SUPPLEMENTARY FIGURES AND TABLES LEGEND

Supplementary Table S1. Identity and characteristics of precipitation and aerosol
isolates. Aerosol sampling period labels begin with "A" to distinguish from precipitation
sampling periods 1-11 (see Table S3 for precipitation and aerosol sampling times).
Taxonomy is denoted by results of BLAST from 16S sequences, percent identity to
BLAST assignments, and membership to taxonomic divisions. Isolate identifiers derive
from results of multiple sequence alignment analysis (Fig. S2). “IN onset temperature”
refers to the first temperature at which isolates exhibited significant IN behavior above the
background of the ZoBell media in which they were suspended. Duplicate isolates that
were derived from the same sampling period were not featured in Fig. 3a or Fig. 4a and
were not counted toward the 14 total identified ice nucleating isolates, but each duplicate
was tested for its IN ability and results are shown here.

Supplementary Table S2. Cloud characteristics during 11 precipitation events over the
sampling site: SIO Pier (32.8662 °N, 117.2544 °W). Cloud base and top altitudes were
estimated using the RH product of the High-Resolution Rapid Refresh real-time
atmospheric model, and three altitudes within the cloud were used as particle release
points for FLEXPART back-trajectories (see Figure 6.1): cloud top, cloud base, and
middle (halfway between). Regions where RH (Relative Humidity) > 95 % were
considered for all events except Sampling Period 4 and 5, when a criterion of > 90 % was
applied. The hourly products closest in time to the precipitation sampling period were
used. When cloud depth and altitudes changed over the sampling period, the lowest cloud
base and highest cloud altitude were selected as release points for FLEXPART back-
trajectories.

Supplementary Table S3. Sampling periods for precipitation and aerosol samples
collected on SIO Pier (32.8662 °N, 117.2544 °W). Synoptic weather conditions for each
precipitation event were determined using National Weather Service Weather Prediction
Center Surface Analysis Satellite Composite products.

Supplementary Table S4. Summary of ice nucleation behavior of the 9 isolates that
were tested for ice nucleation in the absence of media and resuspended in filtered
autoclaved seawater (FASW). In comparison with ice nucleation behavior above ZoBell
background levels, ice nucleation behavior was generally enhanced in media-free
isolates, except in the case of SSA45, Psychrobacter sp. The first temperature at which
ice nucleation is significant above background was determined by applying the criterion
described in Methods. See Methods and Figure S6 for details of media-free freezing
experiment.

Supplementary Figure S1. Controls of IN measurements. (a) IN activity of 11 ZoBell
media blanks. (b) IN activity of selected media—free isolate with a dilution factor of 1
(undiluted). Filtered autoclaved seawater (FASW) was used for resuspension of the
isolates for INP measurement. (c) IN activity of selected media—free isolates with a
dilution factor of 5. Some isolates were diluted with FASW to decrease opacity such that
freezing events could successfully be detected by the camera, and the IN spectra of the



isolates and FASW are scaled by the same dilution factor for analysis of the isolate’s ice
nucleation ability beyond its media (Methods Sec. 2.4). Only INP concentrations that
were significantly enhanced above FASW (p < 0.005, see Methods Sec. 2.4) are shown
in (b) and (c).

Supplementary Figure S2. IN spectra of the 14 IN isolates and their respective ZoBell
media samples, with IN spectra of both ZoBell and isolates scaled by the isolates’ dilution
factor. All isolates were diluted with additional ZoBell to decrease opacity such that
freezing events could be detected with the camera. Only INP concentrations that were
significantly enhanced above ZoBell (p < 0.005) are shown. See Methods section for
description of the criterion applied to determine significant ice nucleation behavior above
the background ZoBell levels.

Supplementary Figure S3. INP concentrations per liter air sampled for 7 aerosol
samples collected at Ellen Browning Scripps Memorial Pier at Scripps Institution of
Oceanography (SIO) (32.8662 °N, 117.2544 °W) between March and May 2016. The
blue shaded region represents the composite spectrum of INP concentrations observed
in a range of marine and coastal environments including the Caribbean, East Pacific
and Bering Sea as well as laboratory-generated nascent sea spray (DeMott et al.,
2016)*. INP spectra of the three samples from which IN isolates were derived (Al, A2,
A5, see Table 1 and S1) are outlined in black. While the INPs observed in aerosol
samples compare with INP concentrations in marine environments at warmer
temperatures (DeMott et al., 2016), concentrations are enhanced at moderate to cold
temperatures indicating terrestrial sources may have additionally contributed.

*DeMott et al., 2016 data has been updated with a completed dataset for the ICE-T
study, as shown in (Yang et al., 2020).

Supplementary Figure S4. 10-day back-trajectories from the SIO Pier (32.8662 °N,
117.2544 °W, 8m above MLLW) during the 3 aerosol sampling periods from which IN
isolates originated, Al, A2, and A5 (see Tables 1, S1). FLEXPART back-trajectories were
used to estimate potential aerosol sources. Shown are the particle centroids of back-
trajectories. Origins of particles in the 10-day simulation are shown to range from 4000 m
over Russia to 3000 m over the Northeast Pacific. FLEXPART results suggest a
dominance of marine particle sources to aerosol samples.

Supplementary Figure S5. Image of aerosol (red box) and precipitation (yellow box)
isolates on agar plates. Isolates derived from cultivation-based isolation.

Supplementary Figure S6. INP concentrations at -20 °C in aerosol collected at the
Scripps Institution of Oceanography Pier (32°52'01.4"N 117°15'26.5"W) during and
between precipitation events. INP concentrations in aerosol are represented by blue
circles, and pink circles indicate background INP levels in field blanks. Dark blue bars
indicate cumulative precipitation over a 24-hr period. (a) Highlighted in grey are three
sampling days during which aerosol samples were available immediately before, during
and after precipitation events. (b) Precipitation events over March 6 and 7, 2016 (left grey
region in Fig. S5a) are magnified for better visibility. (c) The precipitation event from May



5 to May 6, 2016 (right grey region in Fig. S5a) is magnified for better visibility. For all
three periods, INP concentrations in aerosol decrease during precipitation events,
indicating sweepout of INPs by hydrometeors.

Supplementary Figure S7. Taxonomic distributions of precipitation (a) and aerosol (b)
isolates. 83% of the unique families and genera identified in aerosol were common to
those found in precipitation.

Supplementary Figure S8. Phylogenetic relationships of isolates (in bold) related to
Actinobacteria reference sequences. The environmental source of the reference
sequences (based on NCBI metadata) is indicated in grey. Isolates with ice nucleating
properties are shaded in yellow; bootstrap values (n=500) are indicated at nodes; scale
bar represents changes per positions.

Supplementary Figure S9. Phylogenetic relationships of isolates (in bold) related to
Firmicutes reference sequences. The environmental source of the reference sequences
based on NCBI metadata is indicated in grey. Isolates with ice nucleating properties are
shaded in yellow; bootstrap values (n=500) are indicated at nodes; scale bar represents
changes per positions.

Supplementary Figure S10. INP concentrations observed in 14 halotolerant isolates
derived from precipitation and aerosol samples, normalized to culture OD (590 nm).
Sample numbers in the legend indication the precipitation or aerosol sample from which
the isolate was derived (see Table S3). Datapoints corresponding to isolates from
aerosol are outlines in black. Error bars indicate 95% confidence intervals (see
Methods Sec. 2.4). Only freezing activity that was significantly enhanced (p < 0.005)
above ZoBell growth media is shown.

Supplementary Figure S11. Relationship of isolates within the same OTUs using
multiple sequence alignments of 16S sequences. Multiple sequence alignments were
used to generate phylogenetic trees. The resulting branch distances were used to label
isolates within the same OTU. Distances > 0.1 were given a new number. This division
was further subdivided by distances > 0.01 which were given a unique letter. Distances <
0.01 were considered possible duplicates. Freezing temperatures are shown in yellow
boxes to indicate isolates with detected ice nucleation activity.

The data set supporting this manuscript is hosted by the UCSD Library Digital Collections
(https://doi.org/10.6075/J0GQ6EW27).



https://doi.org/10.6075/J0GQ6W2Z

Table S1

%00} (spease) o ‘swougnd g) ds sepeqaiadsg I ou o ds speqoIyaisg 5TVSS
%66 WINEWICIBIGISE LUNUBIIEGRIWY &) ou o ds Wnueegoson 9ZVSS
%36 (spessey g ‘sound g) O Jepequiyisy & ou X ds Jepeqaiyafsg BYYSS

%001 SnedeLIEY STIAEE & ou v Lag “ds snseg LPVSS

%001 ds Japeqauyafsg sak v 20} “ds JepeqoIyIisy SHYSS

%001 SnedRLIEY SIS & ou oV Lgg “ds sneeg VSS

%001 BeIpUn] g) O SMFIeqUBES B au W ds snjegueey WFPYSS

%00} (syeanw -g) “ds snjrzeg I ou £y 29z “ds snjoeg EFYSS
%E6 Os sepequyaisy gL £ v ds smpeqauyIisg YSS

%001 (suBBWOBEE of YHEMBIS o “SHBUBLE “g) dF PEOJUEY B ou v q1 "0s BacuEy 81VSS

%001 (suEspwoNiie o WHEMEIS o ‘STEUBUE o ds PeCIuES B ou Ea q1 "ds BAcIUES L1VSS

%001 (suBBWOIBEE of YHEMBIS o “SHBUBLE “g) dF PEOJUEY B ou v q1 "ds BacuEy GIVSS

%00k (susweuian g suewinbe g) ds snreg B ou v zel “ds snyoeg FIVSS

%00+ [SOpIdelSIUG) BUUBLUOID| ST sak W ds eupEwOY ZrvsS
%66 (sge288) g ‘Swougnd ) s sepeqaiyalsy SIEL sak b 25} s sepeqouyalsy 6¢0S|

%001 (nuuew ) “suejyea ) JExuy D) ds wigeuowsomeg Shl- sk 0 £E1 "US WNIgoIIWISON|E) 92081

%001 (wnuuBw - “SueYesD JBYUNY D) dS WNGOILSOMIED SIth sak 0 €B| "0S WnigouiwIsoN|iag £708]
%38 “05 JBIIBGOALIY UMOUNU| SZEL sk 6 JBREGIY UMOUNUM £205)
%66 (ynexnas “py WSSUY W WISGOZ ) TS BIMOYIISISH 591 sk 3 03 EMON|YSION WpEos|

%001 (e ") “Suees D Jeyuny 9] ds wgeaISemED B ou €L "0S WNIQRIIWISTNIED aZos]
%66 (wnuuBw - “SueYesD JBYUNY D) dS WNGOILSOMIED 5k sk 281 "0 WNnigoIWISoM|IeD zzos|

%00t (wnuew -3 “suemeo™ Jeyuny ) 05 WNGOLLISIIE) bi- sk 8 IELOS wniopwsam) %9 reosl

%001 (sneusue o ‘suesewoibe o) ds BeoIES SLal- sal E| “ds ERGIUE] 0ETS)

%004 (sneueue o ‘susiewoyibe ‘o) ‘ds eeojue 13 sk €1 "0s eaciueg 62081

%001 SIEdELEY STIIES [ sal LEL "ds snpeg LEDS]
%68 S WINUBIIBGOINY UMOUUN B ou WINBIIRGOINNN UMOUNUN dgegos)
%E6 “0s SMI2CI0UE]S Bu ou &z “ds SNI0000UE]Y WEEDS|
HEE SMLJUELY SNAI0I0UE]S STZL S8 ds SNID000UE|Y gzeos|
%66 WNIEWIOIBIBISS WNLBIIEGOIY B ou ¥EZ d5 WNLSIegoIaIN Ageeos)
W66 WNIBLUGIBITISE LINUSIIEQOIY Bu ou ZEZ d5 WNUSIIequIay dyzeos)
%66 ds Jspeqaiyafsy B ou ds JelRqoiyafisg VBES]

%001 (snuipuew g) ds sepequiydsg B ou ds sepreqaiyafisg ]

%001 ( MUowus o ‘SUBjop ) ds pnesy B ou €82 "0s SEUOWOpPNBsy 6£0s]

%001 R ) ds B ou ZEZ "0S SEUDWORNGSY FEDS]

%001 QUBA SEUOLIOPNES S B ou g “ds seuowopnesy 85951

%00k RIS ) ds B ou “ds seuowopnesd 28951

%001 S SMAI0I0UE]S B ou ZEZ US SNI9000UEly 89€05]

%001 Wi o “SIPIHOHE ol s I e ou ZEZ "US SNI0000LELG W5e08|

%001 SUBIDEJLINIIEY LINUSIZEGOLND B ou ds WNuEREqoLND L]

%0o) S WNUSJIEGOMND B ou dg wnueeeqoung 0ros]
%IE (snenw -3) “ds SNa0202uID B ou ds SNaoC0020uID VIEDs]

%001 WRIBIOIBIBISS WNLSIIEGOIN B ou £z 05 WNLSIequIo 108]

%00k WNINIIOIBIZISE LINLBIZEGOII e ou 5 WNUSIEgoIN 61051

%001 WNIMELLOIBISISS LINUSIIEGOIY B ou ds wnueRegoIa zios|

%001 (ssusoduiemy g ‘ssusbuninieeq ‘g) ds snreg Bu ou qi "ds sneg 0gos]
%lB (wnjosiny “g) -ds wnusioeqInasg oz sal ds WnpaREsIneIg 8951

%004 (smusodufemy 'g ‘ssvebunineeq -g) 'ds snreg B ou g 'ds snyeg ]

%001 d SnIIEGBES SLbL- sk ds snjequ: BEd  E0LOS]
HE6 (snaune "D ‘SUBISBARY D) "ds SN20000)AUD B ou ds snooooopdAiy wOLOS|
66 SO0 JSIEGASAT B ou “ds sapeqosi 90|

%001 wiyrsnd ) s WnuejaeqoLng B au ds wnpeeqoung OS]

%001 (susuyg) “ds wnuaeqInag Bu ou ds wnpaREgnaIg 58|

%001 {snauray “snjosin v ds ssideqoayiy B ou 5 IBRBOIIY €051

%001 SAJNE SN2090)UD STE sad ds snoooooidian zos|
W66 ESOUITEIIINUI BUGIOPoU B ou ds Brumopogy Los|

aumesadwe
PI% Aipusp| 15V o mmavn gonted ejos| swepos]



Table S2

_ Local Local _ RH Geopotential

Period Local date time time UTC date UTC time criteria Temp (K) Pressure (mb) height (m)
start stop

1 3/6/2016 9:07 10:07 3/6/2016  17:07 —18:07 >95% 283-274 950 - 750 800 — 2000
2 3/7/2016 18:30 19:30 3/8/2016  2:30 - 3:30 >95% 275-268 850 - 750 1700 — 3000
3 3/11/2016  16:20 17:20 3/12/2016 00:20-1:20 >95% 282-275 950 - 800 500 — 2200
4 3/12/2016  8:20 9:14 3/12/2016 16:20—17:14 >90% 280-278 925-900 1000 — 1100
5 3/29/2016  23:35 0:35 3/30/2016 6:35-7:35 >90% 270, 275 800, 900 2000, 700
6 4/7/2016 8:15 11:00  4/7/2016  15:15-18:.00 >95% 278-270 1000, 750 — 650 2200 — 4000
7 4/7/2016 12:07 13:07  4/7/2016  19:07-20:07 >95% 275-265 750 — 600 2000 — 4000
8 5/5/2016 22:59 23:59 5/6/2016  6:00 — 7:00 >95% 275-273 825-750 1100 — 2100
9 5/6/2016 2:59 3:59 5/6/2016  10:00 — 11:00 >95% 282-270 875-700 1000 — 3000
10 5/6/2016 4:59 5:59 5/6/2016  13:00-14:00 >95% 275-273 825-675 2000 — 3000
11 5/6/2016 8:59 9:59 5/6/2016  17:00-18:00 >95% 275-270 825-750 1800 — 2800



Table S3

Precipitation

Sampling ) ] Number o
Period Local Date Local Time UTC Date UTC time of General characteristics
Isolates
1 3/6/2016 9:07 — 10:07 3/6/2016 17:07 — 18:07 2 frontal rain
2 3/7/2016 18:30 -19:30  3/8/2016 2:30 - 3:30 4 convective, local updraft rain
3 3/11/2016  16:20-17:20  3/12/2016  00:20 —1:20 2 frontal rain from decaying atmospheric river
4 3/12/2016  8:20-9:14 3/12/2016 16:20—-17:14 2 warm, low cloud rain
5 3/29/2016  23:35-0:35 3/30/2016 6:35-7:35 4 scattered, low coastal clouds, lack of dynamical system
6 4/7/2016 8:15-11:00 4/7/2016 15:15 - 18:00 7 frontal rain from tropical moisture source
7 4/7/2016 12:07 - 13:07  4/7/2016 19:07 — 20:07 4 frontal rain from tropical moisture source
8 5/5/2016 22:59 -23:59  5/6/2016 6:00 — 7:00 2 pre-frontal rain, meso-scale system
9 5/6/2016 2:59 - 3:59 5/6/2016 10:00 — 11:00 3 post-frontal rain, meso-scale system
10 5/6/2016 4:59 — 5:59 5/6/2016 13:00 - 14:00 1 post-frontal rain, meso-scale system
11 5/6/2016 8:59 — 9:59 5/6/2016 17:00 - 18:00 1 post-frontal rain, meso-scale system
Aerosol
Sampling _ . Number
Period Local Date Local Time UTC Date UTC time of
Isolates
Al 3/5/2016 10:40 - 12:15 3/5/2016 18:40 - 20:15 1
A2 3/7/2016 14:58 — 16:52 3/7/2016 22:58 — 23:52 5
A3 3/8/2016 11:34 - 14:42  3/8/2016  19:34 — 22:42 1
A4 3/28/2016  09:09 — 12:22  3/28/2016 16:09 — 19:22 1
A5 4/28/2016  11:45-13:22  4/28/2016 18:45— 20:22 2
A6 5/5/2016 12:00 - 14:23  5/5/2016  19:00 — 21:23 2
A7 5/6/2016 14:15 - 16:37 5/6/2016 21:15-23:37 2



Table S4

ZoBell FASW
lce First lce First
. Significant . Significant
. nucleation : nucleation :
Isolate Species Freezing Freezing
above above
Temperature Temperature
background? o background? o
(S C)
Iso3 Arthrobacter sp. (A. luteolus, A.citreus) no n/a yes -15.25
Curtobacterium sp. (C. pusillum, C.
Iso4 flaccumfaciens, C. oceanosedimentum) no n/a yes -13
Iso5 Brevibacterium sp. (B.linens) no n/a yes -11.75
I1so30 Pantoea sp. (P. agglomerans, P. ananatis) yes -16.75 yes -15.5
SSA42 |diomarina fontislapidosi yes -14.25 yes -9.75
SSA16  Psychrobacter sp. yes -17.5 yes -15.5
Pantoea sp. (P. ananatis, P. 7tewartia, P.
SSA18 agglomerans) no n/a yes -11.5
SSA45 Psychrobacter sp. yes -14 no n/a
SSA26  Microbacterium esteraromaticum no n/a no n/a




Figure S1

a Zobel2
10°¢ 5 ZoBell 3
ZoBell 4
ZoBell 5
ZoBell 6
ZoBell 7
« ZoBell 8
o ZoBell 9
o ZoBell 10
& ZoBell 11

INP mL"™"

T T |
b © SSA18 Pantoea sp. 1b
102+ SSA42 Idiomarina sp.
 lsod Curtobacterium sp. 1
A SSA26 Microbacterium sp. 1
I1so30 Pantoea sp. 1a
@ FASW1 Dilution Factor: 1

10%¢

7 |so5 Brevibacteriumsp. 1a

% © FASW2 Dilution Factor: 5

> 8SA16 Psychrobacter sp. 2a
% o |s03 Arthobacter sp.
< SSA45 Psychrobactersp. 1c2

INP mL"’

1072%: 3

-25 -20 -15 -10
Temperature °C




Figure S2

Dilution Factor: 3 Dilution Factor: 11 Dilution Factor: 21 Dilution Factor: 21
& 0w .26, ] & Celulosimicrobium p.13 # Bacillus sp. 1a1
2uoet Zobel) “ Psychrobacter s9.1c2  Psychrobacter sp. 162
e ZoBeli2 ZoBel3
Nl
]
E 107 .. 2
z %o >t
| ° ° < 1
1@ T

Dilution Factor: 11

# Pantosa sp. 1a

& ZoBell 5
1
N
e %,
S 10
o
z
16°
-26 >;‘ -;2 -‘20 -;3 >;5 -;4 -il -;0
Temperature °C
Dilution Factor: 21 =
¥ Paonibachis sp 1
¥ Brovtactorumsp, 1b
10t + Collulosimicrobium sp. 1a1
1+ Unknown Arthrobacter
-~ ZoBell 4
PT
E I {
= o’ n
uf!
:
-25 -20 -15 -10 -5

Temperature °C

. Dilution Factor: 21

® Metschikowia sp.
ZoBell 6.

* Planocococeus sp. 1
ZoBet 10

Dilution Factor: 21

* Cryptococeus sp.1

ZoBell 11
°® ] [ ]
% 24 22 20 -18 -16 -4 12 -0 -8 26 -24 22 -20 -18 -6 -14 -12

Temperature °C

Temperature °C

Temperature °C




Figure S3

104§

10%

INP L1 Air
|—L
OO

@ This study

@ Samples A1,A2,A5 |

DeMott et al., 2016*

-25 -20 -15 -10
Temperature°C



Figure S4
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Figure S5
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Figure S7
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Figure S9
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Figure S11
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