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unique to sea iceNthe relative importance of the knownCircumpolar Flaw Lead Systems Study (CFL), a project of
mechanisms of HGT on the evolution of microbial genomesighe International Polar Year. Sea ice and seawater were
not known for any environment (Zaneveld et2008, noless  collected in the vicinity of Amundsen Gulf and the Beaufort
extreme environments and perennially cold environmentsSea on the Canadian Arctic Shelf (FID. At stations with
Each of the known mechanismsNtransduction, naturalice less than 20 cm thick, samples were collected by
transformation, and conjugationNutilizes a different form of scooping or sawing chunks from the Roe using ethanol-
exogenous DNA: transducing phage, free DNA, and mobilesterilized tools. For ice greater than 20 cm thick, a full
genetic elements like plasmids, respectively. The relativéOphysical®O core was collected for measurements of tem-
availability of these particular forms of transferable DNA in a perature, taken in the beld every 5 cm from the top (as
range of environments may provide one comparative measutgefore, see details in Collins et &008, and bulk salinity,
of the potential for HGT in those habitats. measured every 2.5 cm on melted samples. Sea ice micro-
Viruses can act as agents of HGT in a process calledtructure analysis was conducted on many of the sections of
transduction (Zinder and Lederbet§52. High abundances the physical core by collaborators in CFL Team 2, led by
of viruses have been observed in both Arctic and Antarctic seBr. David Barber (University of Miaitoba). Three OObiological OO
ice (Maranger et al1994 Gowing et al.2002 Wells and cores were cleanly drilled (Collins et aR008 using a
Deming 2006 Collins and Deming2011), but as yet no 9 cm diameter Mark Il coring system (Kovacs Enterprises).
transducing phage are known from any sea ice. Viruses in séhe three cores were collected at the corners ofal m
ice are treated in more detail in a companion paper (Collinsquare in conjunction with the physical core and sampled
and Deming201]). Natural genetic transformation involves for later enumeration of bacteria and viruses and quantib-
the direct uptake, integration, and expression of exogenousation of DNA, as described below. The top 10 cm and
DNA by a OOnaturally competent®d host cell (Gri28h  bottom 10 cm of each core were removed and aseptically
Avery et al.1944. We know of no previous studies of free transferred to separate sterile Whirl-Pak bags. Full-length
DNA and the potential for transformation in sea ice. Conju-OOchemicalOO cores were collected within 5 m of the physi-
gation is a biochemically complex system requiring directcal core for bulk measurements of suspended particulate
contact between active cells (Lederberg and Talg. matter (SPM), particulate organic carbon (POC), particu-
Gene transfer occurs between a donor cell, containing kte nitrogen (PN), and chlorophyd. Enough full-length
mobile genetic element (e.g., a conjugative plasmid), and aores were collected at each site to total at least 200 cm of
recipient cell (usually lacking the mobile genetic element). Inice core £10 L when melted). At least 5 L of seawater was
a unique study of plasmids in sea ice bacteria, Kobori et alcollected within 1 m of the base of the ice sheet at each
(19849 found plasmids more frequently in bacterial isolatesstation, at the same location as ice cores were collected,
from Antarctic sea ice than from Antarctic seawater. using a hand-held Niskin bottle. At Station D8, additional
Relatively few studies have investigated the frequencysamples of seawater were collected at depths of 10, 30,
or even the potential for HGT in situ, which requires the 100, 150, 250, and 441 m using a rosette with a CTD. Ice
presence of a critical raw material: DNA. As a brstcores and seawater were stored at Zbdntil processed,
exploration into the cycling of DNA in sea ice and its within 24 h. The set of all seawater samples collected
potential use for HGT, we sampled several different typesithin the upper 10 m of the water column will be here-
of brst year sea ice in late autumn, including frazil, nilas,after referred to as OOsurface seawater.00
and pancake ice, as well as columnar ice of varying
thicknesses. At each station, we measured the abundances
of bacteria, viruses, and DNA in the ice and the underlying 73N
seawater, as well as various physical and chemice
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on 18006
parameters providing environmental context. While we 7ZN 437
have not directly measured rates of HGT in sea ice, tht Beaufort Sea D'7[§7b
. . . . on @
results of this study support the hypothesis that sea ice is "*" Ay 3%, C
y,

potential hotspot for horizontal gene transfer.
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Sampling took place aboard the CCGS Amundsen betWeeriy 1 wmap of sampling stations in western Amundsen Gulf and the
November 10 and December 18 2007, as part of thiCanadian Shelf of the Beaufort Sea
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OOChemical®d core analysis polymeric substances were below detection limits as
measured using the phenol-sulfuric acid method.
The chemical cores were mechanically crushed and trans-
ferred to 20 L polyethylene bags to melt in a water bath aExtracellular DNA
room temperature. Immediately upon completion of melt-
ing, continuously stirred meltwater (and seawater) wereDifferent pools of DNA can be measured as components of
prebltered through 14Dm nylon mesh, then bltered with exogenous or total dissolved DNA in seawater. A recently
an inline pltration system driven by a peristaltic pump. Fordevised method operationally dePned dissolved DNA
analyses of POC and PN, two or three 2 L aliquots of(D-DNA) as the DNA that passed through a 012& blter
meltwater or seawater were pbltered through separate préut not through a 10 kDa (about 15 bp)-cutoff blter and
combusted inline 25 mm GF/F blters, then stored8 C  was quantibable by a PicoGreen Buorescence assay (Brum
in precombusted foil. Samples were later dried at@0 et al. 2004). Thus, DNA from intact cells is excluded in
fumed with HCI, and dried again before combustion in athis debnition but viral DNA is included. Distinctions
Leeman Labs Model CEC440 Elemental Analyzer, usingamong the pools comprising total D-DNA have been
acetanilide and caffeine as standards. Chloropaywlias debned as follows (Brum et @004 Brum 2005: OOviral
estimated on one or two 2P8 L samples of meltwater obNAOO is that fraction of the total D-DNA contained in
seawater using standard techniques (Parsons @084. viruses; OOenzymatically hydrolyzable dissolved DNAOO
For SPM, a single aliquot of 216 L meltwater or seawate(eh-DNA) is the fraction of the total D-DNA degradable by
was bltered inline through precombusted preweighed GF/ONAse; and OOuncharacterized bound dissolved DNAGO is
plters and rinsed with 10 ml 1% sodium formate to removehat which is neither viral DNA nor eh-DNA, and which
salts, then stored at 20 C. Filters for SPM were dried may be bound to particles or otherwise inaccessible to
overnight at 60C and reweighed to a precision of d.§.  participate in HGT. Here, we report measurements of total
For each procedure, ASW or distilled water (prebltered byD-DNA and estimates of viral DNA in sea ice, allowing an
tangential Bow Pltration, TFF, with a 10 kDa cutoff) were estimation of the total abundance of dissolved extracellular
used as negative controls. The chemical parameters wef@NA (eh-DNA plus bound DNA), which we will refer to as
scaled to bulk melted ice volume because they werextracellular DNA (eDNA).
measured on whole cores rather than from specibc depth Measurements of D-DNA followed broadly the method

horizons. of Brum et al. 004, using the Ruorescent dye PicoGreen
(Invitrogen) to quantify double-stranded D-DNA and®s-
O0OBiological®d core analysis labeled internal standard to determine yield. Several

alterations were necessary, however, to account for the
The biological core sections from each horizon of eachhigh salinity of the sea ice brines. For each sample, a 13 ml
core were mechanically crushed and aseptically transferrealiquot of the biological core bltrate was collected (having
to individual sterile melt jars, to which two volumes of TFF passed through a 0.22n Sterivex cartridge), 1.6 M tet-
prebltered artibcial seawater brine (made with ASW saltsrasodium-EDTA was added to an excess of 100 mM over
Sigma Corp.) were added, so that after melting the Pnahe concentration of cations to disrupt viral capsids and
salinity was equivalent to the in situ brine salinity, calcu- inhibit protease activity, and the sample was stored at
lated from the ice section temperature (as in Collins et al2b4C until shipboard analysis within 1 weekS-labeled
2008. The volume of melted ice was measured immedi-1-DNA was constructed aboard ship, using a nick-transla-
ately upon melting. Concentrations of biological parame-tion labeling kit (Amersham #N5000) according to the
ters in the ice were measured on individual cores from eacimanufacturerOs instructions, and added to each sample to a
horizon and were scaled to the volume of liquid brine inPnal activity of 13000 dpm. Each sample was transferred to
which they were presumed to be located in situ, as calcua Centricon Plus-20 centrifugal Plter device (10 kDa
lated from the equations of Cox and Weel983 198§. nominal molecular weigh cutoff) and centrifuged for
The assumption that bacteria reside in brine channel60 min at 4,000 g. Each sample was washed by discarding
within ice (rather than being encased in the solid matrix) isthe Row-through, adding 5 ml bltered 10 mM tetrasodium-
well supported by microscopic observations (Junge et aEDTA (pH 10.5), and centrifugation for another 60 min at
2001); viruses and extracellular DNA have not been sub-4,00® g. This washing step was repeated if necessary with
jected to the same examination. Methodological details oglowly bltering samples to ensure the removal of excess
bacterial and viral enumeration can be found in Collins andsalts. Finally, 500 L 10 mM tetrasodium-EDTA
Deming Q011); brieRy, bacterial and viral abundance were (pH 10.5) was added and concentrate was recovered by
determined by epiBuorescence microscopy using DAP¢entrifugation at 609 g for 2 min. Total volume of con-
(bacteria) or SYBR Gold | (viruses). Extracellular centrate was measured and transferred to a microfuge tube
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for storage at 4C. Aliquots of each sample were mixed 1:1 ice-afpne solute that sorbs to the ice during brine expulsion
(v/v) with 0.5% PicoGreen and incubated for 15 min atand gravity drainage (e.g., EPS fro@olwellia psych-
room temperature in the dark. Fluorescence was measuredrythraea34H, Ewert and Demin@011, or protein from
on a Turner Designs TD-700 Ruorometer at 75% sensitivityce algae, Raymond et aR009. Enrichment indices of
at an excitation of 480 nm and an emission of 520 nmE < 0 indicate loss relative to underlying seawater; e.g., by
Standard curves containing 0D1@9ml ' I-DNA were decay or mortality within the ice. Indices & > 1 indicate
measured on the same Ruorometer at the same sensitiviyain within the ice relative to complete entrainment from the
The remainder of the sample was combined with 20 munderlying seawater; e.g., by production or scavenging from
scintillation Buid and®>S radioactivity was measured on a depth in the water column. The equation is:
liquid scintillation counter to correct for losses during pro- Cce Sce
cessing. The meafS recovery was 10% (range 1D72%), Csw S
lower than previously reported values (Brum et 20049 o
despite repeated attempts to raise the recovery. Differences 1 S
in recovery between our measurements and those of Brum
et al. 2004 might be attributable to the higher centrifuga- Where Cice and Cs,, are the concentrations of the given
tion speed (4,000g compared to 1,00Dg), longer centri- Parameter measured in a bulk sea ice sample and seawater,
fugation time (60 min compared to 25 min), and morerespectively, andc. andS;,, are the salinities measured in
extensive washing steps we found were necessary to prepdft¢ bulk sea ice sample and seawater, respectively.
our coastal seawater and sea ice samples compared to trBrichment indices were calculated for thin and bottom ice
oligotrophic seawater samples measured by Brum et aMsing seawater values from the same site. Note that both
(2004. Blanks, consisting of TFF-retentate from 240 this enrichment index and that of Gradinger and Ikavalko
artibcial brine, were processed as samples and subtract€H?99 are sensitive to differences in bulk salinity, so
from the sample measurements. The viral component dparametric comparisons should only be made among
D-DNA was calculated by multiplying viral abundance by S@mples with similar bulk salinities.
an estimated genome mass of 55 ag per virus (Steward et al. Unless otherwise indicated, statistical analyses were
2000. The eDNA concentration was calculated by sub-conducted using nonparametric tests in R (R Development
tracting the viral component of D-DNA from total D-DNA. Core Tean01]) and anx < 0.05 to indicate signibcance.
The DNA content in bacteria was estimated using a genom@ifferences in enrichment indices frof= 0 or E= 1
mass of 2.5 fg DNA per cell (Button and Roberts2e0]). — Were calculated with the Wilcoxon signed rank test (with
Virally reduced production experiments were performedt€st statistidV). Differences in concentrations of biological
during three parallel incubations of sea ice brine collected®@rameters were compared using the MannBWhitney U
from sackholes at Station D7b. Abundances of bacterig®St (with test statistic U). Pairwise correlations
viruses, and D-DNA were measured over the course opetween parameters were calculated as SpearmanOs (
60 h in brine at an in situ temperature of7 C, with a nonparametric) or Pearson(s fparametric) correlation
corresponding salinity of 126 measured by refractome- CcoefPcient.
ter. Methodological details on these experiments may be
found in Collins and Deming2011).

alb

Results
Enrichment index

Temperature and salinity
A new enrichment indexf) was formulated for constituents
in seawater that become entrained in sea ice. The maifea ice from a diversity of ice types was sampled from
purpose of the new index is to incorporate the brine coneight stations in the western Amundsen Gulf (Fig.
centrating effect of sea ice and to assist in discriminatinglable 1; Table S6). Air temperatures ranged froni4 to
between passive entrainment, active entrainment, and in situ22 C. Temperatures within the ice sections we sampled
production. This index is scaled such tHat= 0 when ranged from- 1.7 to - 11.3 C. Samples were separated
entrainment into the ice is equal to that of salt (i.e., passivénto three groups by ice thickness: thin ice (3 cores,
entrainment, the equivalent d§ = 1 in the enrichment 4D9 cm), medium ice (3 cores, 33B37 cm), and thick ice
index formulation of Gradinger and Ikavalk®98, though (2 cores, 66D78 cm). Three stations had thin ice, including
salts can also be retained in ice due to inhibition of brinenilas (Stations 1800 and D3) and consolidated pancakes
drainage when EPS is present (Krembs eRéll]). Com- (Station 1200), with bulk salinities of 15918.5, indicative
plete entrainment from seawater, representel by 1 (not  of recent freezing. Stations R, 1117, and D4 had brst year
distinguished by), would only be expected by an OOactive®®@ of medium thickness with bulk salinities of 6.0010.3.
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Table 1 Summary of sampling stations and ice characteristics from western Amundsen Gulf and the Canadian Shelf of the Beaufort Sea

Station Date (day of 2007) Latitude Longitude Thickness (cm) Ice type Ice class (top) Ice class (bottom)
D3 29 Nov (333) 70.922 N 123.317W 4 Nilas nd nd

1200 20 Nov (324) 71.076 N 123.438W 6 Consolidated pancakes nd nd

1800 26 Nov (330) 72.088 N 127592 W 9 Nilas Granular/columnar nd

D4 02 Dec (336) 71730 N 125.564 W 33 Medium brst year pack Granular Columnar
1117 16 Nov (320) 69.872 N 126.542 W 35 Medium brst year landfast Granular Columnar
R 14 Nov (318) 70.125 N 125.081W 37 Medium brst year landfast nd nd

437 22 Nov (326) 71749 N 126.576 W 66 Thick Pprst year pack Granular/columnar Columnar
D7a 10 Dec (344) 71.258 N 125299 W 78 Thick prst year pack Granular nd

D7b 14 Dec (348) 71449 N 125961 W 76 Thick brst year pack nd nd

D8 16 Dec (350) 71479 N 126.327W D b b b

Only seawater was collected at Station D8
nd Not determined

Stations 437 and D7a had thicker brst year ice with bulk® < 0.05) while phaeopigment increased from 44 to 58%
salinities of 4.7D910.4. The aallated in situ brine salin- (Fig. S6). EPS concentrations were below detection limits
ities ranged from 41 (at 2.2 C) to 150 (at- 11.3C) in (<101 g xanthan gum equivalents £) in all samples.
the sea ice, reaching maximal values in the colder surface
layers of the thick ice. Thin ice and top ice sections wereSources of D-DNA
classibped as OOgranularGO or OOgranular/columnard0 ice (also
known as OOtransitionOO ice) by microstructural analyaisStation D8 the concentrations of bacteria and D-DNA
while bottom ice sections were classibPed as OOcolumna#dh exhibited a subsurface maximum within the Pacibc-
ice (Tablel). derived layer at 10D30 m (Figb, c); viral abundance
Seawater underlying sea ice was collected at nine stadecreased consistently through the water column. Bacterial
tions and during a single full depth proble at Station D8abundance in Amundsen Gulf surface seawater decreased
(Fig. 2). The water column at Station D8 was stratibed, asignibcantly over the course of the seaspr=(- 0.839,
previously reported for other sites in the Amundsen Gulfn = 10, P < 0.01). While measured viral and eDNA
(Belzile et al. 2008 Garneau et al2008, with shallow abundances were generally greater at the end of the sam-
Polar Mixed Layer water separated from the deeper, isopling period than at the beginning, differences were not
thermal Halocline Arctic Layer by an intrusion of warm signibcantly different (Fig. S6; see also Collins and
Pacibc water at 20D40 m (Figa). The transition to war- Deming2011). Bacteria were more highly concentrated in
mer, more saline Deep Atlantic Layer water occurredsea ice (scaled to brine volume) than in seawdter (6.5,

around 200 m, as in Garneau et &0089. n= 45 P 0.001), and were more enriched in the ice
relative to salts (mediare = 0.056; W= 125, n= 17,
Organic and inorganic particulate matter P < 0.05; Figs.3, 4; Table S6). Ice sections that had likely

grown quickly (granular ice) were more enriched in bac-
The amount of SPM in seawater (1.6D8.9 md)Lwas teria than slower-growing (columnar) ice sections
higher than in sea ice (1.0D4.7 mg'Lice; Table2). (U= 60, n= 17, P  0.001; Tablel; Fig.4). Viruses
Measures of particulate organic matter (POM), howeverwere more highly concentrated in sea ice compared to
even though similarly scaled (to bulk ice volume), wereseawaterly = 374,n= 45,P  0.001), reaching a mean
higher in ice relative to seawater. Values of POCconcentration about 37 greater in upper ice sections than
(200500 g C L 1Y), the percentage of organic matter (POCthe mean of 1.8 10’ viruses ml * observed in seawater
SPM 19 100%; 0.4D26%), and the molar ratio POC:PN(see Collins and Deming011, for more details on viral
(hereinafter C:N) ratio (8D32) increased from low end-and bacterial enrichments). Enrichment indices for viruses
points in seawater to high endpoints in thick ice (Fig. S6).were high (medianE = 1.05, range 0.13D8.0y = 19),
The abundance of chlorophydl was generally very low indicating signibcantly greater enrichment into sea ice
(<0.31 g L™ *; Fig. S6), except in the case of a visible algal relative to salts V= 190, n= 19, P 0.001; Fig.4)
band in bottom ice at Station 1117 (7.4 L  %). Chloro-  consistent with (not signibcantly different from) the com-
phyll a concentrations in seawater decreased signibcantlglete entrainmentH = 1) of seawater viruses into the
over the course of the autummr &- 0.82, n = 6, growingice W= 121,n= 19,P > 0.05).
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Fig. 2 Seawater depth proble taken at Station D8 shoveirigmperature, salinity, and oxygen saturatibriacterial abundance, particulate
organic carbon (POC), and C:N ratio (mol:mol), andoncentrations of eDNAapen circle and D-DNA in viruses lplled diamondys

Table 2 Summary of parameters measured on bulk OOchemicalO0 ice cores and seawater from western Amundsen Gulf and the Canadian Shelf
the Beaufort Sea

Sample type POCIgL Y C:N SPM (mg LY % Organic Chla(lgL b % Phaeo.
Surface seawater Mean 47 12 3.7 1.9 0.10 54
SEM 4.5 1.1 0.9 0.4 0.02 0.9
N 12 12 9 9 9 9
Sea ice Mean 192 14 25 11 1.0 52
SEM 36 14 0.4 3 0.9 15
N 8 8 8 8 8 8

% Phaeo. 10099 phaeopigment/(phaeopigment Chl a), SEM standard error of the mean

The total D-DNA was composed primarily of eDNA in W= 307, n= 43, P < 0.001). Concentrations of both
surface seawater (2B 23%), thinice (35t 14%), andice eDNA and D-DNA in viruses were consistently greater
of medium thickness (2% 23%), whereas viruses made than the amount of DNA estimated to be present within
up a signibcantly greater fraction of the total in thick ice bacterial cells, which was less than 10% of the total DNA

(66 + 28%) than any other sample type (combinedin every sample type. No correlation was observed between
bacterial abundance and eDNA concentration in seawater

(p = 0.257, n= 8, P> 0.05) or sea ice (= 0.088,

100 - n= 35,P > 0.05).
5 &° -;’ The range of D-DNA concentrations in surface waters
E DAA o was 1.3D13.0g L™ %, of which 0.3D12.7g L *was in the
2 o8 a X form of eDNA (Figs.3, S6; Table S6). In the depth proble
g ] o * at Station D8, the concentrations of D-DNA were
a . 1.0D5.6 g L™ *, of which 0.894.9 g L” * was eDNA, with
the exception of a strong peak in D-DNA of 19.g L™ *
01 ‘ ‘ (14.21 g L" * eDNA) at a depth of 30 m (Figzc). Overall,
1’ L 1 the concentrations of eDNA were signibcantly higher in

Bacteria (mL™* . .
( ) sea ice (scaled to brine volume) compared to seawater

Fig. 3 Concentrations of bacteria and eDNA in sea ice (scaled toU = 276, n = 46, P < 0.01; Fig.3), reaching a mean
brine volume) and seawater from western Amundsen Gulf and theoncentration about B3 greater in upper ice sections than
Canadian Shelf of the Beaufort Sea. Symbols represent sample typﬁ;]e mean of 3.1g L 1 opserved in surface seawater

seawatergircles, thin ice,triangles bottom of medium thickness ice, . . .
open squaresop of medium thickness icelosed squaresottom of Whgn separatgd by ice type, the bottor_n of medium ice had
thick ice, open diamondstop of thick ice,closed diamonds signibcantly higher eDNA concentrations than seawater
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to brine volume) and seawater from western Amundsen Gulf and the
Fig. 4 Enrichment indicesH, see text for calculation of this newly Canadian Shelf of the Beaufort Se¥sterisksndicate concentrations
formulated index) of bacteria, viruses, and eDNA in sea ice fromthat were signibcantly different from surface seawater by two-tailed
western Amundsen Gulf and the Canadian Shelf of the Beaufort SeiStudentOstests § < 0.05)

Avalue ofE = 0 (equivalent tds = 1) indicates entrainment into the
ice equal to that of salt; a value & = 1 indicates entrainment into . .
the ice equal to complete entrainment from seawater. All data point?'scuss'on

are plotted; lower and upper limits of boxplots indicate 25 and 75%

quartiles, respectively; center line indicates medisterisksndicate ~ Sea ice is a microbiological habitat that combines physical,

signibcant (P < 0.05) or highly signibcant ( <0.001) differ-  chemical, and biological characteristics that, individually,

ences from passive entrainmeri £ 0) as given by the Mannb .
Whitney test;asterisks above brackétdicate signibcance level for have been shown to elevate the frequency of HGT in

all samples combinedasterisks below brackendicate signibcance €Xperimental settings. The purpose of this study was to
levels for each ice group examine the potential for HGT in sea ice as determined by
the availability of exogenous DNA, a critical piece of
(U= 62, n= 16, P <0.001; Fig.5), but the highest information missing from the sea ice literature. During the
concentrations of eDNA (124 and 13% L™ ; Table S6) course of this exploratory work, we obtained the Prst
were observed at the top of 35 cm thick landfast sea iceneasurements of eDNA in sea ice, but also of viral
collected at the outBow of the Horton River (Station 1117;entrainment into newly formed sea ice. Overall, we found
Fig. 1). high concentrations of bacteria, viruses, and eDNA in brst
A wide range of enrichment indices was observed foryear Arctic sea ice, some of which showed evidence for
eDNA, from- 1.0 to 15.3 (Fig4), with an overall positive entrainment into sea ice by active processes. These inves-
enrichment into ice (mediaft = 0.42) that was statisti- tigations may help constrain the evolutionary mechanisms
cally inconsistent with passive entrainmenE £ O; responsible for apparent HGT events involving ice-binding
W = 149,n = 18,P < 0.01). Half of the newly formed sea (Janech et al2006 Raymond et al2007) and antifreeze
ice sections had eDNA enrichment indices suggestive ofrroteins (BayerbGiraldi et a201Q Kiko 2010 and lend
active accumulationE > 0), particularly within samples support to the hypothesis that these events occurred within
from the bottom 10 cm of medium-thickness ice (meansea ice rather than in the underlying seawater.
E= 15 W= 36,n= 8, P <0.01; Fig.4). Thin ice and
ice sections from the bottom of thick ice contained con-Dissolved DNA in Arctic seawater
centrations more consistent with passive accumulation
(E = 0) or depletion E < 0) from seawater (mead = 0.1  Seawater underlying Prst year sea ice was sampled
excepting an extreme outlier & = 15.3; Fig.4). throughout the Amundsen Gulf during the autumn freeze-
Production experiments indicated no consistent trend imp period, allowing a consideration of seawater (versus sea
eDNA production over the course of 60 h (Fig. S6), withice, see below) as a site for HGT. Concentrations of total
different bottles exhibiting different responses. In oneD-DNA observed among all seawater samples
bottle, a large spike in eDNA concentration was observeq1.0015.0 g L™ ') were comparable to the available mea-
between the last two time points of the experiment (24 hsurements for other cold water8161g L *; Karl and
apart); the other bottles showed no change in eDNA conBailiff 1989 B161 g L *; Bailiff and Karl 1991), though
centration over the course of the incubation. most D-DNA measurements have been made on
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subtropical waters near Florida (Paul and Carld®84  bacterial concentrations decreased, but maximum concen-
DeFlaun et al.198% Paul et al.1988, Hawaii (Karl and trations were observed at Station D8 in mid-December
Bailiff 1989 Brum et al.2004), and Italy (DellDAnno et al. (Fig. S6). The lower temperatures and more readily avail-
1998 Turk et al.1992, where concentrations range from 1 able dissolved phosphorus probably allowed longer turn-
to 311gL ! seawater and median values fall nearover times and greater concentrations of eDNA to persist in
101 g L . We detected no correlation between D-DNA Amundsen Gulf than at the warm, oligotrophic Station
and microbial abundance in Arctic seawater, echoing théALOHA.
Pndings of Bailiff and Karl {991), who found that water
mass characteristics better predicted the D-DNA concerbissolved DNA in Arctic sea ice
trations in Southern Ocean seawater. Their hypothesis that
the presence of sea ice inBuences the D-DNA and particFemperature and salinity
ulate DNA (P-DNA) dynamics is supported by our Pndings
of high enrichment indices of D-DNA in some sea ice, Physical, chemical, and biological dynamics were observed
discussed below. within Arctic sea ice during the fall freeze-up period.
Subsurface maxima in POC, C:N molar ratio, bacterialTemperatures within the ice sections we sampled ranged
abundance, and eDNA concentration were observeffom - 1.7 to- 11.3 C, with strong temperature gradients
between 10 and 50 m at Station D8 (Fi&lp, c). The peak expected within the newly formed ice. When it has been
in D-DNA observed at 30 m (14.2 1.21 g L" ') was the tested in experimental settings, decreasing temperature has
largest value we observed in seawater, but no increase imsually led to decreasing frequency of natural transforma-
viral abundance occurred at that depth, indicating thation because DNA uptake mechanisms depend on cellular
eDNA concentration accounted for the peak. The increasactivity, though transformation has been observed at tem-
in eDNA was concomitant with a spike in C:N to 22, a peratures more than 20 below the optimal growth tem-
value more suggestive of ice algal exopolymers (Meinerperature of the host (Frischer et @993 Lorenz and
et al.2003 Forest et al2007) than Arctic river terrigenous Wackernagell992. As temperature in sea ice decreases
matter, which has end member C:N ratios of 12B1%luring winter, the fraction of active bacteria decreases as
(Krishnamurthy et al2007). One possible source of high- well (Helmke and Weyland1995 Junge et al.2004),
C:N matter was multiyear ice, which was observed to Rowsuggesting that, based on temperature alone, the optimal
south into Amundsen Gulf through Prince of Wales Straitlocation for transformation and conjugation in autumn and
(unpublished observations). C:N ratios of 12D50 have beeninter sea ice is near the base of the ice sheet, where the
observed in multiyear ice (attributed to the accumulation otemperature approaches that of underlying seawater.
exopolymer particles in older ice; Meiners et 2003 and The high salinity in sea ice brineNbetween 1.3 and
thus melting of multiyear ice and release of particulate4.59 the salinity of the underlying seawater in this studyN
matter in Amundsen Gulf might have contributed to themight inBuence the frequency of HGT in a number of ways.
high C:N ratio POM we observed in the water column. Cations bind to the negatively charged phosphate backbone of
In the surface seawater we sampled, eDNA made up thBNA and bridge the gap between it and other negatively
majority of the total D-DNA (68D98%, with an outlier of charged surfaces, including mineral grains (Lorenz and
16% at Station 437), with the rest composed of D-DNA inWackernagel 987 and potentially phage particles (Kokjohn
viruses. The primary form of D-DNA in the water column 1989 and EPS (Beveridge et dl997 Steinberger and Hol-
at Station D8 was also eDNA (73D95%), with viral DNA den2005. Adsorption of eDNA to minerals increases with
representing larger fractions of the total in waters collectecation concentration (Paget et 4992 Romanowski et al.
below 100 m (Fig2c). This result contrasts with Station 1991), though this adsorption does not necessarily render the
ALOHA: when viruses were considered there, they madeDNA inaccessible to uptake via transformation (Lorenz and
up about 55% of the D-DNA throughout the water columnWackernagel 987, 1992. The increased salt concentrationin
(Brum 2005. Overall, similar amounts of D-DNA were sea ice brines likely affects the physical interactions between
observed in viruses at Station D8 and Station ALOHA, butmicroorganisms and extracellular DNA.
several times as much eDNA was found in the water col-
umn at Station D8 compared to Station ALOHA. Organic and inorganic particulate matter
DNA is a readily available source of phosphorus for
microorganisms (Paul et all988, but unlike at Station Because attachment can induce pathways for HGT in
ALOHA, productivity in the Beaufort Sea is not limited by marine bacteria (Meibom et aR005, we measured a
the availability of phosphorus except inshore20 m; number of parameters relating to the presence of surfaces
Carmack et al.2004). Concentrations of eDNA did not available for attachment in brst year sea ice. During
change signibcantly over the course of the autumn aautumn freeze-up in Amundsen Gulf, we observed higher
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concentrations of POC in older ice than in medium or thin  Viruses, discussed in greater detail in Collins and
ice, both in absolute terms and relative to particulateDeming Q011), were also present and highly enriched in
nitrogen and the total particle load (Fig. S6; the limitedthin sea ice relative to salts (medidh= 1.24, median
number of samples precluded statistical analysis). Thesk = 6.6; Fig.4). These brst measures of viral enrichment
results contrast with the decrease expected had POi@dices in sea ice suggest that viruses become entrained
drained with brine during sea ice growth. The observednto the ice via an active pathway, rather than by passive
increase in POC implies de novo production in older ice olincorporation as with bacteria in columnar ice.
higher values in the seawater from which it froze. We have
no measurements of seawater POC high enough to supp@DNA
the latter explanation, but the higher C:N ratios in older ice
are consistent with the in situ production of carbon-richConcentrations of D-DNA and eDNA in our Arctic sea ice
material of high molecular weight, like EPS. Although EPSsamples were signibcantly greater than in the underlying
was below the detection limits of the method applied to thisseawater, with enrichment indices consistent with the
autumn ice, previous work has demonstrated the produeffects of passive brine concentration from seawater
tion of EPS in sea ice from the same region during winter(Figs.3, 5). The maximum values detected (to 18§
(Collins et al.2008 and spring (Riedel et aR006§. The eDNA L™ %) were higher than any previously reported from
presence of EPS has also been shown to increase the sthie marine environment (Table S6). Possible mechanisms
face area within the sea ice matrix (Krembs et2011)  of DNA release and accumulation in sea ice include sloppy
and bacteria have been observed attached to the ice wallseding by grazers (Proctor and FuhrnE@9Q Turk et al.
of the matrix (Junge et aR001). In one microcosm study, 1992, release of DNA-containing EPS (Steinberger and
transformation was shown to be &Umore efpcient at the Holden 2005 AllesenbHolm et al.2006 Bockelmann
solid-liquid interface than in the liquid alone (Lorenz et al. et al.2006), abiotic concentration from source seawater, or
1988; the several square meters of surface area availableacterial production followed by excretion or cell lysis
within a single kilogram of sea ice (Krembs et 2000  (Paul et al.1988. We collected no data on grazing within
provides ample opportunity for surface-associated HGT. sea ice, but in another late-autumn study bacterivorous
protists were thought to exert control over the microbial
Bacteria and viruses community within sea ice from the Greenland Sea (Gradinger
et al. 1999. Below, we discuss the other mechanisms of
Bacteria have previously been shown to be more highlyeDNA dynamics within sea ice.
concentrated within sea ice brine than in seawater due to The greater enrichments of eDNA observed in medium
the brine concentrating effect (Riedel et aD07 Collins ice than in thick ice suggest biotic factors played a role in
et al. 2008, as also observed in this study, where con-the entrainment process, as also suspected for viruses. The
centrations in ice brines averaged @.8hose in underlying estimated pool of DNA within living bacterial cells was
seawater. Additionally, we found that bacteria were morealways less than 10% of the total eDNA (Fi, so it is
highly enriched relative to salt in nilas and pancake iceunlikely that the excess eDNA in highly enriched samples
with an average enrichment index of 1.4 (equivalent towas produced exclusively by lysis of a static bacterial
Is= 2.0 in Gradinger and lkavalkd998, lower than community. Rather, the enrichment indices suggested
observed by others in thin sea ick € 7, Gradinger and continued production over a period of time, for example by
Ikavalko 1998 I = 5.5, Riedel et al2007) but suggestive growth and lysis of an active bacterial community, as part
of active entrainment, e.g., by scavenging of bacteriaof a biobPIm matrix, or in response to stress or competence
attached to frazil ice or large phototrophs (Grossmann andevelopment. We were not able to detect the production of
Gleitz 1993 Riedel et al.2007). Bacteria were not highly eDNA in brine from thick sea ice at 7 C (Fig. S6), but
entrained into newly formed ice at the base of thickerfuture studies of D-DNA dynamics could benebt by focus
columnar ice (mean E =0.03, mely= 1.1), indicative of on the base of medium thickness ice, where the greatest
a more passive mechanism of entrainment into slowlymean enrichment indices were observed (Big.
growing ice. A number of previous reports on the fre- The general dynamics we observed in this study
quency of conjugative gene transfer in environmentakresemble those reported by Grossmann and Dieckmann
microcosms suggest that the frequency of recombination i€1994 for a bottom-ice microbial community during
proportional to the concentration of donor cells (Frischerfreeze-up in the Antarctic, albeit using different suites of
et al. 1994 Drege et al.1998. The signibcantly higher measurements. They describe an evolving community in
concentrations of bacteria we observed in autumn sea ioghich bacteria are actively entrained into thin ice, followed
relative to the underlying seawater may favor the occurby a period of adaptation in ice of medium thickness during
rence of conjugation there relative to underlying seawaternwhich bacterial activity slows and abundance decreases, at
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least partially due to grazing within the ice sheet. We alsahat eDNA can persist in sea ice at temperatures down to
observed entrainment of bacteria, and of viruses, inte 11 C (Fig. 3). Previous studies provide a wide range of
recently formed thin ice, followed by a divergence betweerhalf lives for D-DNA in warmer marine environments,
the entrainment of bacteria (which decreased) and virusefsom 3.4 h in estuaries to 3.5 days in P-replete open ocean
(which increased) as the ice became thicker (Bl)g. regions (DeFlaun et all987. These half lives, measured
During this period of adaptation in ice of medium thick- in subtropical waters, are surely shorter than in colder polar
ness, we observed large enrichment indices for both virugzaters and especially sea ice, where the activity of extra-
and eDNA, implying their active production in the ice at cellular nucleases may be limited by both temperature and
the expense of bacterial cells. By the time the ice grew tcsalinity.
thicknesses greater than 50 cm, the enrichment indices of Despite not having directly measured HGT in sea ice,
bacteria and eDNA in bottom ice had stabilized at lowthe results of this study can be used to rebPne hypotheses
values, while the enrichment indices of viruses centeredegarding the relative importance of different mechanisms
around a new, higher value, possibly indicating arrival ofof HGT in sea ice. Other factors inBuencing HGT,
the community at a new equilibrium point between bac-including lysogeny, nutrient availability, and cell-to-cell
terial growth and viral lysis. communication (quorum sensing), likely occur in sea ice as
Abiotic mechanisms of entrainment, like attachment towell and may be usefully investigated in future studies. If
particles, might account for an increased abundance dfea ice is in fact a hotspot for HGT, the dispersal of
D-DNA within sea ice but our protocol involved bltering recombinant microorganisms from sea ice could be sig-
particles greater than 0.22n so we are not able to directly nibcant over large geographic and temporal scales. Arctic
address this possibility. Sediment grains and particulatsea ice can entrain, transport and distribute particulates
matter, discussed above (Fig. S6), bind DNA that can stil(Nurnberg et al.1994 Stierle and Eicken2002 Eicken
act as a suitable agent of transformation (Lorenz et alet al. 2005 throughout the Arctic Ocean faster than ocean
1981, Lorenz and Wackernagdl987, 199Q Stewart et al. currents alone and could be expected to do the same for
1991), a bnding that may be particularly important for recombinant microorganisms. The rapid and widespread
coastal sea ice that contains large amounts of resuspenddistribution of a new lineage could promote the rapid bx-
sediments (Stierle and Eicke2002). ation of new genes into populations of marine bacteria, a
The frequency of transformation in experimental studiesoute of evolution that might be at threat in a warmer future
is often directly proportional to free DNA concentration characterized by dwindling volumes of Arctic sea ice.
(Frischer et al1993 Sikorski et al.1998, such that high
concentrations of eDNA should favor transformation in segcknowledgments We thank the captain, crew, and scientibc party
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