collected using seven cans (six for samples and one as a procedural control). For 14 of the
low-accumulation events, the precipitation collected in all 10 cans was pooled for DNA extraction. Immedi-
ately following each precipitation event, the material collected was transferred to sterile 9-liter carboys and
stored at 4°C in the dark until processed. Processing typically occurred within �1 h, but in certain cases, the
samples were processed up to 48 h after collection.

Precipitation samples for the measurement of dissolved organic carbon (DOC), fluorescent dissolved
organic matter (DOM), and major ions (NO3

�, SO4
2�, Na�, and Cl�) were collected separately from those used

for microbiological analysis in a borosilicate glass funnel and bottle that was thoroughly cleaned by washing
with detergent, soaked in 10% HCl for 30 min, rinsed with ultrapure deionized water (18.2 M
), and subjected
to combustion at 400°C for 4 h. Following collection, the samples were filtered through precombusted GF/F
filters (Whatman, Inc.), stored frozen in the dark at –20°C, and analyzed within 6 months.

Quantification of INPs and cells. Immersion freezing assays were performed as described previously
(7) but with the following modifications: no filter concentration was performed, and 200-�l aliquots (rain
or snow water equivalent) of the precipitation sample were placed into each well of a 96-well plate and
sealed with adhesive film. Triplicates of each sample and experimental treatment were tested over a
temperature range of �4 to –15°C in 0.5°C increments using a Neslab RTE 7 series refrigerated ethylene
glycol bath (Thermo Scientific, Waltham, MA). The number of wells frozen at each temperature was
recorded, and the differential concentrations (the number of INPs activated at a specific temperature)
and cumulative concentrations (the number of INPs activated at all temperatures warmer than a given
temperature) of INPs were calculated by the method of Vali (53).

Each precipitation sample was tested by analyzing triplicate preparations that were either untreated,
heated for 10 min at 95°C, or incubated with 3 mg ml�1 lysozyme for 1 h prior to the immersion freezing
assay. The data and related calculations were used to assess the total (i.e., untreated), biological (i.e.,
heat-sensitive), and bacterial (i.e., lysozyme-sensitive) INP contents of each sample. Given that only protein-
aceous INPs may be sensitive to heat denaturation and that not all bacteria are sensitive to lysozyme, this
method should be viewed as a conservative estimate for INPs of biological or bacterial origin.

DNA-containing cells were stained with SYBR gold (Invitrogen, Carlsbad, CA) and counted using
epifluorescence microscopy (BX51-TRF; Olympus, Center Valley, PA), according to the method of Christ-
ner et al. (68). Triplicate measurements from each precipitation event were analyzed.

Amplification and sequencing of 16S rRNA genes. Initial testing showed that reliable DNA
amplification typically required a minimum of 3 liters of precipitation (data not shown). Therefore, at least
3 liters of precipitation or sterile deionized water (for the procedural controls) was collected, filtered onto
sterile 0.2-�m-pore-size 47-mm Supor polyethersulfone (PES) membrane filters (Pall Corp., Port Wash-
ington, NY), and stored at – 80°C until processed. DNA was extracted from the filters and the procedural
controls using the FastDNA Spin kit for soil (MP Biomedicals, Santa Ana, CA) and PowerSoil kit (Mo Bio
Laboratories, Carlsbad, CA), with several modifications to the manufacturers’ protocols (Methods section
of the supplemental material). The V4 region of the 16S rRNA gene was successfully PCR amplified using
DNA extracted from 45 of the 65 precipitation events, and the amplicons were sequenced on a MiSeq
platform (Illumina, Inc., San Diego, CA, USA). Contamination was assessed by attempting PCR amplifi-
cation with the V4 primers on extracts from the procedural controls, as described by Aho et al. (69). The
sequences obtained were analyzed using the mothur software (70) and aligned to a SILVA bacterial 16S
rRNA gene reference alignment (71). Sequence library size was normalized by randomly sampling 49,263
sequences from each library, which was the number of sequences in the smallest library. Sequences were
clustered into operational taxonomic units (OTUs) based on a sequence dissimilarity of �0.03. OTUs were
classified using the Ribosomal Database Project Classifier implemented in the mothur software and
assigned to a particular taxon if they classified with �80% confidence.

Inorganic and organic chemistry. The conductivity and pH of the precipitation samples were
measured using a multiparameter PCSTest probe (Oakton Instruments, Vernon Hills, IL). The concentra-
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tions of major ions and DOC were determined on aqueous samples that were filtered through precom-
busted 25-mm 0.7-�m-pore-size GF/F Whatman filters (GE Healthcare, Chicago, IL). Major ions were
analyzed using a Dionex ICS-3000 ion chromatography system (Methods section of the supplemental
material). DOC concentrations were measured with a GE Sievers 900 total organic carbon analyzer
(Methods section of the supplemental material). Excitation emission matrices of the fluorescent dissolved
organic matter (DOM) were generated on a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer (Meth-
ods section of the supplemental material). The excitation emission matrices (EEMs) of the fluorescent
DOM were modeled with the drEEM multivariate parallel factor analysis (PARAFAC) toolbox in Matlab,
according to Murphy et al. (72).

Analysis of meteorological data and ecoregions. Each storm was classified as a “stratus” or
“convective” event, based on cloud structure. Cloud structure, height, and depth were estimated based
on radar reflectivity, infrared satellite imagery, and radiosonde data (77, 78) (Methods section of the
supplemental material). Backward trajectories (120 to 168 h) of air masses over the site at the time of
each precipitation event were determined using the National Oceanic and Atmospheric Administration
(NOAA) Air Resources hybrid single-particle Lagrangian integrated trajectory (HYSPLIT) model, accessed
via the NOAA Air Resources Laboratory (ARL) Real-time Environmental Applications and Display sYstem
(READY) website (https://www.ready.noaa.gov/HYSPLIT.php). For each precipitation event, six altitudes
were chosen for backward-trajectory analysis based on the lifting mechanism responsible for cloud
formation, as well as the level of cloud base and height (Fig. S1). Cloud base and height were determined
using lifted condensation levels (LCL) and/or convective condensation levels (CCL), depending on whether
the cloud was formed by mechanical or convective lifting mechanisms, respectively (Methods section of the
supplemental material and Fig. S1a to d). Geographic locations where backward trajectories interacted with
the Earth’s surface or the mixed boundary layer (MBL; i.e., the lowest layer of the troposphere where turbulent
mixing with the Earth’s surface occurs) were graphed in R by using data from the “tdump.csv” hourly data files
produced by HYSPLIT for each backward trajectory (Fig. S1e and f).

Trajectory interactions with the surface or MBL were categorized based on North American level 1
ecoregions (79, 80). Briefly, an ecoregion is defined by the Environmental Protection Agency and
Commission for Environmental Cooperation as an ecological region that contains similar plant and
animal communities, climate, geology, topography, hydrology, soil, land use, and natural resources (80).
The most recent classification system defined 15 broad categories for level 1 ecoregions. To increase
homoscedasticity and the number of degrees of freedom for downstream statistical analyses, several
regions of similar ecology, geography, and climate were combined. For this analysis, the following level
I ecoregions were combined: the Arctic Cordillera, Tundra, Taiga, Hudson Plain, and northern forests were
combined and designated “high northern latitudes”; the northwestern forested mountains and Marine
West Coast mountains were combined and designated “northwest forested mountains”; the North
American deserts, Mediterranean California, southern semiarid highlands, and temperate Sierras were
combined and designated “deserts and semiarid highlands”; and the “tropical dry forests” and “tropical
wet forests” were combined and designated “tropical forests” (Fig. 4). Backward trajectories that
interacted with the MBL in Asia occurred at latitudes above approximately 35°N and longitudes higher
than 90°E and were therefore classified into a single ecoregion called “East Asia” (Fig. 4). The Great Plains
and eastern U.S. ecoregions were not combined with other ecoregions and are referred to as “the Great
Plains” and “eastern woodlands and wetlands,” respectively (Fig. 4). Marine regions were divided into
Pacific Maritime, North Atlantic maritime, and South Atlantic maritime (Fig. 4).

Statistical analyses. All statistical procedures (Methods section of the supplemental material) were
performed using version 9.4 of the SAS System for Windows. Graphs and plots were produced using R
software version 3.2.1 (the R Core Team, 2015).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM

.01567-19.
SUPPLEMENTAL FILE 1, PDF file, 0.9 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
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