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Thaumarchaeotand the gene encoding for a subunit of ammonia monooxygenasedA) are ubiquitous

in Polar Seas, and somEhaumarchaeotalso have a gene coding fareC diagnostic for urease. Using
quantitative PCR we investigated the occurrence of genes and transcripised@®and amoAin Arctic
samples from winter, spring and summeAmoA genespreCgenes an@moAtranscripts were always
present, butureCtranscripts were rarely detected. Over a 48 h light manipulation experimamoA
transcripts persisted under light and dark conditions, but nateCtranscripts. In addition, maxima for
amoAtranscript were nearer the surface comparedamoAgenes. Clone libraries using DNA template
recovered shallow and deegmoAclades but only the shallow clade was recovered from cDNA (from RNA).
These results imply environmental control @imoAexpression with direct or indirect light effects, and rare
ureCexpression despite its widespread occurrence in the Arctic Ocean.

he global nitrogen cycle depends on the remineralization of organic nitrogen to ammonium and nitrate, with

microbially mediated ammonia oxidation by ammonia monooxygenase being a key intermediate step. This

process is commonly inferred by the presence of the ammonia monooxygesalsenit @moA). The
amoAgene, found in some Bacteria and some Archaea, is part of a larger gene family of copper-containing
membrane-bound monooxygendseBvidence to date indicates that oceanic archamalA is involved in
converting ammonia to nitrite, a rate limiting step in aerobic nitrificatidrhe discovery of non-extremophile
marine group | (MGI) Archaea that could grow chemolithoautotrophically by aerobically oxidizing ammonia to
nitrite®, and the occurrence of tkenoAgene in other uncultivated, non-extremophile M&provided an added
perspective on the nitrogen cycle. The widespread detection of both MGI and amimadein the ocean
combined with the rarity of bacterial nitrifiers has led to the new paradigm that Archaea are largely responsible
for marine nitrificatior?-%@nd in particular may contribute substantially to nitrification in the upper few hundred
meters of the ocedninterestingly, nitrification by bacteria is inhibited by light, but ammonia oxidizing Archaea
(AOA) are often retrieved from the euphotic zone, and the effect of liglanomAis not resolvety**

MGl are sufficiently distinct that they are considered a phylufrohaeaThaumarchaeotd but the diversity
and metabolic capacity of these largely uncultivated microorganisms remains to be fully elucidated. In addition to
potentially oxidizing ammonia, genomic surveys indicate that some MGI may use urea, broken down to ammo-
nium (NH4') and inorganic carbon (C), as an energy and carbon source. The genes that code for urease have
been reported irfCenarchaeum symbiostiend «sCandidatudlitrosopumilus sediminisAR2 from Svalbatdl
RecentlyreG the gene that codes for a subuniticdasénas been amplified from the deep Mediterranea‘Sea
and detected in metagenomes from a deep hydrothermal ptamethe deep Pacific OcéamheureCgene has
also been reported from surface waters of the Gulf of Maamel in the winter Arctic Ocedh Alonso-Saez and
colleagué8amplified theureCgene from deep Antarctic waters, but they failed to detect it in summer Antarctic
surface waters. In that same study the ArchasabA gene was amplified from the same surface waters,
suggesting that the potential for MGI Archaea to use urea is not universal. lori€gnd theureasere not
found in cultivated\. maritimus?®.
Over much of the Arctic, nitrogen availability limits photosynthetic productivity, with nitrate rapidly depleted

in surface waters during the short summer growing season. However, nitrate concentrations are substantial in
and below the haloclifi Interestingly, Northern Baffin Bay stands out from much of the Arctic, with high
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photosynthetic rates continuing throughout the Arctic summer, deResults

pite low standing stocks of inorganic nitrogen in the euphotigffect of light on ureC and amoA transcriptsin the Amundsen
zoné"* Galand and colleguésfound that MGl and archaeal Gy region (Western Canadian ArcticimoA transcripts,ureC
amoAgenes were abundant in Northern Baffin Bay, particularly Wanscripts and MGI 16S rRNA were quantified on 3 dates as
the Arctic halocline, leading to the hypothesis that the archaeal coginpient light conditions increased over time (January, March and
munity could influence photosynthetic community structure by, beginning of April). In surface wateenoAand MGl copies
rapidly recycling inorganic nitrogen in the euphotic zone. Nitratg, 21 \yere greatest in January. At the halocline, more transcripts
concentrations in the surface waters of Baffin Bay are often below{i&e recorded in April. There were always more transcripts at the
detection limits (ca. 0.08mol N L*?)*** but ammonium concen- pa|ocline than at surfacélreC transcripts were only detected in
trations can be substantiglsuggesting bacterial degradation of fixeg, | ary (Figure 1).

_organic material and possible r_elease of ammonium. The high affiny, the jntial samples from Lancaster Sound (Eastern Canadian
ity of MGI Archaea for ammoniuii could enable MGl to SUCCeSS-Arctic) used for the light-manipulation experimermoA tran-

fully compete_with phytoplankton for ammonium, and result irécripts were detected at, from both 1% (80 m deep) and 25%
amoAexpression nearer the surface. In contrast to,NRere have (o5, shallow) surface irradiance (Figure 2), with an order of mag-

been few measures of urea in the Arctic, but in general, concen Rude (ca. 10versus 1§ fewer transcripts near the surfatireC
tions are variable and sporatfi¢’ which leads to the hypothesis that: ] :

f . ) nscripts were successfully quantified from the freshly collected
expression of genes coding for urease would also be variable.

h . N er sample @J, with 10 copies per mL of seawater, but not in
presence of archaeateC genes in Arctic MGI Archaea is intri- op ; PR,
guing® but to date there is no evidencewrgCheing expressed in the sample from 25% irradiance. There were no significant changes

nolar waters in MGI 16S rRNA copies nfl* over the 48 hours, and no effect of

The main objective of our study was to quantify #traoAand light (3 way ANOVA) on MGI 16S rRNA (Figure 2). There were,

S . . however, significantly more copies of MG1 16S rRNA in the deeper
ureCtranscripts in three regions of the Arctic Ocean (Amundsegam le compared to the 25 m water over the 48 h incubation
Gulf, Lancaster Sound and Baffin Bay) and to gain an understand\gﬁg IOO 001) P

of conditions associated with gene expression. To this end, we in eéfheamoAtranscripts were significantly greater in the dark than

tigatedamoAand ureCtranscnpts by gPCR du.rlng polar.darkrjessln he light overall, but the effect of collection depth was not sig-
and around the vernal equinox. We then experlmentally|nvest|gatr<]=,I lcant (see below). The multiple pairwise comparisons revealed
amoAandureCexpression in natural communities exposed to typ- b L pie p paris

veral interesting trends. After 24 houamoA transcripts were

ical irradiances of the Arctic Ocean euphotic zone. Finally we invé X L : .
tigated the depth distribution of genes and transcripts from M %ways greater in the dark (ANOVA- pairwise multiple comparison,

ThaumarchaeotaarchaeahmoAand ureCG along a north to south 5 0.008) compared to bottles exposed to light. After 48 h, the

gradient of the hydrographically complex center of the Northe@‘moAtranscriptS from the two depths diverged, with a significant

' : PR : : der both light and dark conditions in the 25 m origin
Baffin Bay®, targeting water masses with different bio-physical progu_crease un . S
erties. Phylogenetic differences between the more likely active fgtments (Pl 0.001), conver_sely_ln the 80 m origin treatments,
more likely dormanfThaumarchaeotavith amoAwere also exam- amoA transcripts decreased significantly '(PO'OOl) (F|gure 2).
ined through cloning and sequencing theoA gene from both Transcripts of ureC were not detected in the experimental
DNA and cDNA (from total RNA). treatments.
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Figure 1| Number of MG1 rRNA,ureCand amoAtranscripts from winter Amundsen Gulf waterStandard errors of triplicates were smaller than the
size of the symbols. The abbreviation for the month is followed by relative depth of collection: surface (S) or halocline (H).
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Figure 2| Number of MG1 rRNA andamoAtranscripts in the light manipulation experiment from Lancaster Sound samples, which were collected at
25 m (25% surface irradiance) and 80 m (1% surface irradiancight treatment (L, open symbols), dark treatment (D, closed symbols).

Environmental and biological conditions in Baffin BayThe Baffin  Transcript and gene quantification in the water columrMGI 16S
Bay water columns (Stns. 129, 123 and 109) were density stratifRNA (from cDNA) gPCR values ranged from ca. 175 to34.50°
with a subsurface chlorophyll maximum (SCM) just above @pies mE* of seawater collected, aathoAtranscripts from 18 to
pycnocline (from the maximum rate of change in sigma theta) 4829 copies nfi* (Supplementary Fig. S1). In contrastamoA
25...30 m (Figure 3). Secondary chlorophyll fluorescence peakswieeee transcripts were detected in all samples testeelC
also detected at ca. 70...100 m. The highest extractedv@lokes transcripts were never detected from the Baffin Bay samples.
were 1.4ng 2* at Stn 129...22 m and h@ L * at Stn 109...25 m. Baffin BayamoAtranscripts varied down the water column and
Most other values were belowrd L** (Supplementary Table S1).between stations. The station (Stn) 129 maximumafooA tran-
Dissolved oxygen concentrations ranged from 279 to#86l kg’ *  scripts was at 35 m, which was above the nitrite maximum (Figure 4;
(Figure 3). At Stn123, there was a low oxygen intrusion between 208 the log scale for depth). For Stn 123, the maxiramoA
and 300 m (Figure 3) coinciding with slight increases in salinity amchnscripts were just below the nitrite maximum. Finally for Stn
temperature (not shown). Bacteria concentrations were éaell® 109, theamoAtranscript maximum was at 90 m, which was above
mL?* and tended to decrease with depth, with slightly highehe nitrite maximum (Fig. 4).
concentrations above the pycnocline (Supplementary Table S1)n Baffin Bay, gene abundance (from DNA) also varied with depth
Nitrite concentrations ranged from 0.05 to Oriimol kgP Y, nitrate  and station. Stn 129 maxima famoA ureCand MGI 16S rRNA
concentrations ranged from below the detection to 15184l kg?*  genes were detected in the 120 m sample (Figure 5a). At Stn. 123, the
(Supplemenary Table S1). The nitrite maxima were above nitratexima for MGlamoAandureCgenes were at 280 m and coincided
maxima and between 100...200 m at the three stations (Figwih the nitrate maximum at the base of a low oxygen intrusion
Ammonium concentrations were variable with higher values in ti{figs. 3 and 5a). At station 109, gene copies of M@IpA and
upper waters (Supplementary Table 1). ureCwere also all greatest nearer the nitrate maximum at 195 m
In September 2006, the sun was above the horizon for ca. 15 Heig. 5a).
Sept. 11 to ca. 12 h on Sept. 20. Surface values of photosyntheticaBaffin Bay gPCR values from DNA template ranged from 16 to
active radiation (PAR) were lowest at station 129 (Il 3756 copies of MGI (16S rRNA) genes®h24 to 527@moAgene
photons nt2s*%), which was sampled at 05:17 UTC, during twilightopies mE*, and 45 to 2780reCgene copies nfL. Overall oA
prior to apparent sunrise at the latitude of sampling. The other thrgene copy numbers were significantly correlated with MGI rRNA
stations were sampled with the sun higher above the horizon agehes (Tau, 5 0.74, p, 0.001) as werereCgene copies to MGl
surface PAR values were much greater, especially at Station BRI9A genes (b 0.66,p 0.001) (Fig. 5blreCgene copy numbers
sampled on a clear day ca. 4 h after apparent sunrise (Tablealgo correlated witamoAgene copies (5 0.79, p, 0.001), and
Subsurface PAR values for samples collected at depth were cayesees followed depth related variables, such as silica, phosphate and
quently greater at Stn 109 compared to the other stations. nitrate (Supplementary Fig. S2). The ratiamfoAgenes to MGI 16S
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Figure 3| Depth profiles of Northern Baffin Bay Stations 129, 123 and 1D@nsity (sigma theta) is indicated by the solid black line, circles embedded in
these lines show sample depths for DNA and RNA (open circles) and for DNA only (filled circles). In situ chlorophyll fluorescence (relative units) is

shown by the green line and oxygen concentratiomsdl kg2*) by the dotted line.

rRNA genes was on average 1.8 ranging from 0.2 to 5.5. There W€able 2). All closest matches were to uncultured environmental
fewerureCgene copies thaamoAcopies with an average ratio of 0.4archaeabhmoAgenes (Fig. 6).
ureCgenes to MGI 16S rRNA genes (Figure 5b). Maximum likelihood (not shown) and Neighbor joining phyloge-
The maximum abundance &moA transcripts did not corre- nies (Figure 6) placed all of ttmoA sequences into previously
spond to the same depths as the maximum gene copies in anglefined marine groups, corresponding to clades A and B defined
the water column profiles. Furthermore there was no significapy Francis et &, with no sequences within their group C. All
correlation between archaeahoAtranscripts and gene copy num-amoAsequences from RNA source libraries grouped within clade
bers estimated from the DNA template, nor between MG1 16S rRMAwhich is thought to represent shallow ecotypé&he most com-
genes and 16S rRNA copies from cDNA. mon cDNA sourcecamoA sequences grouped together in a sub-
Across stations and depths from both sides of the Canadian Ardtlade that we annotated A.A, which corresponds to the group A of
we found a significant positive relationship between MG1 16S rRM&lanetraet al* (Figure 6). Our sub-clade A.A sequences were
and amoArtranscripts (analysis on log transformed data wit r 99% similar to other polar sequences (not shown). At Stn 123...
0.80andp 0.001) (Supplementary Fig. S1). The PCA indicated th_%@o_m,amoAcIones from two clusters (indicated as A.B. and A Aa
nutrients, including silica and phosphate, which were associated vitf-igure 6) were most often from cDNA (representing50% of
the deepest samples, best explained gene concentrations along f&¥& clones). At Stn. 109...110 m, only A.A.a was retrieved from

axis. Chla and ammonium were more associated withoAtran- CDNA. A third Arctic sub-cluster in the A clade (A.C. in Figure 6)
scripts and MGI 16S rRNA (Supplementary Fig. S2). had no cDNA representatives. DNA sequences fell into both Aand B

clade®. Overall 40% of the sequences from the DNA libraries fell

Diversity and phylogeny of amoA in Baffin BayA total of 423 into the B clade. . .

clonedamoA gene sequences with the correct target size (635 nt)f here was somamoAclone clustering according to depth. The
from 8 libraries passed chimera and other quality tests. The t#allow A.A.a group was, for example, was absent from the 400 m
libraries constructed using cDNA as a template were asymptofi@mple and one deep B sub-clade was overrepresented in the deepest
There were five OTUs at the 97% similarilarity level out of $2mPples (Figure 6).

clones at Stn 123...200 m and a single OTU from 46 clones at

station 109...110 m (Table 2). The DNA libraries were alBcussion

asymptotic. At 97% similarity, there were 4 OTUs out of 19 clongaken together, the lines of evidence suggestthatiexpression
from Station 109...110 m. Only 6 clones were recovered fromwfg influenced by light bidmoA containing MGI persisted in the
shallowest library (station 129...35 m) and each clone was unigpeer waters of the Arctic Ocean, and were possibly more active
At the two stations and depths where both DNA and cDNA wemhen irradiance (PAR) was lower. Our gPCR results indicated that
used as templates, the DNA derived communities were more diveas®A transcripts were more abundant in surface waters during
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Figure 4| Nitrate (solid lines with open circles) and nitrite (dotted line with open triangles) concentrations down the water colummo( L2*), note
log scale for depthBars indicate copies ML of amoAfrom cDNA.

January, the darkest winter month, and later more abundant in theln Baffin Bay, distribution profiles of thremoAtranscripts down
halocline where light levels were lower. In the light manipulatiche water column were closely correlated with the MGI 16S rRNA
experimentamoAtranscript levels were significantly higher in thendicating that the MGI were in a state consistent with being meta-
dark. We found that actual irradiance levels at the time of sampielically active and with ammonium oxidation having occurred
collection likely influenced transcript abundance, with more tramround the time of sampling. This was notable since the transcript
scripts detected in samples from the euphotic zone (defined®s distribution differed from the gene distribution (from DNA)
of surface PAR), when surface irradiance was lower. Light nm{&gure 3); suggesting that environmental gene distribution may
inhibit amoA activity directly, promote more rapid degradation ohot accurately reflect activity. In the Pacific, Chuetial®* reported
transcripts, or have secondary influence on substrate availability dionilar results with relatively mosmoAtranscripts nearer the sur-
example phytoplankton may be better able to compete with amnface, despite higher gene numbers at depth. The relationship between
nium oxidizing Archaea for ammonium when light levels are greatéhe euphotic zone and nitrification activity was reported in a North-
Similarly, in the Pacific, Churckt al®** reported pealamoAtran-  South transect of the Atlantic Ocean, ammonia oxidizing activity was
script abundance at the bottom of the euphotic zone. greatest at the base of the euphotic zone, and decreased witff.depth
Our results indicated thamoAtranscriptional activity probably But this depth dependent distribution, did not occur in the Black Sea
occurs throughout winter. Compared to other oceanic regioremd the highest expression afoAis within a nitrification zone
Arctic and Antarctic MGI 16S rRNA genes are more abundarbinciding with low oxygen levélsAt Stn 123, where we sampled
nearer the surface, especially in winter and early sfrinigh values alower oxygen layemmoAtranscripts were high compared to other
lower in summet. Collinset al*"also reported MG1 16S rRNA genesstations sampled at the same depth, but higher still at the base of the
in newly formed sea ice in the Beaufort Sea in October when lightphotic zone. While we did not directly measure nitrification, we
levels are rapidly decreasing. The lower expression that we obsespedulate that in the ArctiemoAgene maximum activity differed
nearer the surface compared to the halocline in March and Apfibm DNA gene distribution due to substrate availability over rel-
could be due to direct light inhibition or lack of substrate. The netvant time spans, withmoAtranscripts associated with Chlnd
effect was a decline mmoA near surface activity in spring whenammonium concentrations in the PCA analysis (Supplementary Fig.
phytoplankton activity begifd%* S2). In Baffin Bay, dissolved organic matter (DOM) is released by

Table 1| Sampling dates and time in Universal Coordinated Time (UTC), latitudes and longitudes, and surface values for photosynthetically
available radiation (Surface PARmmol photons m? se@?) at the time of sampling. UTC apparent sunrise and sunset calculated using the
NOAA ESRL. calculator.http://www.srrb.noaa.gov/highlights/sunrise/sunrise.html. Data not available (n/a)

Station UTC Date-Time Latitude Longitude UTC sunrise UTC sunset Surface PAR
Northern Baffin Bay

129 11/09/06 05:17 78 ul9.75 74 u00.84 09:07 00:36 1.74
123 13/09/06 12:55 77 u20.55 74 u38.44 09:30 0:14 74.71
109 17/09/06 14:19 76 ul5.28 74 ul10.39 10:00 23:38 369.50
Lancaster Sound

301 20/09/06 23:03 74 u7.44 83 u20.69 11:00 23:51 46.92
Amundsen Gulf

D14 08/01/08 14:05 71 u31.58 125 u35.76 never n/a 0
D29 10/03/08 17:26 71 u2.31 123 u54.65 20:30 01:58 0
D36 09/04/08 17:31 71 ul8.43 124 u34.32 12:32 04:11 n/a
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phytoplankton leakagé and zooplankton and protist grazitigrhis ~ diurnal activity during periods of low incoming solar radiation each
DOM is quickly broken down by bacterial activityThe higher day.

probable microbial activity at the base of the euphotic zone stand$n early September, the greatest concentrations of MGl 16S rRNA
out as the overiding factor associadéedoAtranscript abundance. In and amoAgenes in Baffin Bay were at the nitrate maximum, simi-
contrast, the surface MGI populations, are most likely maintained layly in the Pacific, the same two genes tracked nitrate concentrations

Table 2| Summary of clone
archaealamoA using DNA and cDNA as templates. Number of
clones from each library, and number of OTUs defined at a sim-
ilarity level of $ 97%. Depth of initial water sample collection in

libraries constructed targeti

meters (m)

Station Depth Template Clones Library OTUs
129 35 DNA 6 a.129.35.d 6

129 120 DNA 91 a.129.120.d 12

123 200 DNA 51 a.123.200.d 8

123 200 cDNA 32 a.123.200.r 5

123 280 DNA 86 a.123.280.d 11

109 110 DNA 19 a.109.110.d 4

109 110 cDNA 46 a.109.110.r 1

109 400 DNA 92 a.109.400.d 13

down the water columi However, our PCA showed that phos-
phorus and silica, with higher concentrations in deeper waters,

ng had a stronger relationship with gene copy numbers in Northern

Baffin Bay, consistent with the oceanography of the régidine
abundance of genes, but not transcripts, below the subsurface
chlorophyll maximum layer may be linked to loss rates. For example,
protists that graze on prokaryotes are also more abundant above the
nitracling. Alternatively, the lower numbers aMmoA transcripts

per MGI 16S RNA gene deeper in the water column could also be
due to inherent biological properties of dominant clades in deeper
waters®,

ForureG we detected the gene at all depths and stations, and in a
parallel study, the gene was reported in Amundsen Gulf in March
and Februard, indicating that MGI with theureCgene are widely
distributed in the Arctic, irrespective of season or depth. In contrast
to amoAtranscripts, which were detected in all samples, we only
recordedureCtranscripts in samples from January, when photosyn-
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Figure 6| Distance tree of th@moAgene from the Northern Baffin BayMajor clades A and B from (Franas$al.2005) are indicated; A.a coincides with
Ain Kalanetraet al.(2009). All reference sequences exbepharitimuswere from open water (Franos al.2005). Sequence names in this study consist
of station number and sample depth followed by d for DNA or r for RNA (from cDNA).
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thetic primary production was not possible because there is no lighiethods
and from a sample, collected from the bottom of the euphotic zonesampling Samples were collected from Amundsen Gulf during the Circumpolar
Lancaster Sound, which is a region of high biological aéﬁvity Flaw Lead System Study (CPlij winter 2008...2009, the North Water region of

R f orthern Baffin Bay between Ellesmere Island and Greenland from 11...17 September
The phylogeny of thamoAgene implies the presence of at lea 06 and from near Lancaster Sound on 20 Sept 2006 (Table 1). Samples for both

two distinct MGl ecotypes. AimoAtranscripts grouped within the missions were collected from the research icebreaker CCGS Amundsen. Water from

clade &', which is classed as a shallow gr8udore specifically, in the Amundsen Gulf was sampled from 2 depths: surface (ca. 10 m) and at the

our clone libraries the most abundant cDN#NOA clones were halocline thatis indicative of Pacific origin wat(sa. 50 m) in January, March and

closely related to each other and within a single sub-clade (A_Agril. The three Northern Baffin Bay stations, 109, 123 and 129, were sampled along a
S

. . . . Uth-north transect. Since the cruise was multidisciplinary, with constrained
This sub-clade was originally identified by Kalanetra Btfedm logistics, samples were taken opportunistically over the 24 h period (Table 1). All

the central Arctic Ocean, with representatives from the Southe&@awater samples were collected with 12-L Niskin type bottles (Ocean Test
Ocean, and may be typical for cold waters. In contrasipA Equipmgn_t) mounted on carousel rosette system equipped with a SBE-911 plus
sequences from cluster B, which is thought to be more represema% uptlvny—temperature—depth (CTD) profiler with a dissolved oxygen sensor.
fthe deep ocedh were never recovered from cDNA clone librarie ther instruments on the rosette system recorded fluorescence (.Seapomy),
0 g p g - ; . t$ansm|ssw|ty (WetLabs C-Star Transmissometer), photosynthetically active
suggesting this clade was dormant in Baffin Bay at the time of saggiation (PAR; Biospherical Instruments), and relative nitrate concentrations from
pling. DNA based and cDNA based clone libraries from the cential in situ ultraviolet spectrometer (ISUS) probe (Satlantic). Water sample depths
California Current recovered both A and B clusters and the A clust¥ge selected on the downward &asn particular, we followed the nitrate profile

. - : 45 andtargeted peak and minimum concentrations indicated from the ISUS trace. Eight
dominated in all but the deepest samfldecently Sintest al: depths at each station were selected for DNA and four to six for RNA analysis. DNA

explorecamoAgene diversity usirgmoAprimers designed to detect and RNA samples were filtered separately, both using a peristaltic pump system. Both
two distinct clades of the AOA; one associated mostly with less déptions included an in-line 3m pre-filtration through a 47 mm polycarbonate
waters and high ammonium concentrations (HAC) and the secoffjier- The entire system used to filter RNA was treated with RRegseprior to

. . . . filiration. One to seven L were filtered for RNA ac4n the dark, with a maximum
clade, occurring in deeper waters and with low ammonium CONC&{ration time of 3 hours. Samples for RNA were collected on 47 mm diameter

trations (LAC). Both primer pairs detected high concentrations @fnm pore size polycarbonate (PC) filters, which were placed in 1.8 mL cryovials
amoAHAC and LAC in an Arctic coastal site with co-occurrenceith RLT buffer (QIAGEN RNeasy) mixed with 1% beta-mercaptoethanol. The vials
down the water column. were immediately flash frozen in liquid nitrogen and store2i@@uC. For DNA, six L

. . of water were filtered through Orin Sterivex filter units (Millipore) and stored in
The co-occurrence of the two AOA clusters in the Arctic Oceagh‘f'f\'er at;’ 801:'23_ "9 ivex filter units (Millipore) !

even near the surface, is intriguing. Inspecting gene ratios from oWutrient concentrations: nitrite (N ), nitrate (NO7?), silicic acid (Si(OHy), and
gPCR results we note the potential of 2 copies ofatlm®A gene soluble reactive phosphate (SRP), were determined on board with a Bran and Luebbe
within ca. 60% of the MGI (with a 1.8 to 1 ratioarthoAgenes to 16S Autoanalyzer Il using standard protoc8isand detection limit of 0.08mol L * for

o : . the three nutrients. Ammonium was determined manually with the sensitive
rRNA genes), but fewer MG' containing theeCgene (with a ratl(_) fluorometric method of Holmest al>* and a detection limit of 0.0fmol L.
of 0.4). In effect, the persistence of a dormant B clade at Simigggen values from the CTD were calibrated at the Institut National Researche
occurrence rates (40% of our DNA template clones) and the obs®tientifique in Qiieec, Canada, using samples taken at discrete depths. Samples for

vation of aureCgene to MGI 16S rRNA gene ratio of 0.4 may btal chlorophylla (Chl &) were collected onto Whatman GF/F filters. These were
linked stored aR 80uC until extraction in 95% ethanBland concentrations determined by

. . . spectrofluorometry. Flow cytometry (FCM) samples were fixed with paraformalde-
Apart from its initial discovery in the coral reef endosymbi@nt hyde, flash frozen in liquid nitrogen and store?s80C>% This method does not
the archaealireCgene has been most often reported from deepéistinguish Bacteria and Archaea and we use the term bacteria for convenience.
waters or winter surface waters where concentrations of fresh organic
material would seem to be 16w The sporadic amplification ofeC Light manipulation experiment Samples from two photic depths, 25% and 1% of

. P . face PAR, were collected from near Lancaster Sound, where Arctic water enters
transcripts over a range of samples from the Arctic, is telllng. % rthern Baffin Bay (Stn 301, Table 1). The water from 25 m (25% PAR) and 80 m

mentioned earlier, th.ere appeared to be a light effect, but the rayiy, PAR) was collected into 18 IL PC bottles, and incubated a2} at either in the
and weak concentrations ofeCtranscripts may also be a result ofdark or at 0.6amol photons ni2 2 in bottles shaded with blue filters, which is
the ephemeral occurrence of urea itself in the Arctic environthentypical fg Siptelm?er at thi 25% r?hotIC_ deptZ-(25|%f$f Sug?ceRP,\/?E) in tge stult_i\xf/t
; ; ; ; ion. One bottle from each depth was immediately filtered for , as above. After
ZOOpIankton Qre the ”.‘a_'” source of .urea in the Arctic, with sonl5 cubations of 24 and 48 h, two replicate bottles for each treatment were filtered as
copepod species persisting and feeding near the surface and at gy&,—e_
depths throughout the Arctic wint&r Interestingly, one copepod
speciesicartia tonsareleases different forms of nitrogen dependingolecular biological techniquesDNA was extracted using a salt extraction
on diet; with a mixed diet of heterotrophic protists and diatom®ethod® as modified by Hardingt al>® and RNA extracted as in Churet al®°.

N i ; ; extracts were reverse transcribed and PCR amplified (RT-PCR) by using a high
resulting in greater release of urea compared to either dietary S()Lﬁ’@%city cDNA archive kit (Applied Biosystems) as specified by the manufacturer.

9 S - - c%
aloné®. Co_pepod speC|es_ in the Arctic are mostly opportunists an uantitative PCR was performed on a Dyad Disciple thermal cycler with Chromo
able to switch to the dominant food souttand thus the taxonomy 4 Real-Time Detector (Bio-Rad) in 96 well opaque gPCR plates with adhesive seals
of the protist plankton prey could also result in the variable urdgio-Rad). Primers and gPCR conditions, as wetinaeA ureCand MGI positive
concentrations. The episodic but poorly understood input of uré%m.“’IS and standard curves were the same as in AlonsceBak Primer spe-
into th di t d b fficient f intaini cificity was verified by running PCR products on gels, and sequencing the resulting
INto the surroun !ng waters C‘?U € suricient tor main a"mngingle bands from the individual primer sets. The triplicate standard curves and
Thaumarchaeotavith the capacity to scavenge and use urea asdgative controls (without DNA added) were subjected to qPCR along with the
carbon and energy source. While the archaeaCgene has been samples. Copy number per mL of seawater was calculated as describeéinZhu
reported in the Arctic and elsewhé?r,eranscriptional activity to date Eight clone libraries targeting the archa@aloAgene and transcripts were con-

. . structed using ArclamoA- and ArchamoAR primers®. Three separate PCR reac-
has only been reported in very deep waternd a coral symbloht tions containing 2, 3 or 4L of template were amplified to counter primer

The Sim”arity between the t\f\{o types Pf environments is not 0bviowsmpetition and increase the probability of recovering common gene v&tiEnts
except possibly the availability of animal generated urea. The three PCR products were pooled, and then purified with Qiaquick PCR
Overall we found evidence of two MGI populations, one activarification Kit (Qiagen), and cloned using the TA cloning kit (Invitrogen) according

e manufactureres instructions. Inserts were amplified with the vectorse M13
nearer the surface, and a second, deeper more dormant popula %l rs and resulting amplicons were analyzed by restriction fragment length poly-

which may be reliant on sporadic inputs of urea as a source of enef@phism (RFLP) following digestion witksa (New England Biolab). Up to 10

and carbon. Finally, whieemoAtranscript abundance was greater irtlones per pattern were sequenced to cover potential RFLP variants. Sequencing
the dark, light inhibition was not complete and transcripts persistégingle read) used the vectorss T7p universal primer and was performed at Centre
under low irradiance. The distribution of AOA in the Arctic sugges Orf;:g'gi gsey's'tlér;:‘srs'ﬂeava' (CHUL), Qubec, with an ABI 3730xI system
muI_tlpIe links between biological and physical properties in thiSthe sequences were compared to the NCBI GenBank nrint database using NCBI
region. BLAST* Non-redundant nucleotide and translated amino acid sequences are
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is Article contains an error in the le hand panel of Fig. 3: the incorrect data for in situ chlorophyll
uorescence is plotted. e correct Fig. 3 appears below as Fig. 1.

Figure 1.
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