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Viruses can act as agents of HGT in a process callefused to measure temperature and bulk salinity). The top
transduction (Zinder and LederbertP52. Transducing 10 cm and bottom 10 cm of each core were aseptically
phage are well known from the marine environmentremoved and transferred to sterile Whirl-Pak bags. The core
(Baross et al1978 Chiural997 Jiang and Paul998, but  sections were mechanically crushed and transferred to
have not yet been reported from sea ice. However, higlseparate sterile melt jars for isothermalbbisohaline melting
abundances of viruses have been repeatedly observed (@unge et al2004). Two volumes of 10 kDa tangential Bow
sea ice from a variety of sources (Maranger etl#&l94  bltration (TFF) pre-bltered artibcial seawater brine (ASW,
Gowing et al. 2002 2004 Wells and Deming2006. made with ASW salts, Sigma Corp.) were added, so that
Transducing phage are often specibc in their hosafter melting the Pnal salinity was equivalent to the in situ
requirements (Wommack and Colw@000, though some brine salinity, calculated from the ice core temperature (Cox
may be generalists capable of infecting a wider range o&nd Weekd983 see also Cox and Week986and Collins
hosts (Beosheim 1993 Comeau et al.200§ Holmfeldt et al.2008. For ice less than 10 cm thick, ice was scooped
et al. 2007). The metabolic state of the host cell and itsinto jars and melted directly. For all ice, the volume of
exposure to stress-inducing factors can affect the virusBheltwater was measured immediately upon melting. Under-
host dynamics and may alter the range of phage capable afe seawater was sampled using a 2 L Niskin bottle.
infecting it (Miller 2001). Microbial activity is known at
temperatures down to 20 C (Junge et al2004) in winter  Microscopy
sea ice, and the production of viruses in sea ice has been
reported in natural brine incubations down tol2 C  For bacterial abundance, one 39 ml aliquot of meltwater or
(Wells and Deming2006h). In warmer sea ice, viral pro- seawater from each sample was bxed with formaldehyde
duction has been reported as an increase in viral abundan¢2% Pnal concentration) and stored at 2DAintil enu-
over time (Maranger et all994 and by the presence of meration at the University of Washington within 4 months
visibily infected cells (Gowing2003. using epilBuorescence microscopy on DAPI-stained sam-

As a brst exploration into the cycling of dissolved DNA ples, as in Collins et al2008. The remaining sample was
(including viruses and free extracellular DNA) in sea ice,Pltered through a 0.22m Sterivex blter column to remove
we sampled several different types of prst-year sea ice ibacterial cells; one 14 ml aliquot of the Pltrate was col-
late autumn, including frazil, nilas, and pancake ice, adected for viral enumeration and bxed with Quth-bltered
well as Roes of varying thicknesses from 33 to 78 cm. Atformaldehyde (1.5% Pnal concentration). Fixed aliquots
each station, we measured the abundances of bacteriagre stored at 2DB€ until slides (one per aliquot) were
viruses, and extracellular DNA in the ice and the underprepared within 4 h of bxation (up to 24 h post-sampling in
lying seawater, as well as various physical and chemicaie case of ice samples); some slides were re-prepared from
parameters to provide environmental context. Further worlstored samples up to a week old. Viral abundances in this
pertaining to the physical and chemical conditions withinstudy should be therefore be considered underestimates
the seawater and sea ice can be found in a companion papegcause signibcant viral decay can occur within hours of
(Collins and Deming, submitted this issue). storage in aldehydes (Wen et 2D04). Aboard ship, 1 mL

of each bxed sample was bltered onto a QB2 Anodisc
blter and stained with SYBR Gold in accordance with

Materials and methods standard protocols (see Wells and Demiti)6band Patel
et al.2007). Slides were stored at20 C. At least 10 belds
Sample collection and processing from each slide were photographed with a dedicated

CCD camera attached to a Zeiss Axioplan microscope
Sampling took place aboard the CCGS Amundsen betweenith a9 1000 Plan Apochromat objective (Carl Zeiss)
November 10, 2007, and December 18, 2007, as part of thender blue excitation (450490 nm) and green emission
Circumpolar Flaw Lead System Study (CFL), a project of(>515 nm); viruses were counted from the photographs
the International Polar Year. Sea ice and surface seawatepon return to shore. For each procedure, ASW or distilled
were collected from eight stations in the western Amundsenvater (pre-bltered by 10 kDa TFF) was used as a negative
Gulf, Beaufort Sea, Canada, during freeze-up in late autumaoontrol. We use the term OOvirusO0 as a shorthand for OOvirus-
of 2007 (Fig. S1, Table S1). Further details on samplinglike particle®O.
sites, and analytical procedures may be found in Collins and
Deming (submitted this issue). BrielBy, at each statiorScaling and enrichment index
where ice thickness was greater than 10 cm, three OObio-
logical®O cores were cleanly drilled at the corners of Goncentrations of biological parameters in the ice were
19 1 m square in conjunction with a OOphysicalO0 cmreasured on individual horizons and were therefore scaled
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to the volume of liquid brine in which they were presumedand swimming speed, Murray and Jacks&892 showed
to be located in situ, as calculated from the equations othat even rapidly swimming bacteria h&h~ 1, indicating
Cox and Weeks1(983 1986. The assumption that bacteria that the transport of viruses to bacteria is usually diffusion
reside in brine channels within ice (rather than beinglimited; here, we us&sh= 1. The viral diffusivity is cal-
encased in the solid matrix) is well supported by micro-culated asD, 1/4%, where k is BoltzmannOs constant
scopic observations (Junge et aD0J); viruses have not (1389 10 °gcen? K 1s 2), Tis the temperature (Kel-
been subjected to the same examination. Enrichmenfin) , the viscosity (g cm® s 1), andd, the diameter of
indices €) for bacteria and viruses were calculated usingihe average virus (here, @ 10 7 cm). The following
bulk ice concentrations according to Collins and Demingjeast-squares best-bt equatiarf £ 0.991) for seawater
(submitted this issue), whereblg = 0 is equivalent 10 and prine viscosity ) at low temperatureT, Kelvin) and
passive entrainment (i.e., proportionally with sea saltshigh salinity (S,& ) was computed with the curve-btting
equivalent tols= 1 in the enrichment formulation of program ZunZun fttp://zunzun.comusing data available
Gradinger and lkavalkal99g, E = 1 is equivalent 0 fom Cox and Weeks1075: u = (10.2- 0.00135-
complete entrainment from seawateE > 1 indicates o 0835 ? 0.0001772) *. Relative contact rates between

active enrichment into the ice, aril <0 indicates 10SS g5 joe and seawater were calculated’as Cell-specipc
relative to seawater. The enrichment index is a bulk mea-. water

. . . . - virus contact rates {Jof Murray and Jacksoi992 were
sure and is affected by a variety of factors, including frazil

. : o . . . calculated asl=B 86;40C to yield the daily average
ice scavenging, in situ production, degradation, grazing,. d
and any artifacts introduced during sample processing\(Irus contacts per bacterium.
Statistics were calculated in using the open-source R Pro-

ject (R Development Core Tea®011). Errors &) were  Production experiments

calculated as standard errors of the mean (SEM).

At a single site (Station D7b), the production of bacteria
and viruses (Wilhelm et aR002 Winget et al.2005 was
measured in three bottle incubations of sea ice brine (2 I)
collected over 6 h from three sackholes, each drilled to a
depth of 45 cm. The brine had a temperature 6fC and a

salinity of 11& as measured by refractometer. Each

Contact rate calculations

Calculation of virusbbbacteria contact ratdscéntacts
cm 3s 1) proceeded as in Wells and Deming0Q6h
following Murray and Jacksorl992, by the equation

J= 27 d D, V B Sh whered is the spherical diameter of
the average cell (here, 0% 10 % cm), D, is the viral
diffusivity (cm?s ), V and B are the calculated in situ
concentrations of viruses and bacteria (G respectively,

incubation was conducted in a new, acid-rinsed 2 | poly-
carbonate bottle to minimize bottle effects. For each, brine
was passed across a 0.2& TFF unit (Millipore) to
concentrate bacteria and reduce viral abundance. The re-

and Shis the Sherwood number, a non-dimensional reptentate was then diluted with Pltrate from 10 kDa TFF of
resentation of the enhancement of transport due to Buithe same brine in an effort to approximate the in situ
Bow relative to simple diffusion. Accounting for cell shape bacterial concentration and the in situ brine salinity from

Fig. 1 Seawater depth proble
taken on December 16, 2007

Salinity (PSU) Bacteria (x10° mL™)

(day 350) at Station D8, a 28 30 32 33 38 b o, 04 08 2 18
showinga temperature golid 0 A 0 A F
line) and salinity flashed ling,
andb concentrations of bacteria
(Plled circleg and virusesdpen 100 - 100 - 64
square$, each point represents  —~
a single samplegrror bars E R
represent standard errors of the & 509 200 -
mean microscope counts -la
[J)]
(a]
300 A 300
400 - ---- salinity 400 - -e— bacteria
— temperature ' -8 viruses
T T T T 1 1T T 11
-2 -1.5 -1 -0.5 0 0.5 0 4 8 12 16

Temperature (°C) Viruses (x10° mL™1)
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<« Fig. 2 Concentrations of chlorophyll a, b bacteria, anct viruses
within surface seawateB(L0 m depth) of the Amundsen Gulf by
sampling day during autumn freeze-up in 2007. Each point represents
a single sampleerror bars represent standard errors of the mean
microscope countdlinesindicate linear regression rate estimations

0.25 - over subsets of the data; a possible outlier was excluded from the rate

Station R
Station R
Station 1117
Station 1200
Station 437
Station 1800
Station D3
Station D4
Station D7a
Station D7b
Station D8

—_ a estimation of viral abundanceitcle with @ O). Signibcant negative
L 1 slopes were detected over the subsets of concentrations of chlorophyll
£ 0201 @ a (slope= - 0.0071+ 0.0017 ng mil'd %, R? = 0.724,P < 0.01)
o and bacteria (slops - 0.041+ 0.00319 10°d %, R? = 0.972,P
c 0.001); a signibcant positive slope was detected over the subset of
“; 0.15 ~ virus concentrations (slope 0.57+ 0.169 1¢°d %, R® = 0.733,
- P = 0.041)
2 0101 _ .
g. were bxed with formaldehyde (1.5% Pnal concentration)
S o005 - ¢ for enumeration of viruses and bacteria by SYBR Gold
r- Buorescence (processed as above). Viral production rates
v Nov 16 bec1 bec 16 were calculated as the slope of a linear regression calcu-
0.00 350 " 330 340 350 lated for. each bottle; rates were correcte_d by dividing by
the fraction of cells recovered after pltration.
207

-~

o 1.5_-7 Results

£ ]

-y | Seawater dynamics

';(' °

|

“; In the full depth proble at Station D8 (day 350), the con-

‘T centrations of bacteria were low (mean: 0@4510° ml™ %)

-g and exhibited subsurface maxima at 30 m and at 200 m
s (Fig. 1); viral abundance decreased through the water
o] ovis bect et column from 149 1° mI' ! at the surface to 4.9

T T T T T T T 1 -1 .
370 330 340 390 10° mI" * at a depth of 441 m (Fidl).
Very low concentrations of chlorophyd were detected
357 ¢ in surface seawater (0.04®.204 ng mi'), which
30 4 ‘ decreased signibcantly over the course of the study
a » (p = - 0.900, n= 9, P < 0.01; Fig.2a). During the lat-
TE' 25 ‘ ter half of November, between days 318 and 336, chloro-
e 0 phyll a concentrations decreased at a signibcant rate of
S . - 0.0071% 0.0017 ng mitd ! (R2= 0.724,p < 0.01;
X 1s5- o6 Fig. 2). The abundance of bacteria in surface seawater was
9 highest on day 316 (12 November; 19610° mI" %) and
w107 lowest on day 350 (December 16; 0.8510° ml" %); a
-; 5 signibcant decrease was detected over the course of the
Nov 16 bec 1 bec 16 study p =- 0.839,n = 10,P < 0.01). Between days 318
0 320 330 340 380 and 333 bacterial abundance decreased at a signibcant
-1 41
rate of- 0.041+ 0.0039 10° ml" *d * (R = 0.972,p
Day of 2007

0.001; Fig.2b). The abundance of viruses ranged from 4.8
to 179 10’ mlI" %, excluding a possible outlier at Station
437 (day 326; 20 10° mI" %). Viral abundance was not
each sackhole. The bottles were incubated in a freezer &ignibcantly different over the course of the study
7 C for 60 h. Bottles were monitored regularly; the (p = 0.425,n= 10,P > 0.1), though a signibcant incr-
occasional formation of ice crystals required removal toease in viral abundance was observed between days 318
room temperature until the crystals melted within 15 min.and 333 (from 4.8 to 19 10°ml ') at a rate of
At time points of 0, 12, 24, 36, and 60 h, 5 ml aliquots 0.57+ 0.169 10°d * (R’ = 0.733, P = 0.041; Fig.2c).
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Table 1 Summary of temperature, salinity, and biological parameters in seawater and sea ice from Amundsen Gulf

Sample Depth Ice Temperature Bulk BVF (%) Brine Bio. Bacteria  Viruses VBR
type sampled thickness ( C) salinity salinity cores 1 1
(cm) (%) (%) 910°ml* 910" ml

Surface 0,10 m b - 1.7 32 b b Median0.80 1.4 117
seawater N= 12 N=12 N=12 N=10 N=10
Range 0.45D1.6 0.48D2.7 45D340
Thin ice Entire 4,6,9 -47,-51, 185,21,15 19.8,21.1,10.9 83,88, 116 MediaB 6.1 186
N=3 - 7.3 N=5 N=5 N=5 N=5
Range 3.206.0 55D7.1 939225
Medium ice Bottom 33,35,37-4.0,- 22, 6.2,7.0,6.6 7.6, 16.8,14.7 73,41, 47 Medighl 10.4 600
10 cm - 25 N=9 N=6 N=8 N=8
N=3 Range 1.6D2.8 59D50 21192820
Top10cm D - 11.3,- 6.3, 10.3,8.3,8.2 5.3,6.8,6.9 153,104, 102 MediatD 27.0 406
N=3 -6.1 N=9 N=8 N=8 N=7
Range 1.8b8.0 8.4b68 151963
Thick ice Bottom 66,78 - 26,-24 64,47 12.1, 9.4 48, 46 Mediaf.5 25.2 1,604
10 cm N=6 N=6 N= 6 N=5
N=2 Range 0.96D2.5 11P37 937D2,364
Top10cm D - 10.0,- 10.5, 9.9 5.9,5.0 143, 153 MediaB.0 30.4 361
N=2 11.3 N=6 N=6 N= 6 N= 6
Range 5.609.2 20P170 305D1,899
Sackhole brine  0D45 cm 76 - 6.0 ~51t0 10 ~3to7 110 Median 11.5 4.3 38
N=1 N=3 N=3 N=3 N=3

Range 10.3b12.4 4.1Pb4.4  33b42

BVF brine volume fraction. BVF and bulk salinity were estimated for Sackhole Brine cores based on other cores from the same site

Sea ice dynamics P = 0.61). Bacteria were more highly enriched in thin sea

ice than salts (1.4 0.3,n = 5); in contrast, the observed
Sea ice samples were separated into three groups by theinrichments of bacteria in the bottom 10 cm of medium
thickness: thin ice (4b9 cm), medium ice (33D37 cm), andnd thick ice (0.03t 0.03, n= 12) were in agreement
thick ice (66B78 cm). Temperatures within the ice rangedvith those expected due to passive entrainment (#ig.
from- 2.2to 11:3 C,with calculated brine salinitiesof41to Viruses were highly enriched in all sea ice types relative to
153& (Tablel). There was little snow on the ice, usually less salts (Fig.4); the observed median enrichment (1.05, range
than 2.5 cm. Further details on physical and chemical cha®.13 8.0, n= 19) was consistent with either active
acterization of sea ice and seawater samples may be found émtrainment of the entire seawater virus community or viral
Table S1 and Collins and Deming (submitted this issue).  production within the ice following entrainment.

Virus concentrations in sea ice (scaled to brine volume) Calculated cell-specibc daily contact rates between
ranged from 5.5 to 17@ 10’ mI" %; bacteria concentra- bacteria and viruses were higher in sea ice than in under-
tions in sea ice (scaled to brine volume) were 0.96 tdying seawater in all case$(= 231,n= 41,P  0.001,;
9.29 10° mlI" ! (Table1; Fig. 3). Virus-to-bacteria ratios Figs.5, S2). Over the course of one day, the average sea-
(VBR) observed in sea ice (846 169; Fig.3) were sig- water bacterium would have been expected to contact
nibcantly higher (two-tailet-test,p < 0.001) than those in 14 + 1 viruses per day. The rates were several times higher
seawater (16& 38). The highest mean VBRs were found in thin ice (46+ 4), but the highest rates were calculated
in the bottom 10 cm of thick ice (1,654 267), but the for medium and thick ice (23% 49), accounting for a
maximum VBR (2,820) was observed in the bottom 10 cmstatistically signibcant difference among ice typés =
of medium-thickness landfast ice collected within 500 m 0f10.7,df = 2, P < 0.005). Contact rates were not correlated

the shore in Summers Harbor (Station R; Fig. S1). with temperature in the icep(= - 0.036,df = 33,P >
Differences in enrichment index were observed amond.1; Fig.5).
ice types for bacteria (Kruskal-Wallig = 10.09,df = 2, Production experiments were performed on virally

P = 0.0064) but not for viruses W= 0.98, df = 2, reduced samples of brine collected from sackholes, but some
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Fig. 3 Concentrations of bacteria and viruses measured in surfaceollected during an Arctic spring algal bloon? ( Maranger et al.

seawater B10 m; open circle$, brine from sackholes (45 cm from
surface;inverted triangle} and scaled to brine volume: thin ice
(<10 cm thick; triangley, medium-thickness ice (33D37 cm;
squarey, and thick ice (66D78 cmgliamond$. For medium and
thick ice, two horizons were sampled: bottom 10 copén and top
10 cm @lled. Parallel angled linesindicate lines of constant virus-

1994 were replotted from the authors® Figsand 6, using a
conversion factor of & 10* ml m™ 2 and an estimated brine volume
fraction of 17% for bottom ice at 2:2 C. Data from Antarctic
summer pack ice€, Gowing et al.2004 were replotted from the
authorsO Fig@, also using an estimated brine volume fraction of 17%.
Data from Arctic winter sea iced(, Wells and Deming2006H were

to-bacteria ratio (VBR). Additional data were included from three replotted from the authorsO Tahle
other studies of bacterial and viral abundance in sea ice. Data

bacteria were also lost during TFF. Bacterial recoveries irshallow Polar Mixed Layer water separated from the dee-
bottles A, B, and C were 36, 10, and 54%, respectively; viraper, isothermal Halocline Arctic Layer by an intrusion of
abundance was reduced by 90, 95, and 91% respectivelwarm Pacibc water at 20040 m (FIg. A peak in bacterial
Statistically signibcant increases in viral abundance werabundance was observed in the Pacibc water layer at 30 m,

detected in bottles A and C (Fi§), at rates (corrected for
initial losses of bacteria) of 5.9 10° mlI"*d * (r = 0.97,
n=4,P<005) and 2.0 1 mItd ' (r=091,n=

but the maximum viral concentrations were found in the
surface layers. This discrepancy, and the generally low
concentrations of bacteria in surface seawater discussed

5, P < 0.05), respectively. Suggestive (but not statisticallybelow, may indicate non-equilibrium processes occurring
signibcant atx < 0.05) increases in bacterial abundancein the surface layer of seawater during ice formation, e.g.,

were observed in bottles A and B (Fi§), with corrected
estimated rates of 19 1 mlI *d ! (r= 0.82,n= 5,
P<0.1) and 589 10°mlI*d* (r= 0.87,n=5P<
0.1), respectively.

Discussion

Viruses and bacteria in seawater

viral production outpacing bacterial production. Alterna-
tively, repeated rounds of sea ice formation followed by ice
advection could draw down the concentrations of bacteria
in surface waters if bacteria had higher enrichment indices
into thin ice, but although the median enrichment index for
bacteria into thin ice was almost twice that of viruses (1.72
and 0.92, respectively), no signibcant difference in
enrichment index was detected between them.

Despite covering thousands of square kilometers of area
in the Amundsen Gulf during the course of sampling, our

Based on the full depth proble of the water column taken atesults are highly suggestive of temporal changes in con-
Station D8 on day 350 (16 December), the water columrcentrations of biological parameters occurred there during
was stratibed, as is typical for the Amundsen Gulf, withthe latter half of November 2007 (Fi@). In regression
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Y;(\\Q 6\\)& @C{' @\Q 6\\)& @C{' Fig. 5 Cell-specibc viral contact rate (d) calculated using the
NG o‘\y” N o‘\y” diffusion-based model of Wells and Demin@0061 in seawater
& & & & B10 m; open circle$, brine from sackholes (45 cm from surface;
<9 <9 ) . A ; ) )
&0@ Qo'” &0@ Qo" inverted triangley thin ice (<10 cm thick; triangles, medium-
& & thickness ice (33D37 cmsquarey, and thick ice (66D78 cm;
Y )

diamond}$. For medium and thick ice, two horizons were sampled:
Fig. 4 Enrichment indices of bacteria and viruses in newly formedbottom 10 cm @¢per) and top 10 cmglled
sea ice (for details on calculation of index, see Collins and Deming
submitted this issue). An enrichment Bf= 0 (solid line) indicates

enrichment equivalent to passive entrainment into sea ice (propor(payet and Suttl@008. Limited data in December sug-
tion‘_all with sea salts)E = 1 (d_ashed ling indicates an enrichment gested that concentrations of chlorophgll bacteria, and
equivalent to complete entrainment from underlying seawater. All<, -

indices are plottedbllet); in addition, lower and upper limits of Viruses all leveled off through the middle of the month.
boxplots indicate 25 and 75% quartiles, respectivebenter line The concentrations of bacteria observed in the late
indicates medianasterisksindicate Sigr;ipﬁ%niﬂz <a(s)-0i5\ze?]f Eigfzhle autumn  of 2?07 in Amundsen Gulf seawater (6.45
i/llgr:]IrTDc\ell\r/]rt]it(r]:;/ie%?aoslt)ericgEse rzrl;(c:)‘\e/z tr)(r)ackeindicategsignibt):/ance 1'69_ 10> ml _) were lower than expected based On_ ?ther
level for all samples combinedasterisks below brackeindicate ~ Studies of Arctic coastal seawater (e.g.,-221L 9 10° ml
signibcance levels for each ice group in the Bering and Chukchi Seas, Steward et1896 2.0-

9.59 10° mI" in the Chuckchi and Beaufort Seas, Yager
analyses, day of year explained 72, 97, and 73% of thet al. 200% 1.6- 259 10° ml" ! in the Beaufort Sea and
variance in concentrations of chlorophy] bacteria, and Amundsen Gulf, Payet and Sut2808. Most similar to our
viruses, respectively. No systematic biases were present gtudy site, season, and concentrations, AlongezSa al.
the shipOs location with respect to time (e.g., latitude(2008 found bacterial abundances of 28410° mI™ * in
longitude, or distance from shore) that may have driven thevinter seawater. A strong storm traveled through the region
correlation. Concentrations of bacteria in seawatein early November and might have mixed low-cell-con-
decreased dramatically during late autumn, until about dagentration deeper waters into the surface, but the water
333 (November 29), while viral abundance increased ovecolumn was stratibPed by the middle of December (Hig.
the same period (Fig). At the estimated rates of change, Several lines of evidence preclude methodological or
the observed bacterial mortality could be wholly explainedcomputational errors, including reproducibility by inde-
by viral production with a burst size of 160 viruses téll  pendent researchers and congruently low counts between
While this value is similar to the mean of 185 virusessurface seawater and sea ice. No decrease in bacterial
cell * compiled by Basheim (993 across a range of abundance due to decay during storage was observed in
cultivated marine bacteriophage, it is much greater than theea ice samples; abundances in seawater increased over
mean of 24 viruses celt compiled by Wommack and time. A combination of limited primary productivity,
Colwell (2000 for a range of aquatic studies, suggestinggrazing, and viral lysis could explain this phenomenon,
viruses may have made a more moderate contribution tahich appears to have been widespread over the Amundsen
bacterial declines of perhaps 15%. Additionally, the pos-Gulf during the cruise.
sible induction of lysogens could have contributed to In contrast to the seemingly atypical bacterial abun-
decreasing bacterial abundances in the water columdances in Amundsen Gulf seawater, the concentrations of
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8 a @ Viruses and bacteria in sea ice

[ Prior to our sampling in Amundsen Gulf in the autumn of
- p<0.05 p<0.05 2007, seawater freeze-up had been delayed by several
'-'_I weeks relative to previous years due to the massive decline
€ 54 in sea ice during the summer of 2007 (Comiso e808.
® I% @] Of the sea ice we sampled, with thicknesses from 4 to
2 47 78 cm, thin ice B10 cm), almost certainly grew from the
o 5 underlying seawater that we collected simultaneously with
a @ the ice. Older ice may have drifted from the site of its
-; 24 o bottle A origin but due to the spatial boundaries of our sampling it is

O bottle B unlikely to have derived from a separate water mass.

14 A bottle C High abundances of viruses have been repeatedly
observed in sea ice from a variety of sources (Maranger
et al.1994 Gowing et al.2002 Gowing et al.2004 Wells

0 12 24 36 48 60 ; . X , ;
and Deming20061, including the sea ice described here,
81 b which contained 4 1500 more viruses (when scaled to the
{l volume of brine) than the underlying seawater (TabieA
77 il % disparity was observed between calculated brine concen-
~ @ trations (more viruses, fewer bacteria) and sackhole brine
- concentrations (fewer viruses, more bacteria), indicating
mE 5 (ﬁp<01 the need for further methods development to optimize the
S % recovery of viruses, and bacteria, from sea ice. The iso-
~ 4+ % thermalbisohaline melting approach used here (and by
-g Wells and Deming2006h) was designed to minimize the
‘3 3] q] effects of osmotic shock on sea ice bacteria and increase
’g . qj <0 1 recoveries (Junge et a2004), but the same optimization
Ut.-l |=|1=| p=". has not yet been performed for viruses. The differences
1 Ij:l between calculated and observed in situ concentrations in
brine might arise from lysis of cells and production of

0 T T T T T T
0 12 24 36 48 60

Time (h)

viruses during melting (e.g., from induction of lysogens),
entrainment of viruses into the solid (rather than brine)
fraction of sea ice, or vagaries of the sackhole collection
Fig. 6 Concentrations of viruses andb bacteria in parallel bottle method that bias it towards the collection of bacteria. If the
incubations of sea ice brine at7 C and a salinity of 11Q . Solid differences reRect artifacts of sample processing, the
lines in a indicate signibcant increases in viral abundance (ateffects of these differences would be overestimation of
P_<_0.05);dashed linesn b indicate suggestive,_but not statistically VBRs. underestimation of bacterial enrichment. overesti-
signibcant (0.05< P < 0.1), increases in bacterial abundance. Each ' ’
point represents a single sampéeror barsindicate standard error of Mation of viral enrichment, and overestimation of cell-
the mean microscopic counts specibc virusbbacteria contact rates.

Extremely high VBRs were observed in the autumn sea

ice we sampled (mean 846, maximum 2,820; Bgvalues

viruses (4.8 279 10° ml" ) were comparable with those up to two orders of magnitude greater than previously
previously found from Arctic seawater (e.g., 2.5 reported from the marine environment. Even under a sce-
36.09 10° mI" *in the Bering and Chukchi Seas, Stewardnario where the observed bacterial abundances were
etal. 1996 0.8 7.99 10°mlI' ! in the Chuckchi and 109 too low (regarding prior discussion of seawater
Beaufort Seas, Yager et £00% and 0. 239 1° mI'*  abundances), these VBRs would be considerably higher
in the Beaufort Sea and Amundsen Gulf, Payet and Suttléhan expected based upon previous observations of VBRs
2008. The virus-to-bacteria ratios (VBRs) observed inin sea ice of different seasons, which also tend toward
seawater were thus surprisingly high (459340), consideringigher maxima than in seawater (Fig): VBRs of 3 to 18
that most reported VBRs in seawater fall close to 10were observed in Arctic winter ice (Wells and Deming
(Maranger and Bird 999, with VBRs up to 20 reported in  2006h; 10D72 in an Arctic spring algal bloom (Maranger
Arctic seawater at the height of a spring algal bloomet al. 1994; and 0.7D119 in Antarctic summer pack ice
(Yager et al.2001). (Gowing et al. 2004. Freshwater and saline lakes
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frequently have VBRs greater than in marine environ-ice, an assumption of equal infectivities may not hold
ments, including several Arctic and Antarctic lakes between sea ice and seawater: during a 3 weeks incubation
(Maranger and Bird1995 Laybourn-Parry et al.2007 in briny conditions (16& salinity and 12 C), about 50%
Sawstrem et al. 2008, one of which had VBRs up to 128 inactivation was observed relative to seawater conditions
(Madan et al.2009. Large VBRs were shown to increase (36& salinity and 1 C) for the cold-active bacteriophage
the apparent transduction rate in a series of experimen®A (Wells and Deming20063, potentially due to the
with freshwater Pseudomonas aeruginosenicrocosms denaturation of capsid proteins at high salinity. Phenotypic
(Saye et al.1987 Replicon et al.1995. Extremely high changes in bacterial hosts under extreme conditions might
VBRs may also increase the likelihood of abrupt cell lysisalso affect the infectivity of viruses entrained from sea-
due to high muiltiplicities of infection (Olysis from with- water. While metabolic activity by the host cell is required
outd), or the induction of lysogeny (Kokjoh®89, both of  for viral production, cells have been shown to be active in
which would limit the production of new viruses in the sea ice at temperatures down t@0 C (Junge et al2004),
system. Polylysogeny could increase the likelihood of highand metabolism is not required for either adsorption or
frequency of transduction lysates (Kokjol®89 in sea injection of DNA into the host cell (Kokjohn1989.
ice, increasing the potential for transduction there. Injected DNA can persist intracellularly until the phage is
Bacteria were more highly enriched into newly formedinduced into either the lytic or lysogenic pathways (called
nilas and pancake ice than salts, as previously observed lpseudolysogeny, Mille2001), meaning that latent infec-
Riedel et al. 2007 and Gradinger and lkavalkal998, tions may persist until the return of favorable host growth
but were likely passively incorporated from seawater intoconditions. Alternatively, lysogeny requires a minimum of
the columnar ice at the base of medium and thick ice. Irenergetic expense so it may be favored in overwintering
contrast, the extremely high enrichment indices calculatedonditions in the seawater (Payet and SU2088 or in sea
for viruses in autumn sea ice suggested highly preferentiate.
entrainment of viruses or the active production of viruses The viral production rates we observed over the course
within the ice in combination with low viral decay rates of 60 h in 2 (of 3) bottle incubations of brine at7 C
(Fig. 4). To explain the high concentrations of viruses in(2.4 5.19 10° mI" * d *; Fig. 6) were somewhat greater
some upper sea ice samples without in situ production, &han the rates observed over the brst 45 h of incubations of
least 1® the mean seawater concentration of virusedsothermal- and isohaline-melted sea ice 42 C from the
would have had to have been completely entrained duringame region (1-42.69 10° ml" * d *; Wells and Deming
ice formation. No abiotic mechanisms of entrainment into20068 using similar techniques. While the use of brine
sea ice have been measured for viruses, but we cannfibm sackholes in lieu of melted sea ice reduced the pro-
exclude the possibility that this occurred, for example bycessing required for analysis, these rates may still not be
high-afbnity binding of viruses to frazil ice crystals which rel3ective of instantaneous in situ production due to the
then become entrained into the growing ice sheet. Th@ossibility of secondary infections during the 2.5 days
viruses we observed in brine that drained into sackholesicubations. Nevertheless, the rates we measured in sea ice
demonstrates that at least some viruses reside in the liquidere similar to previous estimates of viral production in
fraction of the brine matrix. The mechanisms of entrain-seawater at high latitudes by this and other methods, for
ment and the residence sites of viruses within the sea icexample in the North Sea (00229 1°ml *d %
matrix are both important topics that should be addresseWinter et al.2004), the Bering and Chuckchi Seas (0-02
in future studies. 149 10° mI" 1 d *; Steward et al.1996, and the North
Predicted contact rates between bacterial cells anWVater polynya (0.141.39 10 ®ml ' d *; Middelboe
viruses in autumn sea ice were much higher §449) et al. 2002. These rates of production support the claims
than in the underlying seawater, using the diffusion-basedf Wells and DemingZ006H that bacteria and viruses can
model of Wells and Deming2006k), who found similarly remain active in sea ice at in situ temperatures; at the
high increases in contact rates within sea ice. A comparisonalculated rates of increase, bacteria were predicted to have
of the absolute virusbbacteria contact rates between sea itenover times of 17D20 days and viruses 24D33 days,
and seawater highlights the ecological importance of thesassuming steady state concentrations within the ice. The
differences. Over the course of one day, the averageombination of an active microbial community in sea ice
Amundsen Gulf seawater bacterium would have beemrine down to at least 7 C, the high VBRs observed
expected to contact about 14 viruses (FBY. while the relative to seawater, and the increased virusbbacteria con-
average sea ice bacterium would have beeen expected tact rates in sea ice relative to seawater suggest the
contact about 190 viruses, regardless of temperature withipotential for greater gene Row in sea ice relative to
the ice. Even at 2 C, predicted contact rates were muchunderlying seawater. Further experiments necessary to
greater in sea ice. Despite the higher contact rates in sesssess the potential for HGT by transduction in sea ice

123



Polar Biol

include placing better constraints on the rates of productioowing MM, Garrison DL, Gibson AH, Krupp JM, Jeffries MO,
and decay of viruses in sea ice, their infectivities at low Fritsen CH (2004) Bacterial and viral abundance in Ross Sea

temperat d high linit d the f i summer pack ice communities. Mar Ecol Prog Ser 279:3b12
peraturé an Igh salinity, an e lrequency OGradinger R, lkavalko J (1998) Organism incorporation into newly

occurrence of transducing phage. forming Arctic sea ice in the Greenland Sea. J Plankton Res
20:871D886
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