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Abstract

Marine microbial communities are essential contobsi to global biomass, nutrient cycling,
and biodiversity since the early history of Earthdatheir stability is influencing
biogeochemical processes. In the present studyethperature response (in situ temperature
vs 20°C) of the meso- and bathypelagic prokaryatimmunity of the North Atlantic and the
Ross Sea in terms of dissolved inorganic carbol€)Bikation and community composition
was determined. The prokaryotic community compositwas assessed by 16S rRNA
fingerprinting and 454 Tag sequencing. At a temipeesof 20°C, DIC fixation was up to 230-
times higher than at in situ temperature. Thiseasp was observed for the North Atlantic, in
the Ross Sea, however, the increase in DIC fixatad®0°C remained insignificant. Although
significant differences in prokaryotic communityngposition were observed between the in
situ temperature and the 20°C incubations, thectede pressure applied as temperature
increase, did not lead to a convergence of thegsyaitic communities of the different water
masses incubated at 20°C. Sequencing revealed d ogntribution of the
gammaproteobacterial ord@ceanospirillalesto the total sequence abundance in the 20°C
incubations. Our results indicate a high metabplésticity among members of this order and
the potential of autotrophic DIC fixation indicatdyy the presence of genes for sulphur
oxidation and carbon fixation, present in sof@eeanospirillales(Swan et al. 2011). The
temperature response is apparently not ubiquitopdgent in all the world’s oceans albeit
widely distributed. The energy sources for thisrgamic carbon fixation of the deep-sea

microbial community remain enigmatic.
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1. Introduction

The availability of resources, selective loss fex®uch as grazing and viral lysis, and
physical parameters such as temperature and gaifitence the community structure of
marine microbes resulting in distinct patterns witpth and latitude (Agogué et al. 2011).
Although most major prokaryotic groups are cosmib@o) studies across the world’s oceans
have described latitudinal variation in communigmposition identified through 16S rRNA
gene phylogeny and DNA fingerprinting (Pommier ét 2006; Fuhrman et al. 2008;
Schattendorfer et al. 2009; Giovannoni & Vergin 20IThe past decade has brought further
insights into these community dynamics by applyarge-scale parallel pyrosequencing that
allow for efficient and deep molecular samplingtiké microbial community (Sogin et al.
2006; Gilbert et al. 2009; Agogué et al. 2011). ldwer, little information is available
connecting community composition and biogeochempeathmeters. Microbial communities
are sensitive to perturbations, as often obseryethd “bottle effect”, i.e., a rapid change in
microbial community composition when natural watare confined (Hammes et al. 2010;
Giovannoni & Vergin 2012). The stability of micratbicommunities is directly relevant to a
number of environmental processes. Of particulaer@st is whether biogeochemical
functions are maintained in response to changipgts(Giovannoni & Vergin 2012).

Metabolic strategies characterize microorganisnth végard to their ability to obtain
carbon and energy. The ability to assemble celenatfrom inorganic carbon is restricted to
autotrophic organisms. Therefore, autotrophic pgses are a crucial component of the global
carbon cycle transforming inorganic carbon intoamig carbon and thereby providing
nutrients for heterotrophic organisms (Hugler &&ig¢ 2007). The global redox balance of
the Earth as well as the G@nd Q concentrations in the atmosphere are regulatethdy
balance between autotrophy and heterotrophy. Basedur current knowledge of marine

ecosystems it can be assumed that a large fraofidhe organic matter synthesized by
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primary producers is converted to dissolved organatter (DOM) and is taken up almost

exclusively by bacteria and archaea (Azam & Malt2®07). This fraction can be seen as the
original source of organic material in an ecosysthat is due to carbon dioxide fixation by

photosynthetic bacteria, multicellular plants, @flidar algae, or chemosynthetic

microorganisms.

On average, one half of global primary producti@kes place in the oceans
(Falkowski et al. 1998; Field et al. 1998). Therefat is important to explore how organisms
use this carbon to establish spatio-temporal petef carbon and energy flux (Azam &
Malfatti 2007). A fraction of DOM is assimilated éme-introduced to the classical food
chain; however, the bulk is respired to carbon idiexy bacteria and archaea through the so-
called microbial loop, which is crucial for the ¢ipg of carbon (Azam et al. 1983). Although
these processes are known to occur in the photie,zbere is only fragmentary knowledge
on how they function in the dark ocean (below 20@mjl what the fuelling energy sources
are. In the past decade, chemoautotrophy has lbksriified as a significant metabolic
pathway in which energy is obtained from the oxatabf electron donors in the environment
and all necessary organic compounds are synthe$inad carbon dioxide and inorganic
nutrients (Swan et al. 2011; Anantharaman et &326lerndl & Reinthaler 2013). Some of
the identified energy sources fuelling this reactio form of reduced compounds might be
ammonia, urea, sulphide, hydrogen, iron and metbanée extent and availability of in situ
energy sources for chemoautotrophy in the dark rogsanot yet fully understood nor
quantified (Herndl et al. 2005; Anantharaman ef8l3; Herndl & Reinthaler 2013). Recent
studies suggest that the fixation of dissolvedgaarc carbon (DIC) in the dark ocean is of
the same order of magnitude as heterotrophic bisrpesduction (Alonso-Saez et al. 2010;
Reinthaler et al. 2010; Herndl & Reinthaler 201&)cording to this high DIC fixation, new
organic matter could potentially be synthesizedhim dark ocean fuelling the heterotrophic

food web (Herndl & Reinthaler 2013).
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During the Microbial Ecology of the Deep AtlantiIEDEA) cruise from October to
November 2011 (MEDEA-I) on board the RPélagiaan increase in DIC fixation rates was
observed after an accidental incubation of the obied community from deep waters at
elevated temperatures. Consequently, measuremebB dixation were also performed on
the subsequent MEDEA-II cruise from June to Julg2@nd the Tracing the fate of Algal
Carbon Export in the Ross Sea (TRACERS) cruise frabruary to April 2013 to further
investigate this temperature response. The incr@agamperature in incubation experiments
resulted in high @ values for DIC fixation. Based on these result® imvestigated
differences in the microbial community compositeomd diversity in incubations performed at
20°C and compared to those at in situ temperaw¥ee.used two microbial fingerprinting
techniques to elucidate changes in the communggamrse. Additionally, samples were for
454 Tag Sequencing (Roche) sequenced to gain matepth phylogenetic information on
the community composition. The community responas imvestigated to determine whether
changing one environmental factor such as temperatould lead to a convergence of
communities, regardless of their origin, i.e., eiféfint deep-water masses. With this approach
we also tried to identify taxa responsible for timerease in DIC fixation at elevated

temperature.



2. Material and Methods
Sampling

Seawater from specific water masses was collected the meso- and bathypelagic
eastern North Atlantic Ocean during the MEDEA-I afdl cruises with RV Pelagia
(MEDEA-I, October-November 2011; MEDEA-II, JuneyJi#012), and from the Ross Sea
during the TRACERS cruise on the RVBalmer (February-April 2013) and incubated at

either in situ temperature or at 20°C for 72 h (fFégl, Table 1).

Sampling was performed with a CTD (conductivity-femature-depth; Seabird,
Bellevue, WA, USA) rosette sampler equipped with24L Niskin bottles and sensors for

chlorophyll fluorescence, turbidity, photosynthedttive radiation and oxygen.
Experimental setup

A tremendous increase in DIC fixation rates waseoled after the accidental
incubation of 20 [* of seawater at 20°C during the MEDEA-I cruise. sTerendipical
observation led to incubation experiments on tleisearch cruise. Incubation experiments
were set up with 20 'L of North Atlantic Deep Water (NADW) and Meditersam Sea
Outflow Water (MSOW) incubated at in situ temperatand at 20°C for 72 h. On the
MEDEA-II cruise, experiments with four water masgesygen minimum zone [OMZ],
Labrador Sea Water [LSW], North Atlantic Central t&fa[NACW], and Iceland-Scotland
Overflow Water [ISOW]) were performed, again inctgzhat in situ temperature and at 20°C

for 72 h (Table 1).

To determine the composition of the microbial comitwin the in situ temperature
incubations and that at 20°C, microbial biomass eakected by filtering 20 1 of sample

through a 147 mm 0.2 pm pore size polycarbonat iGTTP Millipore) using a peristaltic



pump. The filters were preserved in RNAlater solut{Ambion) and kept at -80°C. In total,

14 samples each of 20'lwere obtained from the three cruises.
Determining prokaryotic abundance and DIC fixation

To determine prokaryote abundance, samples weesl fiith glutaraldehyde (2 %
final concentration), flash-frozen in liquid nitreg, stained with SYBR Green and

enumerated on a FACSAria Il flow cytometer (Bedokinson).

For DIC fixation measurements, seawater samplesn40f live samples in triplicate
and formaldehyde-fixed blanks in duplicate) wereutmated in the dark with*C-labeled
bicarbonate (3.7 x £0Bg, Amersham) at either in situ temperature orC265r 72 h. The
incubation was terminated by adding formaldehydtnéolive samples and filtering the water
through 0.2 um polycarbonate filters (Millipore)téx rinsing the filters with 0.2 um filtered
seawater, filters were exposed to fuming HCI forhiland then transferred to scintillation
vials, 8 mL of scintillation cocktail (Filter CountPerkin-Elmer) was added and the
radioactivity counted in a liquid scintillation cater (Perkin Elmer, TriCarb 2910TR) after 18
h. For replicate samples, the disintegrations perute (DPMs) were averaged, blank-

corrected, and converted into DIC fixation rates.
DNA extraction

Portions of the preserved filters were treated witbteinase K (1.25 pg niLfinal
volume) at 50°C for 15 min, and subsequently wygpkzyme (1.25 pg mit final volume) at
37°C for 15 min. The nucleic acids were extracteith whenol (pH 7.9) and phenol-
chloroform-isoamyl alcohol (25:24:1, by vol.). Thesidual phenol was removed by
extracting with chloroform-isoamylalcohol (24:1vy/ Nucleic acids were purified, desalted

and concentrated with UV-irradiated ultrapure M@li water. The quality and quantity of



DNA was checked on a NanoDrop 2000c (ThermoSciephtfy measuring the absorbance at

260 nm wavelength.

For efficient PCR amplifications, a second preeifpiin step was introduced in which
the salt concentration was adjusted to 0.2 M witiM SNaCl and isopropanol was used to
precipitate DNA. In order to improve this procead)NA carrier was used (0.5 pL of 20 mg
mL™ solution of glycogen). Samples were incubated migét at 4°C and then purified with

70% ethanol. The samples were kept at -80°C untihér analysis.
PCR conditions

For Terminal Restriction Fragment Length Polymospii(T-RFLP) analysis, PCR
amplification of the 16S rRNA gene was performethwiuorescently labelled primers. The
Archaea-specific primers 21F-6FAM and 958R-VIC gedd an amplicon of approximately
915 bp and the Bacteria-specific primers 27F-6FAM 4492R-VIC yielded an amplicon of
approximately 1500 bp (Table 2). Each PCR read®®nulL) was comprised of 2 uL of DNA
template, 28.8 uL of UV-irradiated ultrapure waleCR Grade), 0.2 puL of Taq polymerase, 5
puL of the corresponding buffer, 4 puL of dNTPs, 1 @fLBSA, 8 pL MgC} and 0.5 pL (50
pmol final concentration) of both primers. PCR waerformed in duplicate under the
following conditions: initial denaturing step at°@s(for 3 min), followed by 30 amplification
cycles of denaturing at 95°C (for 30 sec), annga#in 55°C (for 30 sec), and elongation at
72°C (for 1.5 min). Cycling was completed by a fiebongation step at 72°C (for 10 min),
followed by cooling at 4°C until further analysiShe amplicons were checked on a 1%
agarose gel and stained in a freshly prepared 25X TAE buffer containing SYBR Gold
(2:10,000) for 30 min. Duplicate PCR reactions wpomled and purified using the PCR
Extract MiniKit (5 Prime) following the manufactutge instructions. The purified PCR
amplicons were spectrophotometrically quantifiethva NanoDrop and stored at -20°C for

further analysis.
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For Denaturing Gradient Gel Electrophoresis (DG@Ig)y bacterial 16S rRNA genes
were amplified using Bacteria-specific primers 343€ and 907R vyielding an amplicon of
approximately 600 bp (Table 2). Each PCR reactfad |(L) consisted of 2 pL of DNA
template, 28.8 puL UV-irradiated ultrapure water PGrade), 0.2 pL of Taq polymerase, 5
puL of the corresponding buffer, 4 puL of dNTPs, 1 @fLBSA, 8 pL MgC} and 0.5 pL (50
pmol final concentration) of both primers. A touolmh PCR was performed in duplicates
under the following conditions: initial denaturirsgep at 95°C (for 4 min), followed by 5
amplification cycles of denaturing at 95°C (for 8€c), annealing at 60°C (for 30 sec), and
elongation at 72°C for 1 min followed by 25 aml#tion cycles of denaturing at 95°C (for
30 sec), annealing at 55°C (for 30 sec), and elwmgat 72°C for 1 min. Cycling was
completed with a final elongation step at 72°C I6rmin, followed by cooling at 4°C until
further processing. The amplicons were checked ¥ agarose gel and stained in a freshly
prepared 250 mL 1x TAE buffer containing SYBR G¢1d10,000) for 30 min. Duplicate
PCR reactions were pooled and stored at -20°Cuidhdr analysis. All PCR reactions were

performed on an Eppendorf Mastercycler Pro S.
Terminal Restriction Fragment Length Polymorphism (T-RFLP)

The amplified and purified 16S rRNA was used forcmbial community
fingerprinting by T-RFLP (Moeseneder et al. 200)C and FAM-labelled PCR products
were digested overnight at 37°C on an Eppendorftédagcler Pro S. Each digest contained
100 ng of purified PCR product, 0.2 pL of the resivn enzymeHhal, and the recommended
buffer (20 pL final reaction volume). For T-RFLPadysis, the product of the restriction
digest was desalted with Sephadex (GE Healthcafe &ciences, Sweden) and further
denatured in the presence of 10 pL Hi-Di formanideitrogen) per reaction at 95°C for 3
min. Additionally, each sample contained O& of GeneScan 1200 LIZ (Applied

Biosystems) marker for size determination of VIQG &AM fragments. For detection, the
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samples were run on a capillary sequencer (Apdesdystems) following the method of
Moeseneder et al. (2001). The obtained electropjnenass were first evaluated using the
PeakScanner Software (Applied Sciences) and thatysed with GelCompar Software
(Applied Maths, v.6.5) by converting electropheargs to virtual gel bands while
normalizing and linking them to the internal standél200 LIZ). Any peaks smaller than 50
bp or larger than 1200 bp were considered as renadithe primer or undigested fragments
and were therefore eliminated from further analy3é® resulting peaks of the labelled 16S
rRNA fragments were binned according to the fragmength. Thresholds for assigning
individual operational taxonomic units (OTUs) wexg follows: within 1 bp difference for
fragments shorter than 700 bp, £ 3 bp for fragméetsveen 700-1000 bp, and = 5 bp for
fragments longer than 1000 bp (Hewson et al. 20D&)a was exported as presence/absence

matrices (p/a) and further analysed with Primefé\soe.
Denaturing Gradient Gel Electrophoresis (DGGE)

DGGE was performed using an INGENYphorU-2 Systengd€hy International BV)
according to the manufacturer’s instruction mandzlass plates were cleaned with 96%
ethanol before gel casting. Depending on the cdraion of the PCR products, 15-20 pL of
the amplified sample was loaded on a 6% polyacrglangel containing gradients of 20% -
80% denaturants or 30% - 70% denaturants both mlged with 50 uL of 20% ammonium
persulphate and 5 pL of tetramethylethylenediamlite gradients depended on the volume
of 80% ureumformamide used while casting the gectEophoresis was run at a constant
voltage of 100 V at 60°C for 16 h in a 1x TAE buff€he gels were scanned by a Gel Doc
XR* Molecular Imager (Bio Rad). Individual bands weseised, re-amplified and inspected
by DGGE alongside the original sample. If the bamdse at the correct height as the original

samples, they were sequenced on a capillary sequéhgplied Biosystems).
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Cloning and Sequencing

Clone libraries of the 16S rRNA gene were establistor two samples to obtain more
detailed taxonomic information. PCR reactions weeeformed in duplicate, amplifying the
bacterial 16S rRNA gene using the same conditiangescribed above (Table 2). Cloning
reactions were performed with the TOPO TA Cloninigy (Kvitrogen, Carlsbad, CA, USA)
using TOP1(Escherichia colicells according to the manufacturer’s instructidiransformed
cells were plated on freshly prepared lysogenyhoi@B) plates containing 100 mg™L
ampicillin and 40uL of X-Gal (40 mg m[*) and incubated overnight at 37°C. After blue-
white screening, 8 clones per sample were randopitked with sterile toothpicks,
transferred onto a LB plate (master-plate) androsvg overnight at 37°C. For screening the
correct insert size, M13 PCR was performed usirgorebinding M13F and M13R primers
(Table 2) under the following conditions: one iaitdenaturing step at 95°C (for 4 min),
followed by 30 amplification cycles of a denaturigigp at 95°C (for 30 sec), annealing at
60°C (for 30 sec), and elongation at 72°C (for h)nand a final elongation step at 72°C (for
10 min). Amplicons were visualized on a 1% agamsie(SYBRGold staining), excised and
sequenced on a capillary sequencer (Applied Biesys})t. The sequences were aligned using
MEGA 5 and compared to known sequences using tke bacal alignment search tool

(BLAST, http://www.ncbi.nlm.nih.gov/BLAST, Altschudt al. 1990).

454 Tag Sequencing

Samples for tag pyrosequencing were sent to Rdseard Testing Laboratories
(Lubbock, Texas, USA) where bacterial primers 288 &19R were used for amplification
of the highly variable regions V1-3 of the 16S rRNfene (Table 2). Subsequent
sequencing was performed on a Roche 454 FLX/FL)atf@im following the company’s

standard protocol. Sequences were retained asasthfidwgram format files (sff) and
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further processed using two standard operation lipgse for 16S rRNA sequences.
Following the QIIME protocol, the sequence readsewassigned to their nucleotide
barcode and quality filtered by removing any lovalify or ambiguous reads (Carporaso et
al. 2010). In order to improve the data qualitynaximum of two primer mismatches was
allowed and the minimum average quality score ie oead was lowered to 23. For
calculating diversity indices and the analysis lohred OTUs between water masses and
incubations, the Mothur pipeline for 16S rRNA wased (Schloss et al. 2009). Again, a

maximum of two primer mismatches was allowed.

Calculations and Statistical Analysis

Qo

The Qo temperature coefficient for DIC fixation was cdited following the

formula:
(10 ‘

| ==
Rq \‘rz_flz
Q'UM(RE]

whereR is the rate of the reaction afids the temperature in degree Celsiug i® unit-less

as it is the factor by which a rate changes.
Variability of OTUs per water mass

The deviation (in %) was calculated for each comityusf a treatment pair (20°C

versusin situ temperature incubations) and for each @EUWollows:

XWM

deviation(%) —( X l(}()) —100

T

wherexwu is the relative abundance of a OTU in the 20°Qulration and Xt is the mean

relative abundance of this OTU in both incubatiPhgogué et al. 2011).
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Statistical analyses were performed with PRIMERI®DS, ANOSIM, SIMPER; Primer-E,
Ltd) and using the vegan software package impleedkint R (PCA; The R Foundation for

Statistical Computing).
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3. Results

Temperature dependency of DIC fixation

Prokaryotic chemoautotrophy, as determined by D¥@tibn, significantly increased
at an incubation temperature of 20°C with valuesta®30-times higher than at in situ
temperature (ranging from 1-3°C). These high DKation rates were measured for seawater
samples collected throughout the water column & e¢hastern North Atlantic (Figure 2).
Typically, Qo values range from 2-3 for biological systems. therNorth Atlantic, @, values

for DIC fixation rates ranged from 3.8 to 292 wath average of 48.5 + 56.4 (Figure 3).

In contrast, @ values of DIC fixation rates in the Ross Sea ayeua2.01 + 0.94
(range: 0.3 to 4.4, n=45, Figure 3). Neither inAtlantic nor in the Ross Sea, the increase in
DIC fixation was accompanied by a significant irage in prokaryote abundance over the 3-

day period.

Prokaryotic community response to elevated temperate determined by T-RFLP or

DGGE and cloning

Generally, the number of OTUs was lower for archeeaompared to bacteria in both
the in situ temperature and the 20°C incubatioregrgents performed during the MEDEA-I
and -1l cruises. Several OTUs were identified whiefre notably abundant in the 20°C but
absent in the in situ temperature incubations (feigl). No specific response of any of the
archaeal OTUs, however, was detected in the 20&Gbations as compared to the in situ
temperature incubations. Based on these resultsbdloterial community composition was

investigated in more detail by 454 tag sequencseg pelow).

Using DGGE, the bacterial community of the Ross &éantarctica clearly differed
in the band pattern from the bacterial communityhefAtlantic (Figure 5). For the MEDEA-I

samples, some bacterial OTUs were present in 20¢@bations which were absent in the in
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situ temperature incubations. Bands from the intaba of NADW and MSOW of the 20°C
treatment were excised and directly sequenced. Wlested, these sequences showed 99%
similarity to an uncultured 16S rRNA clone Alicanivorax borkumensisin alkane-degrading
Proteobacterium (Kasai et al. 2002). Clone libsaniere created from these two samples, and
eight clones were picked and sequenced for eacerwadss. Clone sequencing revealed a
number of sequences affiliated to SAR324 (99% secpiesimilarity), Chloroflexi (98%),

Alcanivoraxsp. clone (97%) an®leiphilussp. (96%).

454 Tag Sequencing

After processing 454 sequence data with two stahpi@elines for 16S rRNA (QIIME
and Mothur), the trimmed sequence reads were assigmOTUs (Table 4). The Chao and
Ace estimators and the Shannon and Inverse Simpsa@msity indices were calculated.
Generally, there is a clear decrease in alpha-sityeof the bacterial community in the 20°C
incubations compared to in situ temperature indabat The Ross Sea bacterial community
exhibited a low diversity in the in situ tempera&tumcubations and an even lower diversity in
the 20°C incubation. For the experiments with watd#lected from different water masses of
the North Atlantic, the highest diversity was olveer for the Mediterranean Sea Outflow

Water for both incubation temperatures (Table 4).

As revealed by Bray-Curtis similarity analyses awidualized in a non-metric
multidimensional scaling plot (Figure 6), the baielecommunities changed during the course
of the incubation in the 20°C treatment leadin@ wistinctly different community than in the
in situ temperature incubations at the end of theubation period of 72 h (p=0.006,
ANOSIM). In addition, the mean difference in Bray@s similarities of the bacterial
communities incubated at in situ temperature wa8 &77.3 and thus significantly different
(p<0.001, Wilcoxon signed rank test) to the medfeince (47.1 £ 22.9) of the communities

incubated at 20°C (Figure 7). When related to edbhbr, the Bray-Curtis similarities showed
~17 ~



a significant correlation indicating that the urgierg patterns of the observed community
shift was similar in the incubations at in situ fmrature and at 20°C (Rho=0.74, p=0.004,
Mantel test). The main factors responsible for shéts in the bacterial community were

temperature (p=0.021) and DIC fixation rates (p8@)0as revealed by principal component

analysis.

Similarity percentage (SIMPER) was used to deteemirhich individual sequence
contributed most to the dissimilarity between tteatments. The taxa mainly responsible for
the shift in the bacterial community in the 20°€attment were identified &elagibacteracea
(contributing 38.6% to the observed dissimilarity)Oleiphilacea (contributing 17.1%),
SAR324 (7.4%),Alcanivorax (3.8%), and SAR202 (3.1%) (Table 3). Thus, theseciss
together accounted for a change of 70% from thenmelative abundance and were therefore
taken into further consideration (Table 3). The é&vidtion of the relative OTU abundance in
the 20°C incubations calculated from all sequermedances of both treatments was +76.8-
100% in relative abundance @ileiphilaceain the bacterial community of all the water
masses, as well as an increase of 90.4-98.7%ldanivoraxin all samples except in the
bacterial community of the oxygen minimum zone (OMZAd the Labrador Sea Water in the
20°C treatments. In contrast, SAR324d SAR20alecreased in relative abundance by 23.0-
99.6% and 1.8-100%, respectively, in all the baatexommunities collected from all the
water masses incubated at 20°C. The relative almgedafPelagibacteracealecreased in the
20°C incubations in the bacterial communities aiéld in all the water masses except for a
slight increase in the OMZ (0.5%) and Mediterran&ea Outflow Water (1.8%). The
bacterial community of the Ross Sea exhibited galyetarger fluctuations in the 20°C

incubations than the bacterial communities of tloetiNAtlantic water masses (Figure 8).
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4. Discussion

Changes in the microbial community upon increasinghe temperature

The clear differences observed between the in teitoperature and the microbial
communities incubated at 20°C as obtained by biotefprinting techniqgues and sequence
data, are partially due to the loss in alpha diteras seen by the Inverse Simpson Index
(Table 4). Interestingly, this did not lead to grsficant change in prokaryotic abundance.
Previously active microbes might become inactivelainthese specific conditions while
previously inactive ones might become active. Thiguld lead to a stable microbial

abundance while inducing shifts in the communitsnposition.

While elevated DIC fixation rates and highg@alues (average 48) were obtained for
the microbial communities throughout the North Atle, similar responses were not detected
for the microbial community of the Ross Sea. TheasRRSea bacterial community was very
different from the North Atlantic bacterial commties (Figure 5) and was generally lower in
diversity in both treatments (the in situ tempemtand the 20°C incubations) than the North
Atlantic bacterial communities. Distinct meridiongdadients in surface properties separate
waters of the Southern Ocean around Antarctica filoenwarmer and saltier waters of the
subtropical circulations (Orsi et al. 1995). Thesteard flow of the Antarctic Circumpolar
Current south of the Subtropical Front is driven thg world's strongest westerly winds
(Trenberth et al. 1990). Thus, the Antarctic Cirpatar Current efficiently isolates the waters
around Antarctica from the waters further northteerling into the bathypelagic zone
(Trenberth et al. 1990). Hence, these (sub)polaarktic waters exhibit physical, chemical
and (micro)biological characteristics distinctlyfdrent from the waters adjacent to the north

(Piola et at. 1982, Orsi et al. 1995).

~19 ~



Beta-diversity of communities

Although the composition of the bacterial commustichanged when incubated at
20°C, this did not lead to a convergence of thesensunities collected from different water
masses (Figure 7). By relating those two incubatimneach other, it becomes clear that the
distance between the communities decreased butttheture of the bacterial communities
incubated at in situ temperature remained simifaticating that the communities that were
distant at in situ temperature remained dista@0aC. Temperature is generally considered to
be a major selection factor of microbial commusitifhe commonly observed depth
stratification of microbial communities reported the global ocean is assumed to be mainly
mediated by temperature in addition to substrat@ahility (DeLong et al. 2006, Giovannoni
et al. 2005). As the bacterial assemblages arerwadss-specific, different bacterial taxa
might respond to elevated temperature in the differwater masses explaining our

observations.

Taxa-specific response to elevated temperature

Five taxa were responsible for 70% of the shifthe bacterial community at elevated
temperature (Table 3)Pelagibacteraceaethe SAR11 clade, contributed most to these
changes (38.6%). The SAR11 clade is a lineage iubiegly present in the marine
environment, estimated to account for 25-50% opedkaryotic cells in the ocean (Morris et
al. 2002). The relative sequence abundance of thB1$ clade decreased in all the
incubations with water from nearly all water mas@égure 8). SAR324 and SAR202 are
both typical deep-water bacteria increasing in rthrelative contribution to the overall
bacterial abundance with depth (Varela et al. 200g)gué et al. 2011; Lekunberri et al.
2013), indicating their adaptation to low temperaturhis might explain their decrease in

relative sequence abundance in the 20°C incubations
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Oleiphilaceaand Alcanivoraxare both Gammaproteobacteria belonging to the same
order of Oceanospirillales Analyses of single amplified genomes from the opetagic
Atlantic Ocean, screened for several key genes atindi DIC fixation and
chemolithoautotrophic energy acquisition, indicatbdt Oceanospirillalespossesses genes
for both DIC fixation and sulphur oxidation (Swaha. 2011). Sequences coding for the
large subunit of ribulose-1,5-bisphosphate-carbasgdoxygenase (RuBisCO), the key
enzyme mediating the Calvin-Benson-Bassham cyclerewrecovered in 25% of
Gammaproteobacteri&uBisCO-containing bacterial lineages are foundughout the dark
oxygenated water column. The energy source of thlesmoautotrophs is reduced inorganic
sulphur, which is rare in the water column. Therefat is not clear what the sources of
reduced sulphur compounds are for chemolithotroph&rgy acquisition (Walsh et al. 2009,
Swan et al. 2011). OuWleiphilaceasequence obtained from the incubations at 20hlg
87% similar to the sequence described in Swan é2@&l1). However, when compared to
sequences from th@leiphilaceafamily that are known to be heterotrophic (Golyshbt al.
2002), the similarity varies between 84-89%. Judgfrom these results our obtained
sequences indicate high metabolic plasticity in trder of Oceanospirillalesas some
members show potential for chemoautotrophy whieanivorax sp. clearly shows a
heterotrophic metabolism. This could indicate t@ne species of this order are mixotrophs
and have the potential for autotrophic gi®@ation with coupled oxidation of reduced sulphur

compounds (Swan et al. 2011).

Although of the @ value for DIC fixation of the microbial communibtf the Ross
Sea varied only from 2-3 and thus shows a commobgerved temperature dependency of
biological activity, sequence data indicate an éase in the same taxa as for the North
Atlantic water masses. The relative abundanc®adanospirillalesncreased from 17.8% in

the in situ temperature incubation to 60.8% at 20®@m these 60.8%, 53.1% are due to an
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increase in the relative abundanceAtfanivoraxand 3.0% due to an increaseOteiphilus
This provides further evidence for a significandifferent bacterial community composition
in the Ross Sea compared to the North Atlantichations. Additionally, the increase in the
relative abundance @leiphilusin the 20°C incubations was substantially lowethe Ross
Sea than in the Atlantic water masses (17.3% +)14ighlighting the potential for DIC

fixation by this group.

Archaea

Archaea constitute a significant component of theka@ryotic plankton in the ocean
(DeLong et al. 1992; Fuhrman et al. 1992) and dtaive studies revealed that
Thaumarchaeotanight account for ~20% of all prokaryotic cellsthre global ocean (Karner
et al. 2001). Several key features for autotropifghsas ammonia oxidation Mitrosopumilus
maritimus (Kénneke et al. 2005) and the presence of ammananooxygenase in
Cenarchaeum symbiosu(iallam et al. 2006) have been found in archadiamafg the
potential of inorganic carbon fixation in this damaHowever, there is evidence that some
Thaumarchaeotaare likely heterotrophs or mixotrophs, utilizingganic carbon such as
amino acids (Ouverney & Fuhrman 2000; Teira e2@06; Varela et al. 2008; Reinthaler et
al. 2010). Studies in the dark ocean of the Attarftiave shown that even though
Thaumarchaeotaontribute up to 20% to the prokaryotic abundaricey might contribute
less to the bulk DIC fixation than bacteria (Varetaal. 2008). Additionally, growth rates of
archaea are about one magnitude lower than thoseedbtal prokaryotic community in the
meso- and bathypelagic North Atlantic (Herndl e28I05). When applied to our results of the
incubation experiments, this might explain why &avere no significant changes in the

archaeal community identified by T-RFLP during toairse of the incubations.
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Anaplerotic pathway

Bacterial uptake of inorganic carbon might indictite presence of chemoautotrophic
bacteria as discussed above or an anaplerotic oistabresponsible for the uptake of €O
Laboratory studies have shown that the anapleoptiake of CQ might be responsible for 1-
8% of the cellular carbon in bacteria if easily atmilizable substrate is available (Roslev &
Larsen 2004; Reinthaler et al. 2010). Since the D@l in the dark ocean is considered
refractory, anaplerotic reactions likely play omlyninor role in the DIC uptake of bacteria in
the dark ocean (Ashworth et al. 1966; Roslev & £arg004; Herndl et al. 2005; Reinthaler et
al. 2010). Presumably, anaplerotic metabolismss & some degree temperature-dependent.
Taken together, it appears unlikely that anaplerotietabolism strongly influenced the
measured DIC fixation rates in our experiments.

DIC fixation and energy acquisition

The high DIC fixation rates measured at elevatedperature in our experiments
require energy sources to fuel the associated mikdtab Based on our incubation
experiments, we conclude that there are energyceswavailable in the deep ocean fuelling
these high levels of DIC fixation at elevated terapgres which are only inefficiently used or
not accessible at the in situ temperature of ard#3€C. Qqo values for the DIC fixation in
our incubations averaged 48.5, which is substayntigdher than the typical Qvalues of 2-3
commonly reported for biological systems (Skyrirf®1, Westrich 1988) supporting the view
that reduced inorganic energy sources are accesatbélevated temperature. Overall, the
nature of the energy sources thriving the obsehigd Qy values of DIC fixation remains

enigmatic.
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5. Conclusion

A significant shift in the bacterial community coogition was observed after
increasing the temperature to 20°C in incubatiopeexents with deep ocean microbial
communities commonly thriving at in situ temperatirof around 2°C. This elevated
temperature, however, did not lead to a converganttee community composition in natural
microbial communities collected from several majeep-water masses. Sequencing results
indicate a high metabolic plasticity in the gamnuapobacterial group ddceanospirillales.
Q1o values of around 50 for DIC fixation in deep ocemitrobial communities have been
obtained in this study throughout the Atlantic deegters but not in the waters of the Ross
Sea, Antarctica. These highdalues indicate that the increase in temperatciieaded parts
of the microbial community not active under in siimperature conditions or alternatively,
that anaplerotic reactions of the heterotrophicrati@l community are greatly stimulated
under elevated temperature conditions. Albeit thece mechanisms driving this enhanced
DIC fixation remain enigmatic, this newly discoverenetabolic process of dark-ocean
bacteria calls for more detailed studies on this fecet of dark-ocean microbes particularly
on the differences in the;@Qvalues of DIC fixation in microbial communities déep Atlantic

and the waters around Antarctica.
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6. Tables and Figures

Table 1 Depth and temperature of the water masses samgidlef incubation
experiments under in situ temperature and at 20°C.

ISOW: Iceland-Scotland Overflow Water, NACW: Nor#itlantic Central
Water, LSW: Labrador Sea Water, OMZ: Oxygen Minimdione, MSOW:
Mediterranean Sea Outflow Water, NADW: North Atiaribeep Water, AAW:

Antarctic Mode Water

Water mass | Depth (m) | In situ potential | Cruise
T (°C)

ISOW 2000 3.0 Medea I
NACW 400 4.9 Medea II
LSW 1800 35 Medea Il
oMz 512 8.4 Medea Il
MSOW 1200 7.0 Medea |
NADW 2750 25 Medea |
AAW 275 -3.0 Tracers
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Table 2 Archaeal and bacterial primers ugedthe amplification of 16S rRNA genes and the TT®TA® Cloning product.

Method Target Primer Sequence 5‘ to 3 Annealing tmperature | Company Reference
°C)
Archaea
TRFLP 16S rRNA 21F-6FAM| TTCCGGTTGATCCYGCCGGA 55 érmoScientific DelLong, 1992
958R-VIC | YCCGGCGTTGAMTCCAATT 55 ThermoScientific Deng, 1993
Bacteria
TRFLP 16S rRNA 21F-6FAM| AGAGTTTGATCCTGGCTCAG 55 a@tmoScientific DelLong, 1992
1492R-VIC | GGTTACCTTGTTACGACTT 55 ThermoScientific Delong, 1993
DGGE 16S rRNA 341F-GC CGCCCGCCGCGCCCLCGLCGLCCCGCAG 65 ThermoScientific Muyzer et al. 1993
907R CCGTCAATTCMTTTGAGTTT 65 ThermoScientific Mugr et al. 1994
Cloning pCR8®/GW/TOPO®| M13F GTAAAACGACGGCCAG 60 Invitrogen Invitrogen TO-
vector PO®TA®KIt
M13R CAGGAAACAGCTATGAC 60 Invitrogen InvitrogenQ-
PO®TA®KIt
454 Tag 16S rRNA 28F GAGTTTGATCNTGGCTCAG PCR performed by Provided by Research | Lane et al. 1991
Sequencing company and Testing Laboratories
519R GTNTTACNGCGGCKGCTG PCR performed by Provided by Research | Turner et al. 1999

company

and Testing Laboratorie
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Table 3 Percentages of contribution to the dissimilaritytio¢ bacterial community in the
20°C treatment, calculated by Similarity percensadSIMPER) analysis. Cumulative

percentages demonstrate thereasing cumulative % of dissimilarity.

Bacterial taxa Contribution% | Cumulative%
Pelagibacteraceag 38.6 38.6
Oleiphilaceae 17.1 55.6
SAR324 7.4 63.1
Alcanivorax 3.8 66.9
SAR202 3.1 70.0

Table 4 Sequence Information and Diversity indices obtaibgd454 tag sequencing. Total
reads were assigned to OTUs after trimming. TheoGiml ACE estimate predict an average
number of OTUs per sampl€he Shannon and the Inverse Simpson Index arerbe#sures
of alpha-diversity.

Cluster dista 0.03

Sample ID Total Reads Assigned OTUs  Chao Ace Sharmo Inverse Simpson
OMZ in situ 16491 1896 2812.113268.71| 6.11 134.69
OMZ 20°C 6947 795 1126.241116.81 4.8 15.73
LSW in situ 2723 312 401.1 416.9 4.64 37.75
LSW 20°C 10848 873 1335.561602.08| 4.84 23.4

NACW in situ 732 232 387.89 529.67 4.82 71.82
NACW 20°C 1462 385 740.11 1068.26 4.88 35.09
ISOW in situ 1743 407 589.68 565.77 5.22 71.07
ISOW 20°C 911 175 233.29 234.98 4.08 17.4

NADW in situ 1811 523 805.12 840.58 5.64 165.2
NADW 20°C 11892 1472 2247.892730.13 5.7 68.81

MSOW in situ 2209 566 822.43 802.93 5.76 181.55
MSOW 20°C 1641 520 853.88 864.44 5.58 120.81
AAW in situ 8893 437 885.76 1119.42 3.84 12.53
AAW 20°C 4242 121 169 181.45 1.93 3.6
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Figure 1. Location of samples collected at the MEDEA-I cruiselicated by full circle) in
October and November 2011 and MEDEA-II cruise @atkd by full triangles) in June and

July 2012.
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Figure 2. Distribution of DIC Fixation rates throughout theater column of the Atlantic

Ocean measured at in situ temperature and at 20agr samples were collected during the

MEDEA | and Il cruise.

~ 29 ~




Qw values:insitu T vs. 20°C

0 50 100 150 200 250 300
0 = | | | | | |
5008 «
1000 .. ¢ )
= 1500 x
= —|B e
2 2000 .
@
T 2500
& oh © &
3000—p < A MEDEA-1
3500 — < MEDEA-2
B Ross Sea
4000—=-
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Qo of 3 representing typical values for biologicast®ms.
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Figure 4. Presence/absence matrix of bacterial OTUs obtadigyeB RFLP of 16S rRNA gene in incubations at iuggmperature and at 20°C of

microbial communities collected from different wateasses in the Atlantic during the MEDEA-I and ctluise. Highlighted in red are OTUs

present in the 20°C incubations but absent in thbge situ temperature. For abbreviations of watasses see Table 1.
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Figure 5. Band pattern obtained by DGGE gel of bacterial IBBIA genes from the
community obtained in incubations at in situ tenapere and at 20°C. AA#3 represents

Antarctic Mode Water.
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Figure 6. Ordination of bacterial communities by non-meialtidimensional scaling
analysis of 454 tag sequence data based on Braig Gimilarities. Communities are
plotted according to water masses and incubatliog; symbols represent communities
incubated at in situ temperature, red symbols atdibacterial communities obtained
from 20°C incubations. The water mass from wheeebidicterial community has been

collected is also indicated. For abbreviationshefwater masses see Table 1.
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Zusammenfassung

Marine mikrobielle Gemeinschaften tragen seit dehgeschichte der Erde wesentlich zur
globalen Biomasse, dem Nahrstoffkreislauf, der Biexitat und ihrer Stabilitat bei und sind
unmittelbar relevant fur eine Reihe von Umweltbglem In der vorliegenden Studie wurde
die Zusammensetzung der prokaryotischen Gemeirtsahdhkubationsexperimenten mit
unterschiedlichen Wassermassen aus dem Meso- uhgipgtagial des Nordatlantik und des
Ross-Meers der Antarktis mit mikrobiellem Fingemalmk und 454 Tag Sequenzierung
analysiert. Wahrend der Inkubation wurde die Termaper auf 20°C erhoht, und dieser
Temperaturanstieg fihrte bis zu einer 230-fach teheFixierung von geldéstem
anorganischen Kohlenstoff im Vergleich zu den Iréidnen bei in situ Temperatur. Diese
Ergebnisse wurden fir den Nordatlantik erzielt, Ross-Meer der Antarktis blieb der
signifikante Anstieg der anorganischen Kohlensiia#ifung jedoch aus. Obwohl signifikante
Unterschiede in den Prokaryten-Gemeinschaften hersaer in situ Temperatur und den
20°C Inkubationen im Atlantik gemessen wurden, tihder induzierte Selektionsdruck in
Form der Temperaturerhbhung nicht zu einer Konvergder Gemeinschaften bei 20°C .
Sequenzierung der 16S rRNA ergab einen hohen Amteil Gammaproteobakteriether
Ordnung Oceanospirillalesin der Abundanz der Sequenzen aus den 20°C Inkuleat
Unsere Ergebnisse zeigen eine hohe metabolisclstizZREt unter den Mitgliedern dieser
Ordnung und das Potential der autotrophen anorgagrisKohlenstofffixierung durch Gene,
die fur die Schwefeloxidation und die Kohlenstodiirung kodieren. Diese Gene wurden in
einigen Oceanospirillales (Swan et al. 2011) nachgewiesen. Die erhdohte an@ghe
Kohlenstofffixierung bei erhdhter Temperatur in f§ee-Mikroben ist im gesamten Atlantik
zu messen, nicht aber in den Antarktischen Gewdssems auf eine spezifische

Biogeographie dieser Mikroorganismen hinweist.
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