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Résumé

L’océan Arctique et les perturbations de son fonctionnement liées au réchauffement
global constituent une préoccupation majeure de la communauté scientifique mondiale.
Alabase du fonctionnement de I'Océan Arctique se trouve la production primaire, assurée
par des organismes sympagiques appelés algues de glace. Ces dernieres peuvent assurer
dans certaines régions arctiques jusqu’a 60% de la production primaire totale. Etant
donné la relative faible activité de dégradation de ce matériel par le bacterioplancton dans
ces régions (entre 25 et 80% du bacterioplancton étant mort ou inactif) et la capacité du
matériel sympagique a chuter rapidement vers les sédiments, les algues de glace
contribuent fortement a 'export de carbone atmosphérique vers les fonds marins. La
faible activité de dégradation du bacterioplancton peut étre attribuée a : (i) un stress
osmotique dans les canaux de saumure hypersalés de la glace, (ii) un stress chimique lié
a la production de composés bactéricides par les algues de glace ou (iii) un stress
photooxydatif.

L’objectif de cette these est donc de mieux comprendre 'impact de ces différents
stress sur |'état physiologique des bactéries associées au matériel sympagique et sur la
préservation de ce dernier le long de sa chute vers les sédiments. L’effet des stress halins
et chimiques a pu étre mis en évidence via I'analyse de nombreux échantillons de
particules en suspension, en sédimentation ou de sédiments récoltés lors de diverses
campagnes de prélevement dans |'’Arctique Canadien. Ces analyses ont démontré
I'importance du stress halin sur les bactéries associées aux algues sympagiques,
notamment au début du cycle de fonte, qui est a I'origine d'une activité de biodégradation
moindre par des bactéries associées. L'importance du stress lié a la production des acides
gras libres par les algues de glace, notamment en cas de forte irradiation de ce matériel a
également été mis en évidence. En effet, les quantités d’acide palmitoléique libre
mesurées dans nos échantillons (allant jusqu’a 4,8 mg.L-1) semblent étre a l'origine de la
forte mortalité (pouvant aller jusqu’a 75%) des bactéries associées observée dans la glace
et dans les particules. L’'importance du stress photochimique sur les bactéries
sympagiques ainsi que la résistance accrue des bactéries pigmentées a ce stress ont aussi
pu étre démontrées. Ces résultats peuvent en partie expliquer la forte occurrence de
bactéries pigmentées dans les communautés de bacterioplancton en fin de blooms

phytoplanctoniques.
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Abstract

The Arctic Ocean and the expected disruption of its functioning due to global warming
is a major concern for the scientific community. The root of the Arctic Ocean functioning
is primary production, covered by sympagic (ice-associated) organisms called sea-ice
algae. These sea-ice algae provide up to 60% of the annual primary production, depending
on the region. Given the apparent low degradation activity of the bacteria associated to
this material in Arctic regions (between 25-80% of dead or inactive bacterioplankton),
and the high sinking rates of sympagic algae, it is expected that sea-ice algae contribute
significantly to the export of atmospheric carbon to the seafloor. This weak activity may
be attributed to: (i) osmotic stress in hypersaline brine channels of ice, (ii) chemical stress
linked to the production of bactericidal compounds by sympagic algae, or (iii)
photochemical stress.

The main objective of this thesis is to better understand the impact of the stresses
on the physiological state and the degradation capacities of bacteria associated to
sympagic material, and the subsequent preservation of the latter along its fall to the
sediments. The impact of saline and chemical stress has been highlighted through the
analysis of numerous samples of suspended or sedimenting particles and surface
sediments collected in the Canadian Arctic. These analyses have demonstrated the
significance of saline stress, especially during the early stages of the melting season on
bacteria associated with sympagic material, resulting in a very low to no degradation
activity. The importance of stress related to the production of free fatty acids, especially
in cases of strong irradiation of sea-ice algae has also been put forward. Indeed, the high
concentrations of free palmitoleic acid (up to 4,8 mg.L-1) measured in ice might be at the
origin of the high mortality of associated bacteria measured (up to 75%). Finally, the
importance of bacterial photochemical stress in ice and the better resistance of pigmented
bacteria to this stress were also demonstrated. These results may partly explain the high
occurrence of pigmented bacteria in bacterioplankton communities at the end of bloom

events.
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FIGURE 1.17 : LE « GO SYSTEM » EN CAS DE STRESS OXYDATIF DE L’ADN. DIFFERENTES VOIES SONT
POSSIBLES. PREMIEREMENT MUTT PEUT HYDROLYSER L’'ODGTP EN ODGMP, INACTIVANT LA BASE
DANS LE POOL DE NUCLEOTIDE. SI L’°DGTP EST INCORPORE DANS L’ADN, soIT MUTM EXCISE LA
BASE ET LE SITE ABASIQUE EST REMPLACE PAR UN DGTP, SOIT LA REPLICATION A LIEU. DANS CE CAS,
UNE ADENINE PEUT ETRE ASSOCIEE AVEC LA °DGTP ET ETRE RETIREE PAR MUTY. SI MUTY NE
RETIRE PAS L’ADENINE, CELLE-CI SERA LA CAUSE D’'UNE TRANSVERSION G ->T. D’APRES AGNEZ-
LIMA ET AL.; 2012, MODIFIE.uiuistirsrereseseesssessssssssssasessssssssssssssssssssssssssssssssssssssssssessssssssssssssssssssssssssssnes 63

FIGURE 2.1: MAP OF THE STUDY AREA WITH LOCATION OF THE STATION INVESTIGATED IN DAVIS STRAIT.
THE WHITE CIRCLE ON THE ENLARGED MAP OF WESTERN DAVIS STRAIT INDICATES THE SAMPLING
LOCATION . cuuttteteereessussssssreresesssessssssssesesesessassssssssssssssasssssssssssesesessassesesssessenssssssssnsnssesenssssssssssessssensassssssnens 104

FIGURE 2.2: TIME SERIES OF CORE PARAMETERS AND BIOMARKERS IN SEA ICE. TIME SERIES OF (A) SNOW
(N=8-17) AND ICE THICKNESS (N = 8-22), WHERE ERROR BARS ARE STANDARD DEVIATION (SD)
OF THE MEAN; (B) BRINE SALINITY IN BOTTOM ICE (0-10 CM, BLACK DIAMONDS) AND AVERAGED
FOR THE WHOLE SEA ICE CORE (GRAY CIRCLES), WHERE ERROR BARS ARE SD OF THE MEAN (N = 10-
15) AND SURFACE SEAWATER SALINITY IS REPRESENTED IN WATERMARK (ADAPTED FROM AMIRAUX
ET AL., 2019); AND (C) CONCENTRATIONS OF CHL A AND PALMITOLEIC ACID IN THE BOTTOM 0-3
CM SEA ICE SECTION (3-4 SECTIONS POOLED PRIOR TO ANALYSIS) FROM MAY 18 TO JUNE 08, 2016,
AT THE SAMPLING LOCATION IN DAVIS STRAIT (FIGURE 2.1 )ucvvirresrrerrenseressessssessessssesssssssessssssnens 112

FIGURE 2.3: TIME SERIES OF LIGHT PARAMETERS IN SEA ICE. TIME SERIES OF (A) PHOTOSYNTHETICALLY
ACTIVE RADIATION (PAR, BLACK DIAMONDS) AT 1.3 M, UNDERNEATH THE ICE (SEE TEXT); AND (B)
SYMPAGIC ALGAE SATURATING IRRADIANCE (EK, GRAY CIRCLES) IN THE BOTTOM (0-1 CM) SEA-ICE
SECTION FROM MAY 18 TO JULY 08, 2016, AT THE SAMPLING LOCATION IN DAVIS STRAIT (FIGURE

FIGURE 2.4: TIME SERIES OF BACTERIAL ABUNDANCE IN SEA ICE. BACTERIAL ABUNDANCE IN THE BOTTOM
(0-3 CcM) SEA-ICE SECTION FROM MAY 18 TO JUNE 29, 2016, AT THE SAMPLING LOCATION IN DAVIS
STRAIT (FIGURE 2.1), WHERE THE VALUE FOR EACH DATE REPRESENTS 3-4 POOLED SEA-ICE
SECTIONS. CHLOROPHYLL PEAKS OCCURRED ON 1 AND JUNE 15, 2016, AND CONCENTRATIONS OF
BACTERICIDAL PALMITOLEIC ACID INCREASED THEREAFTER (FIGURE 2.2C). cevvoveveerereneeresenssnenns 113

FIGURE 2.5: TIME SERIES OF BACTERIAL OSMOTIC STRESS SIGNALS IN SEA ICE AND SINKING PARTICLES.
TIME SERIES OF TRANS/CIS RATIOS IN (A) THE BOTTOM (0-3 CM) SEA-ICE SECTION, AND SINKING
PARTICLES COLLECTED AT (B) 2 M AND (C) 25 M FROM MAY 18 TO JUNE 29, 2016, AT THE
SAMPLING LOCATION IN DAVIS STRAIT (FIGURE 2.1). THE DASHED LINE INDICATES THE THRESHOLD
STRESS VALUE OF 0.1 AS DEFINED BY GUCKERT ET AL. (1986). ERROR BARS CORRESPOND TO
STANDARD DEVIATION OF THE DIMETHYLDISULPHIDE (DMDS) DERIVATIVE PEAK INTEGRATION
(SEE TEXT; N = 3 FOR A, B, AND C).euerirereeeeeeeeeeeseeessessessssssssssssssssssssssssssssssssssssssssssssssssssesas 114

FIGURE 2.6: TIME SERIES OF BACTERIAL VIABILITY IN SEA ICE AND SINKING PARTICLES. TIME SERIES OF
THE DEAD PERCENTAGE OF ATTACHED BACTERIAL COMMUNITIES IN (A) THE BOTTOM (0-3 CM) SEA-
ICE SECTION, AND IN SINKING PARTICLES COLLECTED AT (B) 2 M AND (C) 25 M FROM MAY 18 TO
JUNE 29,2016, AT THE SAMPLING LOCATION IN DAVIS STRAIT (FIGURE 2.1). ERROR BARS INDICATE
STANDARD DEVIATION (N = 2 FOR A, B, AND C); A* INDICATES NOT DETECTED; B* INDICATES NOT
MEASURED. ...cueueueseessessessessessessesssssesssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssesaes 115

FIGURE 2.7 : TIME SERIES OF FREE FATTY ACID STRESS SIGNALS IN SEA ICE AND SINKING PARTICLES. TIME
SERIES OF 10(S)-HYDROXYHEXADEC-8(TRANS)-ENOIC ACID CONCENTRATION IN (A) THE BOTTOM
(0-3 cM) SEA-ICE SECTION AND IN SINKING PARTICLES COLLECTED AT (B) 2 M AND (C) 25 M FROM
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MAY 18 TO JUNE 29, 2016, AT THE SAMPLING LOCATION IN DAVIS STRAIT (FIGURE 2.1); A*
INDICATES NOT DETECTED. weuveteuseesssssssssseresessssssssssssesessasssssssssssssesessssssssssssssssssssssssssssssssessssssssasssssssnes 116
FIGURE 2.8: TIME SERIES OF DIATOM BIOMARKER IN SEA ICE AND SINKING PARTICLES. TIME SERIES OF
PALMITOLEIC/PALMITIC ACID RATIO IN (A) THE BOTTOM (0-3 CM) SEA-ICE SECTION AND IN
SINKING PARTICLES COLLECTED AT (B) 2 M AND (C) 25 M FROM MAY 18 TO JUNE 29, 2016, AT THE
SAMPLING LOCATION IN DAVIS STRAIT (FIGURE 2.1 )cuceiererereerecrsseressssssessssessessssssssssssssssssssessssesnes 117
FIGURE 2.9: TIME SERIES OF THE A5-STEROL COMPOSITION IN SEA ICE AND SINKING PARTICLES. TIME
SERIES OF THE RELATIVE A 5-STEROL COMPOSITION IN (A) THE BOTTOM (0-3 CM) SEA-ICE SECTION
AND IN SINKING PARTICLES COLLECTED AT (B) 2 M AND (C) 25 M FROM MAY 18 TO JUNE 29, 2016,
AT THE SAMPLING LOCATION IN DAVIS STRAIT (FIGURE 2.1). STEROLS DEPICTED ARE SITOSTEROL
(24-ETHYLCHOLEST-5-EN-3B-OL  (PALE  BLUE),  24-METHYLENECHOLESTEROL  (24-
METHYLCHOLESTA-5,24(28)-DIEN-3B-0L, GREEN), BRASSICASTEROL (24-METHYLCHOLESTA-
5,22(E)-DIEN-3B-0L, DARK BLUE), DESMOSTEROL (CHOLESTA-5,24-DIEN-3B-OL, YELLOW),
CHOLESTA-5,22(E)-DIEN-3B-OL (GRAY), 24-NORCHOLEST-5-EN-3B-OL (ORANGE), AND 24-
NORCHOLESTA-5,22(E)-DIEN-3B-0L (PURPLE )...eueutreuresssressesssresssssssesssssssssssssssssssssssssssssssssssssssssssnes 118
FIGURE S2.1: QPCR CALIBRATION CURVES FOR DETERMINING THE NUMBER OF BACTERIAL 16S RDNA
GENES. EXAMPLE OF (A) RELATIVE FLUORESCENCE VS. CYCLE NUMBER. AMPLIFICATION CURVES ARE
CREATED WHEN THE FLUORESCENT SIGNAL FROM EACH SAMPLE IS PLOTTED AGAINST CYCLE
NUMBER; THEREFORE, AMPLIFICATION PLOTS REPRESENT THE ACCUMULATION OF PRODUCT OVER
THE DURATION OF THE REAL-TIME PCR EXPERIMENT. THE SAMPLES USED TO CREATE THE PLOTS
ARE A DILUTION SERIES OF THE TARGET DNA SEQUENCE. EXAMPLE OF (B) A STANDARD CURVE OF
REAL-TIME PCR DATA. A STANDARD CURVE SHOWS THRESHOLD CYCLE (CT) ON THE Y-AXIS AND THE
STARTING QUANTITY (SQ) OF DNA TARGET ON THE X-AXIS. SLOPE, Y-INTERCEPT, AND
CORRELATION COEFFICIENT VALUES ARE USED TO PROVIDE INFORMATION ABOUT THE PERFORMANCE
OF THE REACTION. wouvutueuessessesssssssessssessessssessssessessssessessssessasss sesssssssesssssssesssssssessssssssssssssssssssssssssssssssssses 128
FIGURE S2.2: TEMPORAL EVOLUTION OF SEA-ICE PROPERTIES. TIME SERIES OF (A) SEA-ICE
TEMPERATURE, (B) BULK SALINITY, AND (C) BRINE SALINITY AS A FUNCTION OF DEPTH, WHERE
MEAN SEA-ICE THICKNESS IS INDICATED BY THE BLACK LINE (ADAPTED FROM OZIEL ET AL., 2019).

FIGURE S2.3: TEMPORAL EVOLUTION OF MEAN BULK SALINITY IN SEA ICE. TIME SERIES OF MEAN BULK
SALINITY IN THE WHOLE SEA-ICE CORE. ERROR BARS ARE STANDARD DEVIATION OF THE MEAN (N =
3 1) R OO PT 130
FIGURE S2.4: TIC CHROMATOGRAM OF THE TOTAL LIPID EXTRACT IN SINKING PARTICLES. TIC
CHROMATOGRAM OF THE TOTAL LIPID EXTRACT OF SINKING PARTICLES COLLECTED AT 2 M ON 15
JUNE, SHOWING THE PRESENCE OF C20:1A11 AND C22:1A11 ALCOHOLS AND ACIDS......cceeuune.. 130
FIGURE S2.5: TIME SERIES OF BACTERIAL OSMOTIC STRESS SIGNALS IN THE NEAR-BOTTOM 3-10 CM SEA-
ICE SECTION. TIME SERIES OF TRANS/CIS RATIOS IN THE NEAR-BOTTOM 3-10 CM SEA-ICE SECTION
FROM 18 MAY TO 29 JUNE 2016 AT THE SAMPLING LOCATION IN DAVIS STRAIT (FIGURE 2.1). THE
DASHED HORIZONTAL LINE INDICATES THE THRESHOLD STRESS VALUE OF 0.1 AS DEFINED BY
GUCKERT ET AL. (1986). ERROR BARS REPRESENT THE STANDARD DEVIATION OF THE
DIMETHYLDISULPHIDE (DMDS) DERIVATIVE PEAK INTEGRATION (N = 3). cvvuveererreerseseessessessennens 131
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FIGURE 3.1: MAP OF THE STUDY AREA WITH LOCATION OF THE STATIONS INVESTIGATED IN BAFFIN BAY.
BLUE CIRCLES ON THE ENLARGED MAP OF WESTERN BAFFIN BAY INDICATE THE STATIONS
INVESTIGATED DURING THE TRANSECT. THE ORANGE CIRCLE INDICATES THE GREENEDGE ICE CAMP
STATION INVESTIGATED BY AMIRAUX ET AL. (2019, 2021A). WHITE COLOR INDICATES THE SEA ICE
COVER DURING THE SAMPLING. vtueutussssassereresessssssssssssesessssssssssssssesessssssssssssssssssssssssssssssssssssssssasssssssnes 156

FIGURE 3.2: CHLOROPHYLL A (A), PHAEOPIGMENTS (B) AND TOTAL PARTICULATE CARBON (C) IN
SEAWATER AT THE DIFFERENT STATIONS INVESTIGATED. DATA WERE INTERPOLATED AND PLOTTED
USING OCEAN DATA VIEW V4.7.8 (SCHLITZER, 2015). oot sssssessssessessssesnes 161

FIGURE 3.3: BACTERIAL ABUNDANCE (BA) (A) AND BACTERIAL PRODUCTION (BP) (B) IN SEAWATER AT
THE DIFFERENT STATIONS INVESTIGATED. DATA WERE INTERPOLATED AND PLOTTED USING OCEAN
DATA VIEW V4.7.8 (SCHLITZER, 2015).ciiirirresirsrresesessesssessessssesssssssesssssssessssssssssssssssssssssssssssans 162

FIGURE 3.4: RELATIVE PROPORTION OF THE MAIN MONOUNSATURATED FATTY ACIDS (FA) AND
ALCOHOLS (OL) IN SEA ICE AND UNDERLYING SEAWATER AT THE DIFFERENT STATIONS
INVESTIGATED. tucuetetreresesessssssssssesessasnsssssssssssssssssssssssesssssssssssssssssnssssesssssssssasesssasnssssssssnsnsnssessassssssasssnssnnes 163

FIGURE 3.5: RELATIVE PROPORTIONS OF BRASSICASTEROL, DESMOSTEROL, SITOSTEROL AND 24-
METHYLENECHOLESTEROL IN SEA ICE AND UNDERLYING WATER COLUMN AT THE DIFFERENT

STATIONS INVESTIGATED. wutuititresesessssssssssesesessssssssssssassssssssssssss st sesssssss s sssi st sssss st s ssssssssssssanens 164
FIGURE 3.6: MRM CHROMATOGRAMS (M/Z 217 — 185 AND M/Z 245 — 213) oF DMDS DERIVATIVES
OF MUFAS IN THE BOTTOMMOST LAYER OF ICE (0-3 CM) AT ST 4009. ....ocrererrrrerrirssesessessens 165

FIGURE 3.7: MEAN TRANS/CIS RATIO OF VACCENIC (C18:1a11), OLEIC (C18:149), AND HEXADEC-11-ENOIC
(C16:1411) ACIDS IN SEA ICE AND THE UNDERLYING WATER COLUMN AT THE DIFFERENT STATIONS
INVESTIGATED (N = 3, ANALYTICAL TRIPLICATES). FOR EACH STATION AND EACH ACID,
SIGNIFICANTLY DIFFERENT VALUES ARE ANNOTATED WITH DIFFERENT LETTERS (P < 0.05)......167

FIGURE 3.8: CONCEPTUAL SCHEME SUMMARIZING THE MAIN RESULTS OBTAINED. ....ccousuresrrerenssresessenes 175

FIGURE S3.1: CONCENTRATIONS (NUMBER OF INDIVIDUALS PER M3) OF DOMINANT COPEPOD SPECIES AT
THE DIFFERENT STATIONS INVESTIGATED, ACCORDING TO THEIR DEVELOPMENT STAGES. MAIN
FEEDING MODES ARE INDICATED -HER: HERBIVOROUS, -OMN: OMNIVOROUS, -CAR: CARNIVOROUS.
HERBIVOROUS SPECIES, AND YOUNG DEVELOPMENT STAGES IN PARTICULAR, SHOW HIGH VARIATIONS
IN ABUNDANCES ALONG SEA ICE GRADIENTS, WHILE IT IS LESS CLEAR FOR OMNIVOROUS SPECIES.

FIGURE 4.1: MAP OF THE STATION INVESTIGATED IN THE BEAUFORT SEA AND BAFFIN BAY. THE PIE
CHARTS SHOW THE PERCENTAGE OF RESIDUAL PARENT COMPOUNDS (PALMITOLEIC ACID) DEGRADED
BY THE 10S-DOX. IN RED, THE TRANS/CIS VACCENIC ACID RATIO. QIK STANDS FOR QIKIQTARJUAQ.
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FIGURE 4.2: MRM CHROMATOGRAMS (M/Z 390 — 245) oF DMDS DERIVATIVES OF VACCENIC ACID IN
SUPERFICIAL BOTTOM SEDIMENT (0—1 CM) COLLECTED AT ST. 428.....ounrererreerrrreererssssessesseennes 203

FIGURE 4.3: PARTIAL ION CHROMATOGRAMS (AT M/Z 199.1518, 329.1968, 213.1675, AND
343.2125) SHOWING THE PRESENCE OF BIOTIC AND ABIOTIC PALMITOLEIC OXIDATION PRODUCT
TRIMETHYLSILYL DERIVATIVES (INCLUDING THE 10S-DOX DEGRADATION PRODUCT, 10S-
HYDROXYHEXADEC-8(TRANS)-ENOIC ACID) IN SUPERFICIAL BOTTOM SEDIMENT (0-1 cM)
COLLECTED AT QIKIQTARJUAQ. eeueueururrrererereessssssssssesessssssssssssssesessssssssssssssssssssasssssssssssessasassssssssssnnnes 205

FIGURE 4.4: CONCEPTUAL SCHEME SUMMARIZING BACTERIAL STRESS AND ITS CONSEQUENCES ON
SYMPAGIC ALGAE EXPORT IN THE BEAUFORT SEA AND NORTHERN AND WESTERN BAFFIN BAY
DURING THE SEA ICE MELTING STAGES: BRINE DRAINAGE, SNOWMELT AND OPEN WATER. ........... 209
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FIGURE 5.1: VALUES OF THE RATIO VACCENIC ACID PHOTOOXIDATION % /PALMITOLEIC ACID
PHOTOOXIDATION % IN PARTICULATE MATTER AND SEA ICE SAMPLES COLLECTED IN ARCTIC UNDER
DIFFERENT IRRADIANCE CONDITIONS. ...ccisururtrereessssssssseresesessasssssssssesesssssssssssssssesssssssssssssssessassssssnsns 240

FIGURE 5.2: CONCENTRATIONS OF VACCENIC ACID PHOTOOXIDATION PRODUCTS (NMOL.L-1) MEASURED
IN THE TLES OF THE THALASSIOSIRA SP. + P. STUTZERI EXPERIMENTS UNDER LOW PAR, HIGH
PAR+UV AND HIGH PAR IRRADIANCES (N = 3)..ccusuurerseresressressesssessessssesssssssesssssssesssssssssssssssssssnsans 241

FIGURE 5.3: CONCENTRATIONS OF VACCENIC ACID PHOTOOXIDATION PRODUCTS (NMOL.L-1) MEASURED
IN THE TLES OF THE THALASSIOSIRA SP. + D. SHIBAE EXPERIMENTS UNDER LOW PAR, HIGH
PAR+UV AND HIGH PAR IRRADIANCES (N = 3)..ccusirseurersnsssssesssessssssssessssssssssssssssssssssssssssssssssssssns 244

FIGURE 5.4: SCHEMATIZED REPRESENTATION OF THE « GO SYSTEM”. THE MUTT PROTEIN HYDROLYZES
8-0X0DGTP INTO 8-0XODGMP, PREVENTING ITS MISINCORPORATION INTO DNA. IF 8-0X0DG
STILL INCORPORATES INTO THE DNA MATRIX, THE REPAIR SYSTEM MAY FOLLOW TWO PATHWAYS:
THE MUTM PROTEIN REMOVES 8-0XODG WHEN PAIRED WITH A CYTOSINE WHILE THE MUTY
PROTEIN REMOVES THE ADENINE MISPAIRED WITH 8-0X0DG. THE MUTM PROTEIN THEN REMOVES
THE 8-0XODG PAIRED WITH CYTOSINE. «..cuvururererereessessssssereresesssssssssssresesssssssssssssssesensssssssssssssesessasaens 245

FIGURE 5.5: SENSING OF 102 AND REGULATION OF THE PHOTOOXIDATIVE STRESS RESPONSE. WHEN 102
IS SENSED BY CELLULAR SENSORS, IT ACTIVATES THE DISSOCIATION OF THE RPOE:CHRR COMPLEX.
RPOE THEN ACTIVATES THE TWO RPOH| AND RPOH 11 SIGMA FACTORS. THESE TWO BEING INVOLVED
IN VARIOUS CELL DEFENSE MECHANISMS. (GLAESER ET AL., 2011 cecvvniererereesersesresensessessens 246

FIGURE 5.6: LOG2 OF THE RELATIVE EXPRESSION OF THE TARGETED GENES IN D. SHIBAE UNDER HIGH
(SOLAR SIMULATOR) OR LOW (INCUBATOR) IRRADIANCE CONDITIONS. THE DASHED BARS
REPRESENT THE CONTROLS, CONDUCTED WITHOUT THALASSIOSIRA CELLS. THE RESULTS ARE
RELATIVE TO THE EXPRESSION OF THE RPOD GENE AND RELATIVE TO THAT OF THE CONTROLS (TO).
MEANS £ SD (NS3). couieceirerenssessesssessssssssessssssssessssssssssss s sssses s ssses s s s ssssssssssssss 248

FIGURE 5.7: LOG2 OF THE RELATIVE EXPRESSION OF THE TARGETED GENES IN P. STUTZERI UNDER HIGH
(SOLAR SIMULATOR) OR LOW (INCUBATOR) IRRADIANCE CONDITIONS. THE DASHED BARS
REPRESENT THE CONTROLS, CONDUCTED WITHOUT THALASSIOSIRA CELLS. THE RESULTS ARE
RELATIVE TO THE EXPRESSION OF THE RPOD GENE AND RELATIVE TO THAT OF THE CONTROLS (TO).
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FIGURE 5.8 : CONCEPTUAL SCHEME OF THE EFFECT OF 102 ON BACTERIA ATTACHED TO SENESCENT
PHYTOPLANKTON CELLS UNDER LOW OR HIGH IRRADIANCE ....coueueereemressssessessesssessssssessssssessesssesns 252

FIGURE 5.9: CONCEPTUAL SCHEME REPRESENTING THE EFFECT OF 102 ON DNA OF P. STUTZERI AND D.
SHIBAE UNDER HIGH IRRADIANCES. IN P. STUTZERI, 102 1S QUENCHED BY UNSATURATED MEMBRANE
LIPIDS. THE DAMAGE OBSERVED ON DNA IS THUS ATTRIBUTED TO UV. IN D. SHIBAE, THE
CAROTENOIDS FOUND IN ITS MEMBRANE PROTECT ITS UNSATURATED LIPIDS FROM 102 BUT NOT
FROM UV RADIATIONS, THAT INDUCES DNA DAMAGE. IT APPEARS THAT MUTY AND MUTT IN D.
SHIBAE ACTIVELY DETOXIFY THE NUCLEOTIDE POOL AND REMOVE THE ADENINE MISPAIRED WITH
UV-DAMAGED GUANINE AND THUS PROTECTS DNAL. ..ottt sesesevesesesssssassenes 253

19


file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044962
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044962
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044962
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044963
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044963
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044963
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044964
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044964
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044964
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044965
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044965
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044965
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044965
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044965
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044965
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044966
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044966
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044966
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044966
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044967
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044967
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044967
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044967
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044967
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044968
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044968
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044968
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044968
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044968
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044969
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044969
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044970
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044970
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044970
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044970
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044970
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044970
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044970

20



Liste des tableaux

TABLE S2.1: QPCR RAW DATA FOR DETERMINATION OF THE PERCENTAGE OF DEAD BACTERIA........... 132
TABLE S2.2: RELATIVE FATTY ACID COMPOSITION OF SEA ICE AND SEDIMENT TRAP SAMPLES. ......c..... 133
TABLE 3.1: MEAN PERCENTAGE OF DEAD ATTACHED BACTERIA IN SEA ICE AND SPM SAMPLES COLLECTED
AT ST 409 AND ST 418 (N=3). FOR EACH STATION, SIGNIFICANTLY DIFFERENT VALUES ARE
ANNOTATED WITH DIFFERENT LETTERS (P < 0.05). cocvereeeereerrercc e seesesseeseseseeessssesssssseanens 169
TABLE 4.1: PERCENTAGE OF 10S-DOX DEGRADATION OF PALMITOLEIC ACID AND TRANS/CIS RATIO OF
VACCENIC ACID OBSERVED IN SEDIMENT SAMPLES COLLECTED IN THE CANADIAN ARCTIC DURING THE
ARCTICNET, MALINA AND GREENEDGE EXPEDITIONS. ...c.ctrurtreereuesssrereresessssssssssereseesesssssssseresensssaens 203
TABLE 4.2: STANOL/STENOL RATIO OF SITOSTEROL AND BRASSICASTEROL IN SEDIMENT SAMPLES
COLLECTED IN THE CANADIAN ARCTIC.uetetreeeesnsrsrereresesssssssssssreressssssssesessesesssssssssssssssessnsnssssassssssenen 208
TABLE S4.1: CONCENTRATIONS (uG G-1) OF THE MAIN LIPIDS OF INTERESTA IN THE DIFFERENT SURFACE
SEDIMENTS INVESTIGATED. tvtusueueueueesesesereressssssssessssseseseserssssssssssssssssnsnsssssssssssssssssssssssssesssssssssnssssssssnes 210
TABLE S4.2: DEPTH, COORDINATES, TRANS-VACCENIC ACID /CIS-VACCENIC ACID RATIO AND PERCENTAGE
OF 10S-DOX PRODUCT OF THE DIFFERENT SURFACE SEDIMENTS INVESTIGATED......ccoceeeresrererenes 211
TABLE 5.1: SEQUENCES AND HYBRIDIZATION TEMPERATURES (°C) OF PRIMERS USED FOR THE CLONING
AND AMPLIFICATION OF TARGETED GENES IN P. STUTZERL....ccvceevesserereresessssssssssssesesesesssssssssesessasaens 238
TABLE 5.2: SEQUENCES AND HYBRIDIZATION TEMPERATURES (°C) OF PRIMERS USED FOR CLONING AND
AMPLIFICATION OF THE TARGET GENES IN D. SHIBAE ..c.vvtetrtrereeesissssseresesessssssssssssesensssssssssssssesessasaens 238

21


file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044940
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044940
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044949
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044949
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044949
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044949
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044953
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044953
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044953
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044953
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044956
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044956
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044958
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044958
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044959
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044959
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044960
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044960
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044961
file:///C:/Users/rontani_etu/OneDrive/Bureau/LA%20BONNE%20THESE%20OUI%20OUI%20LE%20SPRINT%20FINAL.docx%23_Toc94044961

22



Liste des abréviations (par ordre alphabétique)

DOX: Dioxygénase

1Chl : Chlorophylle (état singulet)

3Chl : Chlorophylle (état triplet)

102 : Oxygene singulet / singlet oxygen
8-0x0dG/9G : 8-0x0-7,8dihydro2’-deoxyguanosine
AAPs : Aerobic Anoxygenic Phototrophs

AGs : Acides gras

AMOC : Atlantic Meridional Overturning Circulation
BA : Bacterial Abundance

BChl a : Bactériochlorophylle a

BER : Base Excision Repair

BP : Bacterial Production

BSTFA : N,0-Bis(trimethylsilyl)trifluoroacetamide
CAT : Catalase

Chl : Chlorophylle

CPPI : Chlorophyll Phytyl side chain Photodegradation Index
CTI: Cis/Trans Isomerase

DCM : Dichloromethane

DMSP : Dimethyldisulfopropionate

DOC : Dissolved Organic Carbon

ECF : Extracytoplasic Function

El : Electron lonisation

EPS : Extra Polymeric Substances

FAMEs : Fatty Acid Methyl Esters

FFAs : Free Fatty Acids

GC-MS : Gas Chromatography-Mass Spectrometry
GC-QTOF : Gas Chromatography-Quadrupole Time Of Flight
GF/F : Glass Fiber Filter

HBIs : Highly Branched Isoprenoids

IC : Irminger Current

P25 : Ice Proxy 25

ITCZ : Inter Tropical Convergence Zone
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LOX : Lipoxygénase

M.O : Matiére Organique

MIZ : Marginal Ice Zone

MMR : Mismatch Repair

MRM : Multiple Reaction Monitor

MUFAs : Monounsaturated Fatty Acids

NER : Nucleotide Excision Repair

OGA : Ocean Gene Atlas

P.P : Production Primaire / Primary Production
PAR : Photosynthetically Available Radiations
PCR: Polymerase Chain Reaction

PFTBA : Perfluorotributylamine

PMA : Propidium Mono Azide

POC : Particulate Organic Carbon

POM : Particulate Organic Matter

PUFAs : Polyunsaturated Fatty Acids

gPCR : Quantitative Polymerase Chain Reaction
ROS : Reactive Oxigen Species

SOD : Super Oxide Dismutase

SPM : Suspended Particulate Matter

T/C : ratio trans/cis

TAGs : Triacylglycerols

TLEs : Total Lipid Extracts

TOF : Time Of Flight

UVP : Underwater Vision Profiler

WGC : West Greenland Curent
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1.1 Les écosystemes Arctiques

1.1.1 Géographie

Les écosystéemes arctiques sont assez difficiles a définir, du fait des différentes
utilisations du terme (Nutall & Callaghan, 2000). L’Arctique peut se définir par
'inclinaison de la Terre par rapport au soleil, ou par la courbe isotherme des 10°C au mois
de juillet (limite permettant la présence d’arbres), mais la délimitation la plus admise est
celle du cercle polaire Arctique (Figure 1.1), au-dela de la latitude 66.7°N (Callaghan,
2001). Les milieux arctiques sont caractérisés par un régime d’ensoleillement tres
particulier, avec des étés a ensoleillement quasi constants (soleil au-dessus de I'horizon a
minuit) et des hivers froids sans lumiére (soleil sous '’horizon a midi). En pratique les
climats vont varier en fonction de la longitude tout au long du cercle polaire sous
I'influence des courants marins. Les courants chauds de I’Atlantique Nord vont donner des
climats plus cléments en Norvege ou I'on va retrouver des foréts et terres cultivables a
68°N, alors que les courants froids qui longent les cotes du Canada expliquent la présence
de toundra des 51°N (Callaghan, 2001).

L’océan Arctique, vaste de prés de 14 millions de km?, se compose de deux principaux
bassins de 3000 et 5000m de profondeur, entourés de plateaux continentaux tres étendus
(pres de 50% des fonds), de ce fait, il a une profondeur moyenne nettement plus faible

que les océans qui I’entourent (Jakobsson, 2002).

1.1.2 Caractérisation physico-chimique

Une autre caractéristique majeure de l'océan Arctique est qu'il se retrouve
partiellement ou totalement recouvert de glace en suivant un régime saisonnier. Cette
couche de glace constitue un nouvel habitat particulier, véritable frontiére entre les
compartiments atmosphérique et aquatique. Lorsque les températures baissent, de
minces cristaux de glace dite « frazil » vont commencer a se former (voir Figure 1.2).
L’apparition de ces cristaux, ressemblant a de fines aiguilles, est favorisée lors de mers
agitées, qui facilitent leur formation (Kivisild, 1970 ; Martin, 1981). Ces cristaux vont
pouvoir par la suite s’agglomérer pour donner des disques plus grands et plus solides
appelés « pancake ice » (Doble et al, 2003), qui vont eux méme se regrouper pour donner
de vastes étendues solides et plus ou moins homogeénes (Petrich & Eicken, 2016 ;
Wadhams et al, 1987). Au sein méme de la matrice de glace, se trouve un écosystéme

particulier, propre au milieu arctique. Lors de la formation de la glace, les sels contenus
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Figure 1.1 : Régions Arctiques. Le cercle en pointillé bleus représente le cercle polaire Arctique, la ligne
noire continue représente la limite du bas Arctique, la ligne en pointillés rouge représente la limite du haut
Arctique. D’aprés Nutall & Callaghan, 2000

dans l'eau de mer se retrouvent concentrés en saumure dans de minces canaux. Ces
canaux forment un vaste réseau interconnecté, dans lequel se développent de nombreux
organismes (algues, bactéries, virus...) qui ont été piégés dans la glace lors de sa

formation. Ces canaux de saumure, appelées brines, vont étre lessivés par de I’eau douce

au début du printemps avec la fonte de la neige sur la glace.

Figure 1.2 : a) Cristaux de glace constituantla glace « frasil » ; b) exemple de "pancake" ici a Svalbard. Crédits
photo : Katherine Akey
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Dans les océans arctiques et polaires est différenciée la glace saisonniere et poly-
annuelle. La glace saisonniére est plutot fine (1 a 2m d’épaisseur) et ne recouvre qu’en
hiver les mers marginales (on parle ainsi de Marginal Ice Zone : MIZ), qui se retrouvent
libres de glace en été; alors que la glace pluriannuelle, plus épaisse (entre 3 et 7m)
recouvre les zones maritimes centrales de I'Arctique. Ces différents types de glace, ainsi
que la quantité non-négligeable de neige qui les recouvre, vont exercer une influence
notable sur la quantité de lumiere et d’énergie arrivant dans les différentes couches d’eau
et donc sur le fonctionnement des écosystéemes (Kwok, 2004).

En effet, le régime radiatif de I'Arctique est tres particulier avec beaucoup de variations
spatiales et temporelles : soleil a minuit en été et nuit constante en hiver. Ce régime
particulier associé a la présence de glace et de neige va générer des variations de la
quantité d’énergie arrivant dans l'eau et donc disponible pour les organismes
photosynthétiques. De plus, a de telles latitudes la fraction de radiation disponible pour la
photosynthese (Photosynthetically Active Radiation ou PAR, comprises entre 400 et

700nm) est significativement inférieure a celle d’autres zones de 'hémisphére Nord

(Figure 1.3).
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Figure 1.3 : Quantité de PAR journaliére dans la haute atmosphére calculée a différentes latitudes de
I'hémisphére Nord, d'apres Leu et al, 2015)

Si la glace ne filtre que tres peu les radiations solaires, la neige cependant les attenue
fortement (Weller & Bowling, 1972 ; Maykut & Grenfell, 1975 ; Hamre et al, 2004). La
couche de neige et de glace pouvant atténuer entre 0,2 et 5% des radiations PAR présentes
en surface (Sakshaug, 2004). Si la glace et la neige peuvent absorber les radiations
lumineuses, elles ont également un impact sur la réflectance de la lumiere et I'albedo de

surface. En effet, si la neige fraiche réfléchit intensément la lumiere, la vieille neige va elle
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absorber plus d’énergie (Hanesiak et al,, 2001). Il existe ainsi une relation complexe entre
la présence de neige sur la glace et 'albedo de celle-ci (Curry et al, 1995). L'état et
'épaisseur de la couche de neige vont donc grandement influencer la production primaire
en Arctique. Au début du printemps la production de biomasse algale sera négativement
influencée par la présence d'un couvert neigeux sur la glace (Leu et al, 2015). Cette
relation s’inverse en été, ou la présence de neige va retarder la fonte de la glace et par
conséquence la fin du bloom (Leu et al, 2015). Durant cette période, la présence de neige
peut également limiter les phénomenes de photo-inhibition (diminution volontaire de
I'efficacité de la photosynthese pour limiter les dommages des radiations solaires sur le
photosystéme II). En effet, I'exposition a de trop fortes doses lumineuses peut induire des
dommages cellulaires sur les organismes photosynthétiques. Des études ont démontré
qu’une sur-irradiation peut induire des pertes de biomasse algale (Campbell et al, 2015 ;
Juhl & Krembs 2010). 11 est toutefois possible pour les algues de s’acclimater a une sur-
irradiation (Juhl & Krembs, 2010). En Arctique les algues sympagiques (i.e se développant
a l'intérieur de la matrice de glace, dans les premiers centimeétres a I'interface avec I'eau)
ont ainsi évolué et acquis différentes stratégies de défense face aux radiations intenses,
comme la production de pigments photo-protecteurs tels que les caroténoides (Brunet et

al, 2011).

1.1.3 Grands enjeux environnementaux

Ces dernieres décennies, le climat a subi des modifications importantes entrainant des
dommages considérables dans les écosystémes de hautes latitudes (Kauko et al, 2017).
On peut par exemple constater que les températures de surface augmentent plus vite en
Arctique qu’aux latitudes plus basses (Screen & Simmonds, 2010). En Arctique, la
diminution importante de la couverture de glace est une des conséquences principales du
réchauffement global (voir Figure 1.4).

Les prévisions données par différents modeéles annoncent une absence totale de glace
estivale d’ici la fin du XXIeme siecle (Wang & Overland, 2009 ; Stroeve et al, 2012). Ces
prévisions annoncent également une augmentation des précipitations, notamment des
pluies lors de la période estivale (Deser et al, 2010). La perte importante de couvert de
glace va entrainer des répercussions a large échelle: jusqu’aux tropiques et méme
jusqu’au péle sud (Deser et al, 2015). En effet, du fait de son role de « refroidisseur »,

I'’Arctique est a 'origine de nombreux courants marins.
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September 16, 2012

Figure 1.4 : Image satellite du record minimal de 1'étendue de glace en Arctique en 2012 vs I'étendue
moyenne de ces trente dernieres années (ligne jaune). Crédit : NASA/Goddard Scientific Visualization
Studio

La diminution importante du couvert de glace va s’accompagner d'un apport important
d’eau douce et d’énergie arrivant a la surface (Sun et al, 2018). Ces apports pourront
grandement perturber des courants comme le AMOC (Atlantic Meridional Overturning
Circulation), sensible aux pertes de glace (Tomas et al, 2016 ; Oudar et al, 2017). Les
impacts du réchauffement global pourraient ainsi également impacter les océans
tropicaux et plus particulierement la Zone de Convergence InterTropicale (ITCZ) (Deser
etal, 2015).

Le réchauffement global en Arctique et surtout la fonte accélérée du couvert de glace
peuvent entrainer également des répercussions sur le compartiment biologique. En effet
la fonte avancée de la glace va perturber les cycles biogéochimiques notamment du
carbone et le transfert d’énergie le long de la chaine trophique. Les blooms algaux auront
lieu plus tot et dans des laps de temps plus courts (Meier et al, 2014), En raison de la
modification du temps de croissance des organismes photosynthétiques, I'intensité de ces
blooms sera également (Wassmann & Reigstad, 2011). Il est donc crucial d’étudier
I'impact du réchauffement global en Arctique, afin de prévoir quelles en seront les

conséquences climatiques, biologiques et biogéochimiques.
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1.2 Fonctionnement des écosystéemes Arctiques

1.2.1 Production primaire

En Arctique, la production primaire (P.P) est assurée par le phytoplancton d’eau libre
ainsi que par les algues de glace dites sympagiques. Les organismes photosynthétiques
sont broutés par des herbivores (principalement du zooplancton), eux-mémes

consommeés par des poissons, source de nourriture des carnivores au sommet de la chaine

trophique (voir Figure 1.5).
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Figure 1.5 : Représentation schématique de la chaine alimentaire Arctique canadienne. Transition
d'un écosysteme cotier a océanique de gauche a droite. D'aprés Darnis et al,, 2012

Il est a noter que, comme dans la majorité des chaines trophiques, on observe entre
chaque maillon d’'importantes pertes en matiere organique (de 'ordre de 75 a 80%:
Sakshaug, 2004). Ces pertes résultent principalement de la respiration des organismes
eux-mémes, de la dégradation microbienne de la matiere organique (M.0O) dissoute, des
restes cellulaires et des pelotes fécales, résultant en la production de CO2z et de métabolites
(Sakshaug, 2004). De ce fait, uniquement une petite fraction de la M.O produite atteint le
fond.

Les algues de glace et le phytoplancton sont des organismes unicellulaires qui se

multiplient par fission binaire. Dans les mers arctiques on va majoritairement retrouver
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des diatomées, des chrysophytes, des dinoflagellés ainsi que des prymnesiophytes. La
majorité des diatomées présentes en eau libre en Arctique appartiennent aux genres
ubiquistes Arctiques Chaetoceros et Thalassiosirale (Rytter Hasle & Riddervold Heimdal
1998 ; Sukhanova, 1999). Parmi les especes de diatomées sympagiques, on observe
principalement les genres Fragilariopsis et Navicula, ou encore I'espece Nitzschia frigia
(Figure 1.6B), souvent tres abondante au printemps (Syvertsen, 1991 ; von Quillfeldt,
1997). On peut également retrouver sous la glace d’épaisses (jusqu'a 0.5m) couches de
cellules de la diatomée épiphytique Melosira arctica (voir Figure 1.6A), phénomene
observé uniquement dans I’Arctique (Gradinger, 1999). On recense dans la glace plus de
300 especes différentes de diatomées et de dinoflagellés, certaines pouvant se développer

également en eau libre (Booth & Horner, 1997).

Figure 1.6 : A) photographie d’agrégats de cellules de Melosira arctica dans le haut Arctique, d’aprés Boetius
etal, 2013. B) photographie au microscope de cellules de Nitzschia frigida (Crédits : H. Hoglander)

Dans les régions arctiques, la période de croissance des organismes photosynthétiques
est réduite, généralement de mars a juin pour les organismes sympagiques (Cota et al,
1987), avec des variations importantes en fonction du couvert de glace et de neige
(Nicolaus etal, 2010, 2012). Les blooms algaux (croissance tres rapide d’'une ou plusieurs
especes dans un temps relativement court) débutent en général lors de I'augmentation de
I'irradiation solaire et utilisent les nutriments produits lors de la période hivernale. La
période de croissance se termine a la fin de I'été ou au début de I'automne, avec la
reformation de la glace (Hegseth, 1997). Les algues sympagiques, incorporées dans la
glace lors de sa formation, se développent dans les canaux de saumure formés lors de la
congélation de I'eau de mer. Dans ces canaux, ou I’eau se trouve sous forme liquide, la

circulation des nutriments est possible permettant ainsi aux organismes d’y vivre
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(Becquevortetal, 2009). Lorsque la neige et la glace commencent a fondre, de '’eau douce
va percoler dans ces canaux et lessiver leur contenu, expulsant les algues de glace dans la
mer. La majorité des organismes sympagiques ne se déplacent pas (Round et al, 2007),
ainsi leur survie dépend fortement de leurs capacités de résistance aux importantes
variations de température et de salinité auxquelles ils sont exposés. En effet, au sein méme
des brines, la salinité peut varier entre 230 et 30 et les températures entre -2°C et -30°C
(Ewert & Deming, 2013). La croissance des algues sympagiques, acclimatées aux
conditions de vie particulieres de la glace, débute a de faibles irradiations, jusqu’a la fonte
du substrat. La glace et la neige s’y trouvant jouent donc un role crucial sur la production
primaire en servant d’habitat pour les algues sympagiques et en atténuant les radiations
solaires (Smetacek & Nicol, 2005). Les algues sympagiques laissent ensuite leur place au
phytoplancton d’eau libre. Se faisant, on observe une discontinuité temporelle (Figure 1.7)
entre bloom sympagique et pélagique (Sgreide et al, 2010).

La période de croissance des algues, sympagiques comme pélagiques, peut étre limitée
par de nombreux facteurs, tels que la lumiére, la température et la présence de certains
nutriments. En général, les nutriments azotés et phosphorés présents dans la zone
euphotique vont étre les facteurs limitants (chez les diatomées, possédant un squelette
siliceux, la silice peut également étre limitante ; Droop, 1974), si toutefois la lumiere est
suffisante pour permettre la photosynthése. Une espéce ou une souche donnée va
également avoir son propre optimum de croissance en termes de radiations ou de
températures. Il est donc difficile en pratique de définir un seul facteur limitant dans ce
genre de communautés composées de différentes especes ayant des besoins en énergie
lumineuse et en nutriments variés.

1 Lag |

|

I
Ice algae

Ph

Biomass

Sea ice

T1 T2 Time ——>
Figure 1.7 : Représentation schématique du timing du bloom sympagique et planctonique. Les temps
T1et T2 représententles pics de biomasse des algues de glace et d'eau libre, respectivement. Le "lag"
se défini comme le temps de latence entre ces deux pics. D'aprés Ji & Varpe, 2013
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Dans les mers arctiques, les organismes phototrophes sympagiques et planctoniques
sont les organismes assurant la P.P, 'importance relative de chaque groupe va dépendre
de la saison et de la région considérée (Stein & MacDonald, 2004). Il a toutefois été
démontré en Arctique que les algues sympagiques peuvent assurer entre 4 et 57% de la
P.P totale (Fernandez-Méndez et al, 2014), représenter parfois 80% de la biomasse algale
(Gosselin et al, 1997), et contribuer de maniere non-négligeable a I’'export de carbone des
eaux de surface, avec des taux variants entre 1 a 9g C m-2 an-! (Boetius et al, 2013). Cette
production sympagique représente également une ressource nutritive au début du
printemps et a la fin de 'automne, quand les autres sources de nourriture sont rares
(Bradstreet & Cross, 1982). Une des particularités des algues sympagiques des mers
arctiques est de produire une quantité importante (environ 10 fois plus que d’autres
especes pélagiques ; Riedel et al, 2006) de mucus ou d’exo-polysaccharides (EPS), lors de
la phase de sénescence (Kigrboe et al, 1990). Cette production d’EPS va entrainer la
formation d’agrégats qui vont chuter rapidement le long de la colonne d’eau; ces
organismes agrégés vont ainsi grandement contribuer a la pompe biologique marine
(Jackson et al, 2005). Des agrégats d’algues ont en effet été observés sur les fonds marins
de plateaux océaniques (Ambrose et al,, 2005) et des zones centrales (Boetius et al.,, 2013)
arctiques, attestant ainsi de la vitesse de chute rapide de ce matériel lors de la fonte de la

glace.

1.2.2 Devenir de la production primaire

La production primaire (P.P), qui dépend de la quantité de lumiere disponible pour les
organismes photosynthétiques (PAR), va donc étre fortement dépendante de la présence
ou de I'absence de glace en mer. Sur les 30 dernieres années, la quantité de glace de mer
en Arctique a diminué de 9% par décennie (Perovich & Richter-Menge, 2009). D’autres
observations vont dans le méme sens : sur la période 1998 - 2009, certains auteurs ont
observé une glace (généralement d’'un an) moins concentrée, plus fine et qui fond
rapidement, ainsi qu'une augmentation du nombre de jours d’eau libre (+45 jours ; Arrigo
& van Dijken, 2011). La réponse de la P.P arctique a cette réduction du couvert de glace
est sans appel : +20% sur la période 1998 - 2009, passant de 441 a 585 Tg C. an-! (Arrigo
& van Dijken, 2011). Certaines zones, notamment I'Est Arctique, semblent plus enclines a
de fortes augmentations de P.P, avec +135% pour la Sibérie Arctique (Arrigo & van Dijken,
2011). Sur la base des prévisions actuelles d’absence de glace en mer en période estivale

avant la fin du XXIeme siécle, la P.P arctique totale pourrait y atteindre 730 Tg C. an-1. Ces
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changements dans les caractéristiques physico-chimiques du milieu Arctique vont
également impacter la sédimentation du matériel fortement agrégé. Il a en effet été
démontré que 'augmentation des radiations lumineuses va augmenter la formation de
bulles d’air (produites par la photosynthese) dans la matrice d’EPS, et donc augmenter la
flottabilité de ces agrégats (Fernandez-Méndez et al,, 2014). L’étude de la P.P arctique est
donc tres compliquée, tant certains mécanismes demeurent incompris et que le milieu
change rapidement.

Une étude approfondie de la problématique est importante, notamment des différents
flux de nutriments, afin de déterminer si ces derniers pourront soutenir une P.P si
importante ces prochaines années. Ces modifications vont aussi grandement impacter les
organismes phototrophes, notamment leur distribution, leur productivité ainsi que leurs
cycles de vie (Li et al, 2009 ; Comeau et al, 2011 ; Slagstad et al,, 2011 ; Brown & Arrigo,
2012 ;]Ji & Varpe, 2013).

1.2.3 Dégradation de 1a POM

Ne représentant qu'une petite partie du carbone organique total (TOC), le carbone
organique particulaire (POC) représente toutefois la fraction ayant le plus de potentiel de
chute vers les sédiments, et ainsi de piégeage du CO2 atmosphérique. Tout au long de sa
chute a travers la colonne d’eau, le TOC peut étre dégradé de différentes facons et
reminéralisé et/ou recyclé afin d’alimenter le cycle du carbone (Neilson & Allard, 2007).
Dans les sections suivantes les différentes voies de dégradation du TOC seront abordées,
qu’elles soient biotiques (c’est-a-dire induites par le zooplancton, les bactéries ou les
virus) ou abiotique (impliquant principalement des processus d’auto- ou de photo-

oxydation).

1.2.3.1 Dégradation biotique

e Zooplancton
Dans les mers arctiques, le zooplancton herbivore va exercer une forte pression sur les

organismes photosynthétiques (Tremblay et al, 2006). En broutant intensivement les

organismes photosynthétiques, le zooplancton transfere le carbone dans la chaine

trophique des brouteurs, qui passera ensuite aux poissons et enfin aux animaux

supérieurs. En termes de biomasse, le zooplancton est généralement présent en plus

grandes quantités que le phytoplancton, avec par exemple en mer de Barents, plus de 30g

C m2 de zooplancton contre 20g C m-2 d’algues (Sakshaug et al, 1994). Le zooplancton
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remonte donc vers la surface au début du printemps (début de la période de croissance),
et broute intensément les algues, il va ensuite redescendre vers des couches plus
profondes ou il va rester en diapause pendant les mois hivernaux (Hirche, 1997). Une
grande partie du carbone (entre 66 et 79%, Forest et al., 2011) produit par les algues est
immédiatement respiré, le reste est stocké dans les lipides de réserve (Hirche, 1997 ; Auel
etal, 2003). Le zooplancton de petite taille, ne réalisant que peu de migrations verticales
pendant son développement (Fortier, 2001), contribue fortement au recyclage du POC en
surface du fait de la continuité de son activité et de sa capacité a brouter de petites
particules (Hopcroft et al, 2005).

Dans les mers arctiques et subarctiques, plus de 260 especes de zooplancton ont été
dénombrées (Zenkevich, 1963). Parmi les especes de zooplancton les plus emblématiques
on va principalement retrouver différents copépodes ou amphipodes, parmi lesquelles le
genre Pseudocalanus, et les espéces de copépodes suivantes: Calanus finmarchius, C.
hyperboreus, C. glacialis, ou encore Oithona similis (Falk-Petersen et al, 1999).

e Bactéries hétérotrophes
Dans les océans, il est admis que les bactéries hétérotrophes jouent un réle important

dans le recyclage et la mobilisation de la P.P. En effet, dans le milieu marin, les bactéries
hétérotrophes sont tres abondantes, tres diversifiées et présentent une forte activité
meétabolique (Yager et al, 2001 ; Azam & Malfatti, 2007). Une grande fraction de la P.P se
retrouve sous forme dissoute (DOC) et est ainsi aisément accessible pour les bactéries
(Azam et al, 1983 ; Ducklow & Carlson, 1992). Les bactéries vont également, via I'activité
de leurs enzymes extracellulaires, hydrolyser la POM en de plus petites molécules
assimilables (Cho & Azam, 1988 ; Piontek et al,, 2014). Dans la colonne d’eau, les bactéries
sont présentes sous forme libre adoptant un mode de vie pélagique, ou attachées a des
particules (i.e. neige marine, agrégats phytoplanctoniques ou sympagiques). Il a été
démontré que ces dernieres ont une plus grande activité que leurs homologues libres
(Karner & Herndl, 1992), possiblement en raison de la proximité avec leur source de
nourriture. Si les bactéries hétérotrophes sont pratiquement les seuls organismes a
pouvoir utiliser directement les grandes quantités de DOM disponibles, leur contribution
au recyclage du carbone est faible en Arctique (Piontek et al, 2014). En effet, les bactéries
arctiques respirent moins de carbone (25%) que celles d’autres mers aux latitudes plus
basses (50%) (Cota et al, 1996 ; Kirchman et al, 2009 ; Rich et al, 1997). Cette faible
activité des bactéries arctiques a déja été confirmé par Howard-Jones et al. (2002) qui ont

effectué des mesures de respiration bactérienne. Il a en effet été démontré qu’une fraction

38



importante (15-80%) du bacterioplancton arctique de la mer de Barents est dans un état
de dormance ou d’inactivité. Si cette faible activité a été attribuée par Pomeroy & Diebel
(1986) aux températures tres faibles de I’Arctique, des interactions plus complexes entre
activité bactérienne et températures semblent étre a I'ceuvre (Rivkin et al, 1996 ;
Pomeroy & Wiebe, 2001). Ainsi l'activité métabolique des bactéries arctiques reste encore
mal comprise.

La communauté bactérienne arctique est similaire a celle d’autres océans du globe, on
retrouve principalement procaryotes affiliés aI'échelle du phyla aux alpha, gamma et, beta
-Protéobacteria, des aux Actinobactéria et Bacteroidetes (Bano & Hollibaugh, 2002 ;
Murray & Grzymski, 2007). On note toutefois la faible représentation des cyanobactéries
dans ces eaux (Zubkov et al, 1998). On note également la présence de bactéries dites AAPs
(Aerobic Anoxygenic Phototroph), au métabolisme photo-hétérotrophe, notamment le
clade des Roseobacter (Selje et al., 2004).

e Virus
Les virus jouent également un rdle important dans le transfert de carbone et la

régulation des microorganismes. Etant trés abondants dans les milieux marins (entre 106
et 10° virus ml1; Stuttle et al, 1990), ils sont responsables d’une grande partie de la
mortalité bactérienne (Stuttle et al, 1990), induisant entre 20 et 50% de la mortalité
bactérienne marine (Fuhrman et al, 1995). Les virus vont également intervenir
directement sur la production primaire, en s’attaquant a certains organismes
phototrophes comme les diatomées, les cryptophytes et certaines cyanobactéries (Stuttle

etal, 1990).

1.2.3.2 Dégradation abiotique

¢ Photo-oxydation
Dans les océans, I'énergie lumineuse arrivant a la surface de '’eau va contribuer a la

production primaire, mais également étre a 'origine de nombreux processus de photo-
oxydation de la matiere organique. Cette photo-oxydation peut intervenir directement
(action directe des radiations sur des composés organiques) ou indirectement, via des
composés transférant cette énergie a d’autres ne pouvant I’absorber directement, appelés
photo-sensibilisateurs. Dans I’environnement marin, les réactions de photo-oxydation
directe sont plutét rares, en raison du faible nombre de molécule organiques capables

d’étre excitées par les radiations solaires (Zafiriou et al, 1984).
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En milieu marin, les réactions de photo-oxydation indirectes sont communes et
permettent la dégradation de composés résistants aux réactions de photo-oxydation
directes (Zafiriou et al,, 1984). Elles font intervenir des photo-sensibilisateurs (tels que
les pigments ou hydrocarbures aromatiques), qui vont transmettre cette énergie a
d’autres composés. Ces photo-sensibilisateurs se retrouvent sous deux états d’excitation :
singulet (1sens) ou triplet (3sens) (Foote, 1976) ; il est a noter qu'une grande partie des
réactions de photo-oxydation indirectes font intervenir un photo-sensibilisateur dans son
état triplet (Gollnick, 1968). On va distinguer deux types de photo-oxydation indirecte :
(i) la photo-oxydation de type I faisant réagir le 3sens directement avec d’autres
molécules, apres transfert d’'un atome d’hydrogene ou d'un électron (Figure 1.8) et (ii) la
photo-oxydation de type II faisant réagir le 3sens avec les molécules d’oxygéne qui
I'entourent, produisant ainsi de 'oxygene dans un état excité singulet : 102 (voir Figure
1.8). Dans une moindre mesure, le transfert d’électron de 3sens a l'oxygéne peut
également entrainer la formation de I'anion superoxyde Oz'- (Figure 1.8) (Gollnick, 1968).
Lors de ces derniéres années, il a pu étre démontré que les processus photo-sensibilisés
de type II faisant intervenir I''02 jouaient un réle majeur dans la photo-oxydation des
composants insaturés des algues planctoniques (pour des revues voir Rontani, 2001,
2012, ; Rontani & Belt 2020). Il est important de noter que du fait de I'appariement des
deux électrons libres de 1’102, les réactions impliquant cette forme excitée de I'oxygene

font intervenir un doublet d’électrons et ne sont donc pas radicalaires.
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Figure 1.8: Réactions de photo-oxydation indirectes d’'un photo-sensibilisateur dans son état triplet,
d’apres Rontani (2001)

Dans le milieu marin, la chlorophylle (Chl) est le photo-sensibilisateur le plus abondant
(Foote, 1976). Cette molécule est a la base de la photosynthese : lorsqu’elle absorbe un

quantum d’énergie lumineuse, la Chl passe dans un état excité singulet (1Chl), qui va
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rapidement transmettre cette énergie au reste de la chaine photosynthétique (voir Figure
1.9A). Lors de cette réaction chez des cellules saines, une infime fraction (< 0.1%) de 1Chl
peut subir une « conversion intersysteme » et se retrouver dans son état triplet (3Chl)
(Knox & Dodge, 1985). Cette 3Chl peut étre a l'origine de réactions de photo-oxydation de
type I et II (Figure 1.8). Ces deux voies sont dommageables pour la cellule, notamment via
la production de ROS (Reactive Oxygen Species) déléteres et notamment d’oxygene
singulet (102). Afin d’éviter ces dommages oxydatifs, les organismes photosynthétiques
sont équipés de nombreux moyens de piégeage (quenching) de ces ROS. On peut citer les
caroténoides, I'acide ascorbique ou les tocophérols qui sont des désactivateurs efficaces
de 1''02. L’enzyme SOD (Super Oxide Dismutase) peut également piéger I’anion
superoxyde (02-).

Si ces mécanismes de protection sont efficaces dans des cellules en bonne santé, ce n’est
pas le cas dans des cellules sénescentes, chez qui la fonction photosynthétique n’est plus
assurée. En effet, dans ce cas, la 1Chl, qui est toujours produite par excitation lumineuse,
n’est plus consommée dans les réactions photosynthétiques (Figure 1.9B). Cela induit une
formation accélérée de 3Chl et surtout de 102 qui sature rapidement les systémes
photoprotecteurs de la cellule et résulte en une oxydation intense des composants
insaturés membranaires (effet photo-dynamique, Nelson, 1993). Il est important de noter
que 'environnement immédiat dans lequel est produit I'?02 (membrane des thylakoides
riche en lipides) induit une durée de vie a ce dernier bien plus longue que dans des milieux
aqueusx, ce qui favorise donc les dommages qu'’il peut créer (Suwa et al, 1977). Ainsi, dans
les cellules des organismes photosynthétiques sénescents, les processus de
photooxydation de type II sont intenses, et impactent principalement les composants
lipidiques insaturés tels que les stérols, les acides gras insaturés, mais également les
protéines (Morgan et al, 2004) ou encore '’ADN (Agnez-Lima et al, 1999 ; Ravanat et al,
2000).

L’102 s’attaque également a la chlorophylle conduisant ainsi a une diminution de ses
capacités photosensibilisatrices (photobleaching, Figure 1.9B). Le photobleaching de la
chlorophylle et 'effet photodynamique sont donc des processus compétitifs. Il est
intéressant de noter que l'efficacité de ces processus de photo-oxydation sensibilisés de
Type II (ratio effet photodynamique/photobleaching de la chlorophylle) augmente
fortement aux hautes latitude (Rontani et al, 2021, Figure 1.10). Ce phénomene a été

attribué aux faibles radiations solaires présentes sous la glace qui limitent le
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photobleaching de la chlorophylle (Amiraux et al, 2016) favorisant ainsi l'effet

photodynamique.
Chl : Chlorophylle
Car : Caroténoide
] 30, : Oxygene triplet moléculaire
A Chl +hv 10, : Oxygene singulet excité
Systeme photoprotecteur
Fluoréscence
Intersystem
crossing Car
Photosynthése -- 'Chl *Chl
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|
3
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Figure 1.9 : Devenir de la chlorophylle photo-excitée dans une cellule phytoplanctonique (A) saine
et (B) sénescente (schéma simplifié ne montrant que I'effet de I'oxygéne singulet et le piégeage par
les caroténoides, d’aprés Rontani & Belt, 2020).
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Figure 1.10: Effet de la latitude sur I'efficacité des processus d’oxydation photosensibilisée de Type II
(rapport effet photodynamique/photobleaching) dans le cas du brassicastérol. (Valeurs moyennes
obtenues a partir de nombreuses données (> 100) publiées (Rontani et al, 2011 ; 2012a;2014;2019) et
non-publiées.

e Auto-oxydation
L’auto-oxydation est un processus naturel durant lequel I'oxygene moléculaire présent

dans le milieu réagit avec des molécules organiques dans des conditions douces.
L’oxygene moléculaire se trouve naturellement sous la forme d’un état triplet (302) stable.
Du fait de I'absence d’appariement de ses deux électrons libres, il va agir comme un
biradical libre et induire des réactions d’oxydation radicalaires faisant intervenir
essentiellement des réactions d’addition sur des doubles liaisons et d’arrachement
d’atomes d’hydrogene. L’efficacité de cet arrachement est souvent dictée par la stabilité
des radicaux formés; il s’effectue donc en général en o d’'une double liaison (position
allylique), en a d'un atome d’oxygene ou sur des atomes de carbone tertiaires.

Lors d'une réaction d’auto-oxydation, trois phases se succédent : une phase d’initiation,
une phase de propagation et une phase de terminaison (Figure 1.11). Dans les
phytodétritus ou les cellules phytoplanctoniques sénescentes, on considére que la phase
d’initiation (formation d’'un radical) résulte souvent du clivage homolytique des

hydropéroxydes formés lors de processus photosensibilisés de Type Il (Girotti, 1998 ;
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Rontani et al, 1998). Ce clivage peut étre initié par : (i) certaines enzymes (lipoxygénases),
(ii) certains ions métalliques induisant des réactions d’oxydo-réduction a un électron (Ex :
Fe2+, Cu?+, Zn%*, V2+, Fe3+..)), (iii) la chaleur ou encore (iv) la lumiere (Sheldon & Kochi,
1976 ; Schaich, 2005) (Figure 1.11). Les radicaux ainsi formés vont réagir avec I'oxygene
moléculaire a son état fondamental et conduire a la formation de radicaux péroxyles, puis
finalement a des hydropéroxydes. Cette réaction en chaine s’arréte lorsque les radicaux
libres entrent en collision et échangent des électrons pour former une nouvelle liaison, les

rendant ainsi non-réactifs.

Initiation Propagation Terminaison
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Figure 1.11 : Induction de processus d'auto-oxydation dans des cellules phytoplanctoniques sénescentes,
d'apres Rontani & Belt, 2020.

Grace a l'utilisation de nouveaux marqueurs spécifiques de ce processus (Rontani et al,
2003 ; Rontani & Aubert, 2005), le réle de I'autooxydation dans la dégradation de la MO
peut maintenant étre prise en compte (Rontani et al, 2006 ; Christodoulou et al, 2009 ;

Rontani et al, 2011).

1.3 Lipides & produits d’oxydation

1.3.1 Intérét en biogéochimie

Afin de pouvoir suivre le devenir et la composition de la MO dans le temps et I’espace,

il est capital de développer l'utilisation de biomarqueurs stables et spécifiques pouvant
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témoigner de l'origine et du ou des processus de dégradation subis par cette matiere
organique.

Les lipides constituent un groupe assez vaste de molécules organiques comprenant
deux grandes catégories : les lipides a base d’acides gras (AGs) et les lipides a base
d’isoprene (lipides polyisopréniques tels que les stéroides, les terpénoides et les
caroténoides). Dans la catégorie des lipides a base d’acides gras on distingue couramment
les lipides simples - composés uniquement de carbone, d'hydrogene et d'oxygene (ex :
glycérides) - et les lipides complexes, qui renferment également de 1'azote, du phosphore
ou du soufre. Ils assurent différentes fonctions physiologiques comme la réserve
d’énergie, la structuration des cellules, et participent aussi activement au métabolisme
(Bergé & Barnathan, 2005). IIs sont ainsi porteurs de beaucoup d’informations concernant
I’état métabolique des organismes, leur biomasse et leur état de dégradation.

L’analyse des lipides et de leurs produits d’oxydation est tres utile pour étudier la
composition de la matiere organique (phytoplancton, zooplancton ou bactérie) et son
devenir. En effet, ces composés constituent une part importante (16-26%, Jénasdottir,
2019) de la matiere organique phytoplanctonique. Ils sont également moins labiles que
les protéines ou les carbohydrates, et sont donc souvent utilisés comme traceurs de
source (Volkman, 2003) et d’état de dégradation de la matiere organique (Wakeham,
1995). Les lipides, du fait de leur abondance dans le pool de carbone marin, de leur
diversité et de leur stabilité chimique, constituent donc de bons marqueurs lors des
études de biogéochimie organique.

Afin de fournir une information robuste, les produits d’oxydation lipidiques doivent
étre relativement spécifiques (du processus de dégradation considéré) et stables en
conditions naturelles. Il apparait que ces criteres sont respectés pour les produits
d’oxydation de la chaine phytyle de la chlorophylle, des A> - stérols, et des acides gras
monoinsaturés (Pour une revue récente voir Rontani & Belt, 2020). Si les produits de
dégradation de certains lipides (ex: ceux de certains hydrocarbures isoprénoides
polybranchés (HBIs)) ne permettent pas de donner une information quantitative, en
raison de leur instabilité ou de leur manque de spécificité, I'information qualitative qu’ils

fournissent peut étre tres utile lors d’études paléoclimatiques (Rontani & Belt, 2020).
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1.3.2 Acides gras

Les acides gras (AGs) sont des acides carboxyliques a chaine plus ou moins longue,
comprenant la plupart du temps un nombre pair d’atomes de carbone (entre 4 et 36 pour
les plus longs). Ils fonctionnent comme de vrais « blocs de construction » pour les autres
classes de lipides (triacylgycerols, galactolipides, phospholipides ; Jénasdéttir, 2019) Leur
structure pouvant varier, ils sont classés en différents catégories (O'Keefe, 2002) :

- Les AGs saturés ou toutes les liaisons carbone - carbone sont simples

- Les AGs insaturés, comprenant au moins une double liaison carbone -
carbone est double. Si au moins deux liaisons sont doubles on parle d’AG
polyinsaturé.

- Les AGs cis et trans: les AGs contenant une double liaison peuvent se
trouver sous forme de deux conformations: E (trans), observée chez certaines
bactéries et ruminants, et Z (cis), qui est la plus courante dans la plupart des
organismes vivants.

- Les AGs peuvent également avoir une structure plus complexe ; ils peuvent
étre ramifiés ou encore cycliques et posséder certains groupes fonctionnels
(hydroxyl-, époxy...).

Les AGs poly- ou mono-insaturés (respectivement PUFAs et MUFAs) sont tres
abondants chez les algues (Volkman et al, 1989) ou ils peuvent représenter entre 45 -
85% du total des acides gras (Jonasdottir, 2019). Ces composés insaturés sont
susceptibles de subir des réactions de photo-oxydation de type II lors de la sénescence
algale (Heath & Packer, 1968). Le taux de photo-oxydation des AGs augmente logiquement
en fonction de leur degré d’'insaturation (Frankel, 1980). Les PUFAs sont donc tres
sensibles a ces processus de dégradation. Toutefois, en raison de: (i) l'instabilité des
produits d’oxydation formés, et (ii) l'intervention de réactions intermoléculaires
conduisant a la formation de macromolécules non indentifiables par chromatographie en
phase gazeuse (Neff et al, 1988), des photo-produits de PUFAs susceptibles de jouer le

réle de marqueurs n’ont pu étre mis en évidence jusqu’ici dans des échantillons naturels.

1.3.2.1 Photo-oxvdation des MUFAs

La réaction de photo-oxydation sensibilisée de Type Il d'un MUFA fait intervenir ce que
I'on nomme une « ene addition » (Frimer, 1979), c’est-a-dire 1'addition de 1''02 sur une

extrémité de la double liaison et la migration concertée de celle-ci. Cette addition conduit
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a la formation d’hydropéroxydes a chaque bout de la double liaison originelle (Figure
1.12), Frankel et al, 1979). Ces hydropéroxydes (possédant une double liaison allylique
en position trans : Frankel, 1980) peuvent ensuite subir un réarrangement allylique
stéréosélectif, formant deux nouveaux isomeres possédant également une double liaison
trans (Figure 1.12), Porter et al, 1995). Les hydroxyacides obtenus apres réduction au
NaBHs4 de ces photo-produits (trop fragiles pour étre directement analysés en
chromatographie en phase gazeuse) constituent de bons traceurs de processus de photo-

oxydation de type Il en milieu naturel (Rontani & Belt, 2020).

1.3.2.2 Auto-oxydation des MUFAs

L’auto-oxydation des MUFAs fait intervenir l'abstraction d’'un atome d’hydrogéene en
position allylique et I'oxydation du radical allylique ainsi formé, conduisant ainsi a la
formation de six hydropéroxyacides isomeres. Dans le cas des MUFAs possédant une
double liaison en A%, I'auto-oxydation produit un mélange d’hydropéroxyacides [8-cis], [8-
trans|, [9-trans], [10-trans], [11-trans] et [11-cis] (voir Figure 1.12). Apres réduction au
NaBHa4 de ces isomeres, la quantification des produits résultant de la photo- et de I'auto-
oxydation des MUFAs est possible, en se basant sur la proportion des hydroxyacides de
conformation cis (spécifiques de 'auto-oxydation ; Frankel, 1980 ; Porter et al, 1995) et
la température au moment du prélevement (°C). Dans le cas d'un MUFA possédant une
double liaison en A la proportion d’hydroxyacides trans résultant des processus auto-
oxydatifs peut étre calculée a I'aide des équations (1) a (4), (Marchand & Rontani, 2001).
La proportion des hydroxyacides d’origine photo-oxydative peut ensuite étre obtenue par
différence.

[8 — cis] + [11 — cis]

1 = —0.0138T + 1.502
(1) [9 — trans]

[8 — cis] + [11 — cis]

2 _
(2) 70— trans] 0.0144T + 1.553
[8 — cis] — —0.0055T + 0.627

(3) [8 — cis] + [8 — trans] ' '
[11 — cis] — —0.0058T + 0.635

4 T11-cis] + [11 — trans] ' '
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1.3.2.3 Dégradation biotique des acides gras

Les acides gras sont susceptibles d’étre biodégradés par de nombreuses enzymes,
nommeées en fonction de la position de leur attaque de la chaine acyle (a-, - ou w-
oxydases, Harwood & Russell, 1984). Cette dégradation conduit généralement a une
minéralisation totale des AGs. La diversité de ces enzymes ne sera pas détaillée lors de cet

exposé bibliographique.
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Figure 1.12 : Processus de bio-, auto- et photo-dégradation des MUFAs & traceurs associés dans une
cellule phytoplanctonique sénescente.
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Les MUFAs et les PUFAs peuvent étre également oxygénés en milieu de chaine par des
cytochromes P450, des lipoxygénases (LOXs) ou des hydratases. La superfamille des
cytochromes P450 représente un ensemble tres diversifié de protéines contenant une
structure hémique ; elles sont présentes dans les bactéries, les champignons, les animaux
et les plantes. Ces enzymes sont des monooxygénases qui peuvent catalyser un large
éventail de réactions. Dans le cas des AGs insaturés, elles permettent 1'hydroxylation
spécifique de certaines positions de la chalne carbonée (notamment des positions
allyliques, Oliw et al, 1996) et I'époxydation des doubles liaisons (Guengerich, 1991).

Les LOXs sont présentes généralement chez les eucaryotes (Garreta et al, 2013), mais
aussi chez quelques procaryotes (Porta & Rocha-Sosa, 2002 ; An et al., 2018). Ces enzymes
contenant du fer (non hémique) catalysent la dioxygénation des acides gras polyinsaturés
contenant une structure 1(Z),4(Z)-pentadiene. Le produit formé est un hydropéroxyacide
possédant une structure 1-hydropéroxy-2(E),4(Z)-pentadiene (Porta & Rocha-Sosa,
2002). L’oxydation des AGs par les LOXs peut jouer un réle important dans I'étape clef des
réactions d’auto-oxydation a savoir leur initiation (Figure 1.12). En effet, le cycle
catalytique des LOXs produit des radicaux alkoxyles (Fuchs & Spiteller, 2000 ; Spiteller &
Afzal, 2014).

Comme leur nom [l'indique, les hydratases sont capables d'hydrater,
stéréospécifiquement, les doubles liaisons des AGs insaturés. Dans le cas des acides gras
insaturés A9, cette hydratation résulte en la formation de 10-hydroxyacides (El-Sharkawy
etal, 1992 ; Yangetal, 1993 ; Hou, 1994), qui sont souvent déshydrogénés par la suite en
10-cétoacides (El-Sharkawy et al, 1992). 1l est intéressant de noter que I'hydratation des
acides gras insaturés peut constituer un mécanisme de détoxification chez certaines
bactéries. Une telle détoxification peut étre essentielle a la colonisation bactérienne et a
la survie dans des environnements riches en acides gras libres bactéricides tels que les
blooms d’algues de glace (Falk-Petersen et al,, 1998).

La production d’acide 10-hydropéroxyoctadec-8(E)-enoique a été observée lors de la
croissance de Pseudomonas aeruginosa sp. 42A2 sur I'acide oléique (Guerrero et al, 1997 ;
Busquets et al, 2004). Cette transformation a été attribuée initialement a une LOX, puis
plus récemment a une dioxygénase (10S-DOX) appartenant a la sous famille des
cytochromes C di-hémiques (Estupifian et al, 2015). Cette oxydation est liée a une activité
diol synthase produisant de 'acide 7,10-dihydroxyoctadec-8(E)-enoique (Martinez et al.,

2010). L’activité de cette 10S5-DOX est particulierement forte dans le cas des AGs
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possédant une double liaison en A?. Elle convertit ainsi 'acide palmitoléique (Cie:109) en
acide 10-hydroperoxyhexadec-8(E)-énoique. La présence de cette 10S-DOX a été
récemment démontrée chez des bactéries des genres Pseudoalteromonas, Shewanella et
Aeromonas (Shoja Chaghervand, 2019). Une dominance de l'acide 10-
hydropéroxyhexadec-8(E)-énoique parmi les produits d'oxydation de l'acide
palmitoléique résultant de cette activité 10S-DOX a été observée récemment dans la
banquise et dans du matériel particulaire dans I'Arctique canadien (Amiraux et al, 2017 ;
Rontani et al, 2018), mais aussi dans des estuaires de diverses latitudes (Galeron et al.,
2018). Martinez et al. (2010) ont précédemment suggéré que les AGs se lienta la 10S-DOX
avec leur groupe carboxyle a une position fixe par rapport au site catalytique. Cette
enzyme localisée dans le périplasme (Martinez et al, 2013) est de ce fait principalement
active sur les acides gras libres. Elle pourrait donc contribuer a la détoxification de ces
acides gras déléteres (Monfort et al,, 2000 ; Desbois et Smith, 2010) dans I'environnement

bactérien (Martinez et al., 2010).

1.3.3 A5-Stérols

Les A5-stérols sont des composants importants des membranes phytoplanctoniques ou
ils jouent un role capital dans la stabilisation de la bicouche lipidique membranaire
(Piepho et al, 2012). Ce sont des composés insaturés, qui représentent entre 2 et 8% du
pool lipidique algal (Jénasdéttir, 2019). Certains d’entre eux ne sont produits que par un
nombre tres limité d’organismes (Volkman, 1986, 2003), ce qui a permis leur utilisation
comme traceurs de sources lors d’études de la diversité des populations
phytoplanctoniques (Véron et al, 1998 ; Taipale et al, 2016). Ne synthétisant pas de A>-

stérols, les bactéries ne peuvent étre suivies a I'aide de ces traceurs.

1.3.3.1 Photo-oxydation des A°- stérols

Etant insaturés et présents dans les membranes, les A>-stérols sont donc susceptibles
de subir des processus de photo-oxydation sensibilisée de Type II (Christodoulou et al,
2009 ; Rontani et al, 2009). Cette oxydation produit différents composés, principalement
des Aé-5a-hydropéroxydes et des A*-6a/B-hydropéroxydes, en plus faibles proportions
(Figure 1.13, Nickon & Bagli, 1961 ; Kulig & Smith, 1973). Si les A®-5a-hydropéroxydes
sont produits majoritairement, ils sont tres instables et sont rapidement convertis en 7§3-
hydropéroxydes par réarrangement allylique (Smith, 1980). Bien que produits en plus
petites quantités, les A*-6a/B-hydropéroxydes sont plus stables et spécifiques. Apres
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réduction au NaBHs4, les A*-stera-6a/[-diols formés constituent de bons traceurs de la
photo-oxydation des A5-stérols (Christodoulou et al, 2009 ; Rontani et al, 2009). 1l est
possible d’estimer un % de photo-oxydation du A>-stérol parent en se basant sur le % de

A*-stera-6a/B-diols détecté et en utilisant I'équation (5) (Christodoulou et al., 2009).

(5 % de photo — oxydation des stérols
= ((A* stera — 6a/B — diols %) x (1 + 0.3) / 0.3)

1.3.3.2 Auto-oxydation des A5-stérols

L’oxydation des AS-stérols par des radicaux libres (auto-oxydation) va produire
majoritairement des 7a- et 7p3-hydropéroxydes, ainsi que des 5a-/f3,6a-/[3-époxystérols
et des 3f3,5a,6B-trihydroxystérols en plus faibles proportions (Figure 1.13, Smith, 1980).
Etant peu spécifiques et/ou instables, les 7@-hydropéroxydes et les 5a-/B,6a-/B-
époxystérols ne peuvent étre considérés comme de bons traceurs (Christodoulou et al,
2009). Le taux d’auto-oxydation des A>-stérols dans un échantillon naturel va donc étre
estimé en utilisant la concentration en 3f,5a,6B-trihydroxystérols et I'équation (6),
proposée par Rontani et al. (2009) et basée sur des constantes de vitesse d’auto-oxydation

calculées par Morrissey & Kiely (2006).

(6) % d'auto — oxydation des stérols = (38,5a, 68 — trihydroxystérols %) x 2.4

1.3.3.3 Biodégradation des A>-stérols

Les A5-stérols peuvent étre métabolisés par des bactéries de nombreux genres (Owen
et al, 1983 ; Naghibi et al, 2002), aussi bien en conditions aérobies qu’anaérobies. La
dégradation microbienne aérobie des A>-stérols peut étre effectuée via deux processus : a
savoir par métabolisme de leur chaine latérale ramifiée et/ou par I'ouverture de leurs
cycles (Rostoniec et al, 2009). La dégradation est amorcée par oxydation de la fonction
hydroxyle 3p- et par I'isomérisation de la double liaison A5 en position A* (Sojo et al,
1997). Les premieres étapes de cette dégradation donnent donc généralement des stér-4-
en-3ones, des 5a(H)-stanones et des 5a(H)-stanols (Figure 1.13, Gagosian et al, 1982 ; De
Leeuw & Baas, 1986 ; Wakeham, 1989). Ces cétones et stanols sont des indicateurs tres

utiles pour suivre I'attaque bactérienne des A>-stérols in situ. Il est toutefois important de
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noter que ces traceurs ne permettent d’obtenir que des indications qualitatives

éré.

7

concernant les processus de dégradation biotique agissant sur le A>-stérol consid
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1.3.4 Chlorophylle

La chlorophylle est le pigment le plus important des cellules photosynthétiques (Jeffrey
& Hallegraeff, 1987). Lors de la sénescence, la chlorophylle se dégrade rapidement sous
'effet de ''02 qu’elle a contribué a produire via les processus photosensibilisés de Type Il
(Figure 1.9B; Nelson, 1993 ; Rontani et al, 1995 ; Christodoulou et al, 2010). Si des
produits de dégradation spécifiques et stables de la structure tétrapyrrolique de la
chlorophylle n’ont pas pu étre encore identifiés, I'oxydation de la chalne phytyle de cette
derniere (qui se dégrade 3 a 5 fois moins vite que la structure tétrapyrrolique, Cuny et al.,
1999 ; Christodoulou et al, 2010) permet un bon suivi de la photo-dégradation de la

chlorophylle.
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Figure 1.14 : Photo-oxydation sensibilisée de Type Il de la chaine phytyle de la chlorophylle, d’apres Rontani

& Belt, 2020)
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1’102 réagit avec la chaine phytyle pour former (apres réduction au NaBH4 et hydrolyse

alcaline) un marqueur stable et spécifique de ce processus, le 3-méthylidéne-7,11,15-
triméthylhexadecan-1,2-diol ou phytyldiol (Figure 1.14 ; Rontani et al, 1994). Cette

molécule, ubiquiste en milieu marin, est spécifique a la photo-dégradation de la
chlorophylle et a été proposée comme traceur de ce processus (Rontani et al,, 1994, 1996 ;
Cuny & Rontani, 1999). En utilisant la rapport molaire phytyldiol/phytol appelé CPPI
(Chlorophyll Phytyl side chain Photodegradation Index) et I'équation (7) le pourcentage
de photo-dégradation de la chlorophylle peut étre estimé (Cuny et al,, 1999)

(7) % de photo — dégradation de la chlorophylle = (1 — (CPPI + 1)~85)x 100

1.3.5 Alcéne isoprénoides polybranchés (HBIs) et IP2s

Les alcenes isoprénoides sont des biomarqueurs marins retrouvés dans de nombreux
sédiments (Robson & Rowland, 1988 ; Rowland & Robson, 1990 ; Damste, 2004) ; ces
molécules possedent en général des squelettes carbonés a 20, 25 ou 30 atomes de carbone
et un nombre d’insaturation variant le plus souvent de 1 a 5 (Rowland & Robson, 1990 ;
Volkman et al, 1994 ; Wraige et al, 1999 ; Belt et al, 2001 ; Grossi et al, 2004). Ces
dernieres années, la production d’alcenes HBIs par de nombreuses diatomées a été bien
documentée. (Volkman et al, 1994 ; Belt et al,, 2001a ; Grossi et al,, 2004).

Parmi la diversité d’HBIs, un alcene monoinsaturé a 25 atomes de carbone présent en
Arctique est particulierement bien conservé dans les sédiments (Belt et al, 2007 ; Vare et
al, 2009). Cet isomeére, produit par certaines diatomées de glace denomé « ice proxy with
25 carbon atoms » ou IP2s est un traceur robuste du couvert de glace en Arctique tres
souvent utilisé lors d’études paléoenvironnementales (pour une review voir Belt & Miiller,
2013).

Récemment, il a pu étre démontré que les processus photosensibilisés de Type Il
affectaient tres fortement les alcenes HBIs polyinsaturés possédant au moins une double
liaison trisubstituée (Rontani et al, 2011, 2014a). Les processus auto-oxydatifs quant a
eux agissent plus particulierement sur les alcénes HBIs polyinsaturés possédant des
positions bis-allyliques permettant la formation de radicaux tres stables lors de I'étape
d’arrachement d’atomes d’hydrogene (Rontani et al, 2014b). Malheureusement il n’a pas
été a ce jour possible de caractériser des photoproduits ou des produits d’oxydation de

ces composés suffisamment stables pour tracer ces processus.
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Du fait de leur faible réactivité avec les radicaux, I'IP2s et certains HBIs di-insaturés ne
sont pas affectés par les processus photo- et auto-oxydatifs dans la colonne d’eau. Ils
peuvent toutefois étre auto-oxydés dans la couche oxique des sédiments arctiques
(Rontani et al, 2018, 2019, 2020). En effet, la durée de séjour de ces composés dans cet
environnement oxique peut atteindre un siecle et permettre une oxydation significative
de ces composés en dépit de la lenteur du processus. Cette dégradation potentielle devra

étre prise en compte lors d’études paléo-environnementales basées sur ces traceurs.

1.4 Etat de stress et réponse des bactéries arctiques

Dans les milieux arctiques et plus particulierement dans la glace, des conditions
physico-chimiques (température et salinité notamment, Collins et al, 2010) extrémes et
tres variables en fonction des saisons regnent et peuvent induire différents stress chez les
organismes qui y vivent.

Dans cette partie seront traités les différents stress halins, chimiques et photo-

oxydatifs subis par les bactéries arctiques, ainsi que leurs réponses métaboliques.

1.4.1 Stress halin

Les organismes vivants dans les canaux de saumure a l'intérieur de la glace de mer sont
soumis a de fortes variations de salinité. En effet, lors de la formation de glace en automne,
les sels et solutés se concentrent dans ces canaux, ou la salinité peut atteindre 150. En été,
lors de l'initiation de la fonte, ces canaux sont lessivés par percolation et les organismes
sont alors exposés a des salinités proches de celle de '’eau douce et sont ensuite rejetés
dans la colonne d’eau, a une salinité homogéne marine. Ces fluctuations importantes
peuvent induire des pertes importantes de la population bactérienne de la glace (Krembs
et al, 2002 ; Collins et al,, 2008). Pour faire face a ces variations de salinité intenses et
parfois tres rapides (quelques heures), les bactéries arctiques ont développé différentes
stratégies adaptatives telles que: (i) la production et l'accumulation de composés
osmocompatibles ; (ii) des processus enzymatiques ; ou (iii) la production de substances

extrapolymeériques (EPS) (Ewert & Deming, 2013).
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e Production et accumulation de composés osmocompatibles & EPS

Afin de supporter I'osmolarité trés forte des canaux de saumure, les bactéries peuvent
produire et accumuler des molécules dites osmocompatibles ou osmoprotectrices (de
charge généralement neutre chez les bactéries, Galinski, 1995), cela sans interférer avec
les fonctions cellulaires (Roberts, 2005). Parmi ces osmolytes on retrouve par exemple la
glycine, la bétaine ou encore la proline (Roberts, 2005 ; Empadinhas & Viete-Vallejo,
2008 ; Wargo, 2013). Ces osmolytes, synthétisés dans la cellule ou incorporés a partir du
milieu, vont permettre a la cellule de maintenir sa pression de turgescence, son volume et
sa concentration en électrolytes ; éléments importants pour la division et la prolifération
cellulaire. Les organismes arctiques se développant dans la glace ont également la
particularité de produire de grandes quantités d’EPS (Krembs & Engel, 2001 ; Meiners et
al, 2003). Ces polymeéres permettent une meilleure adhésion au substrat et peuvent
également constituer une protection contre le froid. Dans le cas d’un stress halin, la
production d’EPS peut aussi servir de barriere de diffusion et ainsi protéger les bactéries

contre la forte pression osmotique dans les canaux de saumure (Krembs & Deming, 2008).

e Maintien de la fluidité membranaire via la cis/trans isomérase

Un autre moyen pour les bactéries arctiques de tolérer les fortes variations de salinité
est de maintenir la fluidité de leurs membranes via un processus de remodelage des
lipides, appelé « adaptation homéovisqueuse » (Sinensky, 1974). Cette adaptation se
traduit physiologiquement par la conversion enzymatique des AGs membranaires de
conformation cis en trans (Loffeld & Keweloh, 1996 ; Heipieper et al, 2003). Ce
changement de conformation est généralement réalisé a l'aide d’enzymes appelées

cis/trans isomérases (CTIs, Figure 1.15).

Acide Cis vaccénique Cis/trans

isomérase

(0]
Acide Trans

Figure 1.15 : Action de la cis/trans isomérase sur l'acide vaccénique
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L’isomérisation des AGs membranaires permet ainsi aux bactéries de « rigidifier » leurs
membranes et ainsi de prévenir les risques de lyse cellulaire (Heipieper et al, 2003). Le
ratio des AG trans/cis (T/C) témoigne également de la présence d’un stress halin. On peut
noter qu’'un ratio T/C d’un échantillon environnemental > 0.1 est souvent utilisé comme
indicateur d’un état de stress bactérien (Guckert et al., 1986).

Il est important de noter que l'isomérisation des AGs membranaires est, chez les
bactéries, un phénomene de protection relativement rapide (Heipieper et al, 2007).
Lorsque le stress osmotique disparait, le ratio T/C retrouve une valeur normale (Fischer
et al, 2010). La réaction inverse de la CTI (conversion des AG trans en AG cis) n’est
toutefois pas catalysée (Eberlein et al, 2018), ainsi le retour a un ratio T/C normal ne

s’obtient que par une synthese de novo d’AG de conformation cis.

1.4.2 Stress chimique

Les AG libres (ou Free Fatty Acids : FFAs) sont des AGs non estérifiés, qui ne sont donc
pas rattachés a une autre molécule (sucre, glycérol, phosphate etc...), ils sont produits de
maniere significative par les diatomées sympagiques (Falk-Petersen et al., 1998 ; Parrish
et al., 2005) en réponse a un stress radiatif (Hu et al., 2008), de prédation (Jiittner, 2001)
ou en fin de bloom (Smith et al., 1993). Les bactéries se développant dans les canaux de
saumure peuvent subir un stress chimique, lié a la sécrétion des FFAs par les diatomées
sympagiques. Ces FFAs sont rapidement excrétés hors de la cellule dans le milieu via des
enzymes lipolytiques (Jiittner, 2001 ; Wichard et al, 2007). Ces enzymes, majoritairement
des lipases (Desbois & Smith, 2010) vont séparer ’AG de la molécule a laquelle il est
rattaché via hydrolyse pour donner un AG libre. Le pH a l'intérieur des canaux de saumure,
qui est compris entre 8.0 et 8.5 (Hare et al, 2013), favorise la solubilisation des FFAs
(Parrish et al, 2013). Les bactéries associées aux diatomées dans ces milieux sont donc
fortement exposées a ces composés.

Les FFAs possedent de nombreuses propriétés bactéricides et/ou bactériostatiques
(Desbois & Smith, 2010) selon différents modes d’action (pour une revue détaillée, voir
Desbois & Smith, 2010). De maniere générale, les FFAs insaturés ont une plus grande
activité antibactérienne que leurs homologues saturés (Desbois et al, 2009), de méme les
FFAs monoinsaturés montrant les plus fortes activités antibactériennes ont en général

entre 14 et 16 atomes de carbone (Feldlaufer et al,, 1993).
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Les FFAs vont d’abord fortement détériorer les lipides membranaires, en y créant des
failles de tailles variables, conduisant a des fuites de composants cellulaires, a la
perturbation des protéines membranaires et a terme, la lyse cellulaire. Ils peuvent
également avoir un fort impact sur la chaine de transports d’électrons perturbant ainsi la
production d’ATP et donc 'apport en énergie de la cellule. Les FFAs sont également des
inhibiteurs de diverses enzymes membranaires ou du cytosol, pouvant inhiber jusqu’a la
synthese d’AGs in vivo (Zheng et al, 2005) et ainsi conduire a l'altération ou a la
perméabilité des membranes (Desbois & Smith, 2010). Enfin, ils vont également
empécher la cellule d’accéder a des nutriments essentiels comme les acides aminés,
probablement suite a des perturbations du transport actif de nutriments. Cependant, le
mode d’action des FFAs a ce niveau n’est pas connu.

Les bactéries ont différentes stratégies pour tenter de se protéger des FFAs. La
premiere est de renforcer leurs membranes, ces structures étant en contact direct avec
ces composés. En isomérisant leurs membranes, les bactéries les rendent plus difficiles a
pénétrer et limitent ainsi les effets antibactériens des FFAs (Kenny et al, 2009). Ce
mécanisme de défense va également modifier la polarité des membranes et les rendre
moins hydrophobes. Par conséquent les AGs libres vont étre moins attirés par les
membranes cellulaires et ainsi moins les pénétrer (Clarke et al, 2007 ; Kenny et al, 2009).
La présence de pigments membranaires, comme des caroténoides, peut également aider
a diminuer la fluidité membranaire et ainsi éviter le passage des FFAs (Chamberlain et al,
1991).

Enfin, les bactéries sont également capables, au-dela d'une simple protection contre les
FFAs, de détoxifier ces derniers via des processus enzymatiques. En effet, il a été démontré
que l'hydratation d’AGs libres par des hydratases est un mécanisme efficace de
détoxification (Volkov et al, 2010 ; Joo et al, 2012) permettant aux bactéries évoluant

dans un environnement riche en FFAs de survivre.

1.4.3 Stress photo-oxvdatif

Comme il a été exposé précédemment, la photo-oxydation (principalement de type II),
faisant intervenir un photo-sensibilisateur dans un état excité (3sens) est un mécanisme
induisant indirectement de nombreux dommages dans les organismes photosynthétiques
sénescents, via la production de ROS. En effet chez ces derniers, les différents systemes de

protection contre les dommages ne sont plus suffisamment performants pour
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« quencher » efficacement les ROS produits naturellement, ce qui entraine une
accumulation de ces composés.

Du fait de 'absence de photo-sensibilisateurs efficaces chez la majorité des bactéries,
I'effet des processus photo-oxidatifs y est beaucoup plus limité. Toutefois, des proportions
significatives de produits de photo-oxydation de 'acide cis-vaccénique (AG typique des
bactéries Gram négatives: Sicre et al, 1988; Keweloh & Heipieper, 1996) ont été
observées in situ (Rontani et al, 2011; Rontani, 2012) et apres irradiation de
phytodétritus non-axéniques (Petit et al, 2015). Ces observations surprenantes ont été
attribuées a: (i) la présence de bactéries photohétérotrophes (Aerobic Anoxygenic
Phototrophs: AAPs, Uchoa et al, 2008; Berghoff et al, 2011) possédant de la
bactériochlorophylle a (BChl a) ou (ii) un transfert de ROS des cellules

phytoplanctoniques sénescentes aux bactéries qui leur sont attachées.

1.4.3.1 Photo-oxydations des AAPs

Les AAPs, largement distribués dans les environnements marins, possédent de la
bacterio-chlorophylle a (BChl a) qui leur permet de produire de I’ATP dans certaines
conditions via un processus appelé photosynthese anoxygénique. La BChl a étant une
molécule photo-sensibilisatrice, une photo-oxidation des AAPs initiée par la BChl a est
donc envisageable. L’irradiation de cellules mortes de deux AAPs isolés du milieu marin
(Erythrobacter sp. NAP1 et Roseobacter sp. COL2P) (contenant de fortes proportions
d’acide vaccénique) n’a pas permis de mettre en évidence d’attaque significative de la
chaine phytyle de la Bchl a et de cet acide par 1'’02 (Rontani et al, 2003a). L’oxydation tres
lente de 'acide vaccénique observée résultait essentiellement de processus radicalaires.
Cette absence de processus photosensibilisés de Type II a été attribuée a la présence de

fortes proportions de caroténoides (piégeant I''02) dans ces bactéries pigmentées.

1.4.3.2 Transfert des ROS aux bactéries

L’action délétere des ROS et plus particulierement de I''Oz ne se limite pas a
I'environnement immeédiat des chloroplastes (ou ils sont générés). En effet, Il a été observé
dans 'appareil photosynthétique de Chlamydomonas reinhardtii que 1''O2 produit dans les
membranes thylakoides des chloroplastes dans des conditions de forte luminosité est
capable d'atteindre le cytoplasme ou méme le noyau (Fisher et al, 2007). Il est important
de savoir que I''02 a une durée de vie plus longue dans les membranes biologiques (14 ps)

que dans les milieux aqueux (3.5 ps). Dans ces membranes, il a donc une distance de
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diffusion théorique de I'ordre de 400 nm (Baier et al, 2005). Cette distance est tout a fait
suffisante pour lui permettre de migrer hors des cellules phytoplanctoniques sénescentes
et ainsi induire des dégats aux bactéries qui leur sont attachées (Rontani et al,, 2003a;
Christodoulou et al, 2010). Cette hypothese a pu étre confirmée par Rontani et al. (2003a),
qui ont irradié des cellules mortes : (i) de phytoplancton axénique, (ii) de bactéries
hétérotrophes et (iii) du mélange des deux dans les mémes conditions et ont observé une
photo-oxydation accélérée de I'acide vaccénique bactérien en présence de phytoplancton.
Certains microorganismes étant mieux équipés que d’autres (présence de caroténoides)
pour faire face a ce stress, I’'exposition a I''O2 pourrait donc étre un facteur de sélection
dans les environnements marins pouvant modifier la composition de la communauté
bactérienne (Glaeser et al,, 2010 ; Petit et al, 2015).

Les phytodétritus constituent donc des environnements hydrophobes privilégiés
permettant I'allongement de la durée de vie de 1''0z et sa diffusion hors des cellules. Il a
récemment été démontré que les écosystémes arctiques sont trés propices a la production
et la diffusion d’102 en raison : (i) des faibles irradiances présentes sous la glace, limitant
la dégradation des sensibilisateurs (photobleaching, Figure 1.9B) et allongeant ainsi la
durée de production de I'102 et (ii) des faibles températures y régnant, qui ralentissent la
diffusion de I''Oz au travers des membranes, y induisant donc plus de dégats (Amiraux et
al, 2016). Du fait de I'absence de systeme photoprotecteur et anti-oxydant suffisamment
efficace chez la plupart des bactéries hétérotrophes associées aux phytodétritus, les
dommages photo-oxydatifs liés a I''02 doivent donc y étre conséquents (Garcia-Pichel,
1994).

Il est toutefois important de noter que le transfert d’oxygene singulet des phytodétritus
aux bactéries associées dépend grandement du morphotype de la cellule
phytoplanctonique. En effet la présence d’une frustule de silice inhibe totalement le
transfert de 1''02 aux cellules attachées, contrairement aux coccolithes carbonatés qui

n’inhibent pas ce transfert (Petit et al, 2015a).

1.4.3.3 Dommages oxydants sur la cellule

Comme il a été exposé précédemment, les processus photo-oxydatifs de Type II faisant
intervenir I''02 peuvent induire une oxydation tres intense des composés insaturés de la
cellule. De plus, la réaction entre I''02 et les lipides membranaires conduit a la production

d’hydropéroxydes, pouvant eux méme induire (apres clivage homolytique) des réactions
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d’oxydation en chalne (peroxydation lipidique) qui dégradent rapidement les membranes
(Glaeser etal, 2011).

Parmi les cibles privilégiées de 1'’02 dans la cellule autres que les lipides insaturés on
peut noter certains acides aminés, et plus particulierement la guanine, avec qui il réagit
pour donner un produit stable, la 8-0x0-7,8dihydro2’-deoxyguanosine (8-oxodG), ou °G
(Cadet et al, 2006, 2010). Cette oxydation se traduit par l'introduction d’'un groupement
-0xo en C-8 et d'un atome d’hydrogene en C-7 (van Loon et al, 2010 ; Figure 1.16). Les
autres bases peuvent également étre oxydées, mais la guanine possede une plus forte
affinité en raison de son faible potentiel redox (Steenken & Jovanovic, 1997). La principale
conséquence de cette oxydation de la guanine est bien évidemment la forte occurrence de
mutations (Menck et al, 1993). La mutation la plus couramment observée est une
transversion G 2 T (Mascio et al, 1990 ; De Oliveira et al, 1992 ; Agnez-Lima et al,, 1999).
On note également I'occurrence moins importante de la transversion G = C (McBride et
al, 1991 ; van den AkKker et al, 1994 ; Wagner & Fuchs, 1997), et des délétions de bases
(Decuyper-Debergh et al, 1987 ; Shibutani et al,, 1991). Les conséquences de 'exposition
a I''0z sont variées mais les mutations induites menent généralement a la mort de la
cellule. Il est difficile de déterminer précisément les causes, tant 1''02 réagit avec
différentes éléments cellulaires (membranes, protéines, ADN...), mais on a pu noter la
perturbation d’enzymes indispensables au métabolisme primaire, comme les ADN
polymérases, dont la progression est bloquée par I'0G empéchant ainsi la réplication de

I’ADN (Piette & Moore, 1982).

O . O @
N oxidative N
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\ - \

H guanine H 8-oxoguanine

Figure 1.16 : Oxydation de la guanine formant la base 8-oxodG (d'apres Lanier & Williams, 2017)

e Mécanismes de réparation et de protection
Les bactéries possedent différentes stratégies pour se protéger ou limiter I'impact des

forts dégats oxydatifs de I''02. Ceux-ci peuvent étre préventifs (permettant d’'éviter

I'occurrence des dommages cellulaires) ou curatifs. Des enzymes comme la Super Oxide
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Dismutase (SOD) ou la catalase (CAT) peuvent avoir un effet protecteur contre 1'102
(Glaeser et al, 2011 ; Kim et al, 2002) ; la présence d’anti-oxydants comme des pigments
(caroténoides) peuvent également bloquer les molécules photosensibilisatrices ou 1’102
lui-méme.

Trois principales voies de réparation de ’ADN sont impliquées dans la réparation des
lésions liées a 1''02, a savoir la Nucleotide Excision Repair (NER), la Base Excision Repair
(BER) et la Mismatch Repair (MMR), toutefois la BER est la voie la plus utilisée pour la
réparation de ’ADN ayant subi des dommages oxydatifs (Mitra et al, 2001 ; Agnez-Lima
etal, 2012). La réparation de ces 1ésions passe généralement par la reconnaissance de la
base oxydée et par son excision par des endonucléases (Czeczot et al, 1991 ; Schulz et al,
2000). Chez les procaryotes, le systeme de réparation de 'ADN contre I'effet mutageéne de
I'0G est appelé « GO system » (Michaels & Miller 1992) et se compose de trois protéines :
MutM, MutY et MutT, codées par les génes mutM, mutY et mutT, respectivement. L'enzyme
MutM ou FPG, est une glycosylase qui retire la 8-oxodG quand elle est associée a la
cytosine, le site abasique résultant de I'action de cette enzyme est également retiré, via
des réactions de - et §-élimination (Figure 1.17; Boiteux et al, 1992 ; Tchou et al,, 1991).
La protéine MutY est elle aussi une glycosylase, qui va elle retirer I'adénine, quand elle est
associée a une 8-oxodG (Figure 1.17; Michaels et al, 1992). Enfin, la protéine MutT a un
autre mode d’action, cette enzyme est une nucléotide tri-phosphatase, qui va « détoxifier »
le pool de nucléotides en hydrolysant les 8-0xodGTP en 8-0xoGMP, empéchant ainsi
I'incorporation de la base dans les brins d’ADN (Figure 1.17; Maki & Sekigushi, 1992).

Chez les bactéries phototrophes ou hétérotrophes, la réponse moléculaire face a 1'’02
est régulée par des facteurs sigma, qui vont activer ou réprimer I'expression des genes de
défense et par conséquent la production d’enzymes de protection ou de réparation de
I’ADN. Les facteurs sigma sont de petites protéines capables de reconnaitre une séquence
nucléotidique particuliere et de s’y fixer en amont, au niveau des promoteurs. La
reconnaissance de ces facteurs sigma par les ARN polymérases permet de débuter la
transcription par le bon brin et le bon nucléotide.

Les facteurs sigma ECF sont une grande famille de facteurs sigma impliqués dans la
perception d'un stimulus et dans I'activation de la réponse moléculaire adaptée (Mascher,
2013). L’ECF (ExtraCytoplasmic Function) facteur sigma RpoE est un facteur sigma de
type IV, qui est maintenu inactif par son anti-facteur sigma ChrR (Newman et al, 2001 ;
Anthony et al, 2005 ; Campbell et al, 2007). Pour que le facteur sigma RpoE soit activé et

qu'il se fixe sur 'ARN, il doit étre libéré de son anti-facteur sigma ChrR. Il a été démontré
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que lors de I'exposition des cellules a '’ 02, le complexe RpoE:ChrR se dissocie, permettant
a RpoE d’induire I'expression des génes de défense et de réparation de '’ADN (Anthony et
al, 2005, 2004). 11 existe également le facteur sigma RpoH (possédant deux paralogues,
RpoH: et RpoHi), dépendant directement de I'action de RpoE (Nuss et al, 2009). Les
facteurs sigma RpoHi et RpoHu sont impliqués notamment dans la réponse face a un choc
thermique, mais également face a I'102. Ces deux facteurs sigma (RpoE et RpoH) sont ainsi

les principaux régulateurs des genes de protection et de réparation face au stress photo-

oxydatif.
Oxidative stress

OdGTP °dGMP

Figure 1.17 : Le « GO system » en cas de stress oxydatif de I’ADN. Différentes voies sont possibles. Premiérement
MutT peut hydrolyser I'°dGTP en °dGMP, inactivant la base dans le pool de nucléotide. Si '°dGTP est incorporé
dans I’ADN, soit MutM excise la base et le site abasique est remplacé par un dGTP, soit la réplication a lieu. Dans
ce cas, une adénine peut étre associée avec la °dGTP et étre retirée par MutY. Si MutY ne retire pas I’adénine,
celle-ci sera la cause d’une transversion G>T. D’aprés Agnez-Lima et al., 2012, modifié.

1.5 Objectifs et organisation de la these

Du fait des perturbations climatiques liées au changement global en termes de couvert
de glace, d’intensité et d’abondance de précipitations ou d’augmentation des
températures, 1'étude des écosystémes arctiques constitue un challenge pour la
communauté scientifique. Sur la base des estimations alarmantes annoncant des

diminutions drastiques du couvert de glace (absence totale de glace pluriannuelle d’ici la

63



fin du siecle, diminution de preés de 75% du couvert d’ici 2050, Overland & Wang, 2007 ;
Kwok et al, 2009), il est urgent d’étudier de plus preés le fonctionnement de ces
écosystemes afin de prédire le plus précisément possible I'impact de ces perturbations
sur cette zone stratégique.

La production primaire (P.P) arctique, assurée par les organismes
photosynthétiques sympagiques (de glace) ou pélagiques, constitue le moteur toute la
chalne alimentaire et est a la base du cycle du carbone dans ces écosystemes (Boras et al,
2010 ; Boetius et al, 2015). De par leur capacité a s’agréger, les algues sympagiques ont
une vitesse de chute rapide, qui leur permet de contribuer fortement a 'export de carbone
vers les sédiments arctiques (Riebesell et al, 1991 ; Azetsu-Scott & Passow, 2004). Le
devenir de la production primaire et sa chute vers les sédiments dépend grandement de
'activité de minéralisation bactérienne. Si la boucle microbienne consomme prés de la
moitié de la P.P dans les océans de basse latitude (Ducklow, 2000), il a été démontré que
cette derniere est bien moins efficace dans les eaux en hautes latitudes (Howard-Jones et
al., 2002).

Différents parameétres peuvent expliquer cette faible activité du bacterioplancton
arctique. En effet, les conditions physico-chimiques régnant dans ces milieux particuliers
peuvent induire des stress impactant I'état physiologique des bactéries. La salinité élevée
présente dans les canaux de saumure de la glace (avec des valeurs de salinité pouvant
atteindre 150) expose les bactéries sympagiques a un stress halin important, pouvant étre
un des facteurs limitant leur activité (Amiraux et al., 2017). Un autre facteur stressant
pour les bactéries dans la glace peut également provenir de substances bactéricides
produites par les algues. En effet comme il a déja été démontré, les algues sympagiques
peuvent produire des acides gras sous forme libre (Desbois & Smith, 2010), notamment
en cas de stress lumineux, ces composés ayant une forte activité bactéricide. Enfin, les
conditions des milieux arctiques favorisent également les réactions de photo-oxydation
de type Il dans le matériel algal, 'impact de ces réactions pouvant étre transféré aux
bactéries qui lui sont associées (Christodoulou et al, 2010).

Dans ce contexte, il est capital de bien comprendre I'impact de ces différents stress
sur l'activité des bactéries associées au matériel sympagique et pélagique et sur la
préservation de ce matériel dans les sédiments. Une meilleure compréhension de ces
phénomenes pourrait permettre d’affiner les différents modeéles quantifiant les flux de

matiere dans la glace et la colonne d’eau dans cette zone particuliere.
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Cette these vise ainsi a mesurer l'impact des stress halin, chimique et
photochimique sur les bactéries associées au matériel algal et sur leur efficacité de
dégradation. Pour mener a bien ces objectifs, elle s’articule en quatre chapitres, basés sur
deux approches bien distinctes.

Approche In Vivo :

Les trois premiers chapitres de cette thése vont s’intéresser a I'état de stress des
bactéries associées au matériel algal arctique en s’appuyant sur de nombreux échantillons
de glace ou de matiere organique récoltés dans I’Arctique Canadien, principalement dans
le cadre du projet de recherche GreenEdge, dont l'objectif principal est de mieux
comprendre la dynamique du bloom algal printanier en Arctique. Le premier chapitre
concernera l'analyse d’échantillons de particules en sédimentation récoltés a une station
fixe localisée a Qikigtarjuaq lors de la saison estivale (mai a juillet) de 2016. Des analyses
lipidiques seront réalisées sur ces échantillons afin d’étudier I'état de stress halin et
chimique des bactéries associées, ainsi que leur mortalité grace a l'utilisation du
Propidium Mono-Azide (PMA). Le second chapitre de cette these portera sur I'étude de
particules en suspension récoltées lors de la méme campagne GreenEdge de 2016, cette
fois sur un transect allant de la glace a I'eau libre. Des analyses similaires a celles mises en
place dans le 1¢r chapitre seront menées, afin d’estimer I'état de stress et la mortalité des
bactéries associées a ce matériel. Enfin, le 3¢me chapitre de cette approche In Vivo se
portera sur I'étude de nombreux échantillons de sédiments de surface récoltés lors de
différentes campagnes d’échantillonnage en baie de Baffin et en mer de Beaufort. Dans ce
chapitre, les analyses lipidiques réalisées se focaliseront sur la préservation du matériel
algal issu de la glace, en suivant différents traceurs de dégradation d’origine bactérienne.

Approche In Vitro :

Dans le 4éme et dernier chapitre de cette these, sera abordé en détail la question du
stress photochimique de type II sur les bactéries associées au matériel algal sénescent.
Deux souches bactériennes modeles (une souche ubiquiste marine non pigmentée et une
souche bactérienne possédant des caroténoides) seront mises en culture avec des cellules
algales sénescentes, afin de mesurer I'impact du transfert de 'oxygene singulet de ces
algues a leurs bactéries associées sur I'oxydation des lipides membranaires bactériens
ainsi que sur I'expression de genes de réparation de ’ADN spécifique a ce stress. Lors de
cette étude, nous nous sommes proposés de : (i) déterminer d'une part si ce transfert est

favorisé dans la glace ou les algues sont exposées durant de longues périodes a un
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éclairement relativement intense et (ii) d’autre part de vérifier si la présence de
caroténoides a fort pouvoir antioxydant dans les membranes de certaines bactéries peut

limiter significativement les effets déléteres de I'oxygéne singulet.
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Chapitre 11

Facteurs de stress résultant de
la fonte vernale de la glace de
mer dans I'Arctique : Impact sur
la viabilité des communautés
bactériennes associées aux
algues sympagiques
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2.1 Avant-propos

Les milieux arctiques ont un fonctionnement soumis a une forte saisonnalité,
notamment en ce qui concerne la production primaire (Tremblay et al, 2012). Si le
phytoplancton assure la majeure partie de cette production tout au long de I'année
(Gosselin et al., 1997), les algues sympagiques en assurent également une portion non
négligeable (allant de 1 a 60% selon les zones considérées, Loose et al, 2011 ; Dupont,
2012 ; Fernandez-Méndez et al, 2015). La contribution des algues sympagiques a la
pompe biologique dépend de 'intensité de leur dégradation (biotique et abiotique) dans
la glace et tout au long de leur chute dans la colonne d’eau.

La faible activité bactérienne dans les eaux arctiques (entre 25 et 80% de bactéries
inactives ou mortes, Howard-Jones et al., 2002) peut s’expliquer par différents facteurs,
comme le fort gradient de salinité (passage d’eaux hyper- a hyposalines) dans la glace au
cours d’un cycle de fonte. En effet, des marqueurs de stress halin ont déja été observés en
Arctique par Amiraux et al, (2017) dans du matériel particulaire récolté a l'aide de
trappes a sédiments durant la période de fonte. Cette méme étude a mis en avant I'état
physiologique plutét dégradé des bactéries associées au matériel sympagique, et ainsi sa
bonne préservation tout au long de sa chute vers les sédiments.

Le but de ce chapitre est ainsi d’utiliser différents traceurs lipidiques de stress
bactériens et des mesures de viabilité afin d’évaluer I'état de stress et la mortalité des
bactéries associées aux algues de glace dans des échantillons de glace et de particules en
sédimentation collectées au camp de glace du projet GreenEdge (situé a Qikigtarjuaq) en
2016 lors de la saison de fonte.

Les résultats de cette étude ont montré que I'impact de la salinité sur les bactéries
associées aux algues de glace est limité aux premiers stades de fonte de la banquise. Ils
ont également mis en avant 'importance des acides gras libres excrétés par les algues de
glace lors du sur éclairement résultant de la fonte de la neige dans la mortalité et/ou
inactivité du bacterioplancton. Une forte mortalité bactérienne a en effet été mesurée
dans la glace et dans les particules chutant sous celle-ci en fin de fonte lors de I’expulsion
des algues de glace. Ces résultats vont dans le sens d’'une dégradation relativement faible

et d'une bonne préservation du matériel algal sympagique lors de sa chute vers le fond.
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e Contribution au chapitre

La collecte des échantillons et certains traitements devant étre effectués sur place
(PMA) n’ont pas été réalisés dans le cadre de cette these. J'ai effectué les extractions
lipidiques, le traitement au DMDS de ces derniers, ainsi que les analyses a l'aide de
couplages chromatographes en phase gazeuse - spectrometre de masse (CPG-MS). J'ai
également contribué a l'obtention des résultats de viabilité cellulaire ainsi qu’a la
rédaction et relecture de l'article publié dans la revue Elementa: Science of the

Anthropocene.
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2.2 Stress factors resulting from the Arctic vernal sea-ice melt: Impact
on the viability of bacterial communities associated with sympagic
algae

2.2.1 Résumé en francais

Lors de la fonte de la glace de mer en Arctique, la production primaire des algues
sympagiques (algues de glace) peut étre exportée efficacement vers les fonds marins si la
vitesse de chute du matériel est rapide et si I'activité des bactéries hétérotrophes
associées a ce matériel est limitée. Le stress salin, di a la fonte de la glace a été suggéré
pour expliquer une telle faible activité bactérienne. Dans le cadre du projet GreenEdge,
nous avons ici étudié cette hypothese en analysant divers échantillons de glace de mer et
de particules en chute collectés du 18 Mai au 29 Juin 2016, a I'Ouest de la Baie de Baffin.
Nous avons utilisé une méthode inédite e, région polaire : PCR quantitative couplée a de
I’ADN traité au propidium monoazide, afin d’évaluer la viabilité des bactéries associées
aux algues de glace et en chute. Nous avons également mesuré I'activité de la Cis/Trans
isomérase, connue pour témoigner de la réponse rapide des bactéries a un stress halin,
ainsi que la production d’acide gras libres, produits par les algues avec de fortes
propriétés bactéricides. La viabilité des bactéries associées au matériel sympagique était
forte en mai (environ 10% de mortalité des bactéries totales) et plutot faible en Juin
(mortalité moyenne de 43%, avec un maximum a 75%). Un stress a court terme, comme
en témoigne l'activité de la Cis/Trans isomérase n’a été observé que dans les échantillons
de particule en chute collectés au plus tot de la série temporelle. Toutefois en juin, suite a
la fonte de la neige et la saturation en radiations disponibles pour la photosynthese, nous
avons observé une augmentation de la production de composés bactéricides par les algues
de glace (ici acides gras libres, jusqu’a 4,8 mg.L-1). Nous suggérons donc que la protection
du matériel sympagique en chute contre la dégradation bactérienne résulte, en début de
fonte : de la faible activité bactérienne due au stress halin, alors que plus tard dans la
saison, la production de composés bactéricides par les algues induit une mortalité
bactérienne conséquente. Ainsi la succession de ces facteurs de stress bactériens pendant
une saison de fonte en Arctique nous aide a expliquer I'export efficace du matériel

sympagique jusqu’aux fonds marins.
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Abstract

During sea-ice melt in the Arctic, primary production by sympagic (sea-ice) algae can
be exported efficiently to the seabed if sinking rates are rapid and activities of associated
heterotrophic bacteria are limited. Salinity stress due to melting ice has been suggested
to account for such low bacterial activity. We further tested this hypothesis by analyzing
samples of sea ice and sinking particles collected from May 18 to June 29, 2016, in western
Baffin Bay as part of the Green Edge project. We applied a method not previously used in
polar regions—quantitative PCR coupled to the propidium monoazide DNA-binding
method—to evaluate the viability of bacteria associated with sympagic and sinking algae.
We also measured cis-trans isomerase activity, known to indicate rapid bacterial response
to salinity stress in culture studies, as well as free fatty acids known to be produced by
algae as bactericidal compounds. The viability of sympagic associated bacteria was strong
in May (only approximately 10% mortality of total bacteria) and weaker in June (average
mortality of 43%; maximum of 75%), with instances of elevated mortality in sinking
particle samples across the time series (up to 72%). Short-term stress reflected by cis-
trans isomerase activity was observed only in samples of sinking particles collected early
in the time series. Following snow melt, however, and saturating levels of
photosynthetically active radiation in June, we observed enhanced ice-algal production of
bactericidal compounds (free palmitoleic acid; up to 4.8 mg L-1). We thus suggest that
protection of sinking sympagic material from bacterial degradation early in a melt season
results from low bacterial activity due to salinity stress, while later in the season, algal
production of bactericidal compounds induces bacterial mortality. A succession of
bacterial stressors during Arctic ice melt helps to explain the efficient export of sea-ice

algal material to the seabed.
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1. Introduction

Primary production in the Arctic Ocean is characterized by short-lived, springtime
blooms of sympagic (ice-associated) algae and phytoplankton, which are the major
sources of autochthonous organic carbon for the Arctic food web (Horner and Schrader,
1982; Gosselin et al, 1997; Pabi et al, 2008; Wassmann et al,, 2011). For both types of
microalgae, light availability is the principal factor controlling bloom onset (e.g., Cota,
1985; Lavoie et al, 2005; Lee and Whitledge, 2005; Popova et al, 2010; Campbell et al,
2016), while nutrient availability is the key factor determining its magnitude, duration,
and taxonomic composition. The contribution of sympagic algae to total primary
production varies depending on the season and the region (from <1% to 60%; e.g., Loose
etal, 2011; Dupont, 2012; Fernandez-Méndez et al, 2015), but these ice algae represent
a crucial food source for the marine food web (Sgreide et al,, 2010). In sea ice, microalgae
are largely concentrated near the ice-water interface within the skeletal layer of the
congelation ice, where light is sufficient, the water is relatively rich in nutrients at the start
of the bloom season, and physico-chemical conditions (e.g., pH, salinity, temperature) are
relatively stable. During the melting season, the high concentrations of extracellular
polymeric substances (EPS) they have produced while inhabiting the ice (Ewert and
Deming, 2013) favor their agglomeration (Riebesell et al, 1991) and therefore their
descent to the seafloor and contribution to sediments. Other scenarios are possible,
however, as EPS may also enhance the buoyancy of particles (Riedel et al, 2006; Assmy et
al, 2013; Beltet al,, 2018).

The fate of algal material in the water column during its sinking depends not only on
zooplankton grazing but also on the hydrolytic and remineralization activity of bacteria
associated with the sinking particles (whether by sea-ice or water-column bacteria).
Howard-Jones et al. (2002) suggested that significant fractions (25%-80%) of Arctic
bacterioplankton (including the particle-associated ones) are dormant or express very
low activity, based on measurements made in the water column of the Barents Sea
marginal ice zone, where the percentage of active bacteria varied by measurement
method. Early studies suggested that heterotrophic bacterial remineralization was
generally low in perennially cold environments like the Arctic (Pomeroy and Deibel,
1986), allowing organic matter to be exported from productive to oligotrophic regions or
to be preserved long enough for use during times of low primary productivity. Subsequent

studies have pointed to more complex interactions between temperature and
101



heterotrophic bacterial production and other aspects of bacterial metabolism (Rivkin et
al, 1996; Yager and Deming, 1999; Pomeroy and Wiebe, 2001). The effect of temperature
on Arctic bacterial activity remains unclear (Kirchman et al., 2005).

In sea ice, some substances produced by ice algae have the potential to inhibit bacterial
growth; for example, acrylic acid, which can form during intensive blooms as
dimethylsulfoniopropionate (DMSP) is degraded (Monfort et al, 2000), and free fatty
acids (FFAs), as produced by some diatoms (Desbois and Smith, 2010). Viral infection may
also play a role in the mortality of bacteria in sea ice and the underlying water column
(e.g., Maranger et al, 1994; Deming and Collins, 2017). Virus-to-bacteria ratios measured
in the bottommost layer of Arctic Sea ice are among the highest reported in natural
samples (Maranger et al,, 1994; Collins and Deming, 2011).

Recently, we suggested that at least for sea-ice bacteria, their limited activity in the
Arctic could also result from other stress factors such as salinity (Amiraux et al,, 2017).
During the early stage of ice melting in spring, brine inclusions become interconnected in
channels and experience expulsion from the sea ice into the underlying seawater
(Wadhams and Martin, 2001; Ewert and Deming, 2013), which occurs over relatively
short timescales (e.g., hours). To cope with the stress of salinity shifts that may be
experienced in this ecosystem as a result of brine drainage, bacteria appear to have
developed various strategies. Previous work on the microstructure of sea ice raised the
possibility that EPS, observed to fill sea-ice pores and coat individual cells inhabiting the
brine phase, may provide a physical buffer against extreme salinities (Krembs et al,
2011). Bacteria in sea-ice brines are also able to import or export compatible solutes such
as proline, glycine betaine, or choline that can act as osmoprotectants (Ewert and Deming,
2014; Firth et al, 2016). Another major adaptive response of many microorganisms,
including bacteria, is to maintain membrane fluidity through “homeoviscous adaptation”
(Sinensky, 1974). The shifts in fatty acid composition of membrane lipids, most notably
by the enzymatic conversion of cis- to trans-unsaturated fatty acids (Loffeld and Keweloh,
1996; Heipieper et al, 2003) through the activity of cis-trans isomerases (CTI), can
constitute an important bacterial mechanism to modify membrane fluidity. To our
knowledge, this mechanism has not been studied in the sea-ice environment; however, in
other environments, membrane trans/cis ratios >0.1 have been suggested to indicate
bacterial stress (Guckert et al,, 1986).

Within the framework of the Green Edge project, originally designed to investigate the

dynamics of the spring bloom in ice-impacted Baffin Bay (Massicotte et al, 2020), we
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found relatively strong CTI activity (high trans/cis ratios) in sea ice and sinking particles
collected in the water column during the 2015 vernal melting period, which suggested the
occurrence of salinity stress during the early stages of ice melt (Amiraux et al, 2017). The
relative stability of these high ratios with depth also suggested that (1) sinking particles
were not strongly colonized by pelagic bacteria (unstressed, with low trans/cis ratios)
and (2) bacterial communities associated with sinking sympagic algae were not growing
(as growth is associated with changing trans/cis ratios). These two hypotheses are linked,
because in the absence of other forms of stress, the trans/cis ratio of bacteria decreases
to a basic level (Fischer et al, 2010), a decrease that requires de novo synthesis of cis fatty
acids (Eberlein et al,, 2018) and thus bacterial growth. The implication of marine trans/cis
ratios associated with sinking material remaining at high levels is that growth is not
occurring. Nongrowing bacteria, however, are not necessarily inactive metabolically
(Kjelleberg et al, 1987), and other forms of stress besides salinity may be involved.

In the 2015 field study (Amiraux et al, 2017), a specific oxidation of the fatty acid
palmitoleic acid at position 10 (resulting in the production of 10S-hydroxyhexadec-
8(trans)-enoic acid) was also observed in sea ice and sinking material. This oxidation was
attributed to the involvement of a bacterial 10S-DOX-like lipoxygenase, initially isolated
from Pseudomonas 42A2 (Guerrero et al, 1997; Busquets et al, 2004); more recently, the
activity of this lipoxygenase has also been observed in members of the genera
Pseudoalteromonas, Shewanella, and Aeromonas (Shoja Chaghervand, 2019). The
lipoxygenase enzyme, active mainly on free unsaturated fatty acids (Martinez et al, 2010),
could play a role in bacterial survival and colonization of environments rich in free fatty
acids, such as sympagic algae (Amiraux et al, submitted).

Owing to their high sinking rates and the inferred nongrowing state of their associated
bacterial communities, sympagic algae should be relatively preserved during their
descent to the seabed and thus contribute perhaps strongly to the benthos and to carbon
sequestration at depth. However, the estimation of the bacterial physiological state in the
studies cited above was based only on indirect evidence. Here, we evaluated the potential
occurrence of the bacterial stressors of salinity and bactericidal FFAs and their impacts
on bacterial viability in sea ice and sinking particles during the 2016 vernal melting
season of the Green Edge project. To assess comparative bacterial viability between
samples, we used a method not previously applied to these environments—the PMA

method, which uses propidium monoazide (PMA), a photoreactive dye that binds to DNA,
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coupled with quantitative PCR (qPCR) to estimate the percentage of viable and dead

bacteria.

2. Materials and methods

2.1. Study site and sampling
Sampling was conducted every 48 h from May 18 to July 8, 2016, at a landfast ice station

located near Broughton Island (67° 28.766'N, 63° 47.579'W; water depth of 350 m; Figure
2.) in Davis Strait within the framework of the Green Edge project. Due to long processing
times, samples for the targeted parameters of this study (e.g., bacterial viability and
specific lipid content) were taken from sea ice and the water column (sinking particles)
on 8 of the 23 sampling dates, from May 18 to June 29. However, these parameters are
contextualized by core parameters (e.g., ice and snow thickness, brine salinity and volume,
photosynthetically active radiation, chlorophyll a concentration, bacterial abundance,
common fatty acid content) that were collected on each sampling day. Many of these core
parameters have been published elsewhere (Amiraux et al, 2019; Oziel et al, 2019;

Massicotte et al, 2020) and are cited specifically in later sections.

Baffin Island

Figure 2.1: Map of the study area with location of
'. the station investigated in Davis Strait. The white

; ) , circle on the enlarged map of western Davis Strait
| 3 indicates the sampling location.
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2.1.1. Sea ice

On each sampling date, two sets of sea-ice samples for biota were collected using a
Kovacs Mark V 14-cm diameter corer and focusing on the bottommost 10 cm of sea ice
where the bulk of ice biota are typically found (Smith et al, 1990). The first set of samples
were subsectioned into two intervals, 0-3 and 3-10 cm, while the second set focused on
the bottommost 0-1 cm of the ice. To compensate for biomass heterogeneity, common in
sea ice (Gosselin et al, 1986), 3 or 4 equivalent core sections were pooled for each
sampling set on each sampling day and held in isothermal containers until processing.
Analyses for chlorophyll a (Chl a), lipids, and bacterial viability were carried out on the
bottom 3-cm sections of the 0-3 and 3-10 cm sampling sets (as well as on the 3-10 cm
section for some lipids), while the photosynthetic parameters of sympagic algae were
investigated in the 0-1 cm set. At the shore-site laboratory, the pooled sets of the thicker
(3 cm) sea-ice sections were melted in dark isothermal containers in filtered seawater
(FSW, using 0.2-um Whatman nucleopore hydrophilic membrane; 3 parts FSW to 1 part
ice, vol:vol) to minimize osmotic stress to the microbial community during melting (<12
h; Bates and Cota, 1986; Garrison and Buck, 1987). The pooled sets of the thinner sea-ice
sections were melted in dark isothermal containers with a larger relative volume of FSW
(ca. 38 parts FSW to 1 part ice, vol: vol) in order to reduce the melting time, which can
impact algal physiological photoresponses.

Two additional full ice cores were sampled as described in Miller et al. (2015) to
measure vertical profiles of temperature and bulk salinity (Oziel et al, 2019). Ice
temperature was measured at 10-cm intervals using a high-precision thermometer (Testo
720; £ 0.1 °C). For ice salinity, the ice core was cut with a handsaw into 10-cm sections,
which were stored in plastic containers (Whirl-Pak bags) and later melted at room
temperature. Bulk (practical) salinity of the melted ice sections was determined using a
conductivity probe (Thermo Scientific Orion portable salinometer model WP-84TPS) that
was calibrated every sampling day with seawater standard (35) and MilliQ water (0).
Brine salinity and volume fraction (%) were calculated for each 10-cm section using the
ice temperature and bulk salinity following Cox and Weeks (1983). Salinity of the
seawater at the interface with sea ice was obtained using a Sea-Bird Electronics 19plus V2
CTD system (factory calibrated prior to the expedition). The data were post-processed

according to the standard procedures recommended by the manufacturer.
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Photosynthetically active radiation (PAR) below the sea ice was estimated at 1.3 m
using the multispectral data collected with a compact-optical profiling system (C-OPS;
version IcePRO; Biospherical instruments, Inc.; see Oziel et al, 2019). To reduce the effects
of sea-ice surface heterogeneity on irradiance measurements (e.g., Katlein et al,, 2015),
the vertical attenuation coefficients of PAR were calculated by fitting a single exponential
function on PAR profiles between 10 and 50 m, then used to estimate PAR at 1.3 m (for
more details; see Massicotte et al,, 2018). Note that 1.3 m corresponds to the average ice
thickness measured during the field campaign and thus to the first measure under the ice

(mean = 129 cm; standard deviation [SD] =11 cm, n = 23).

2.1.2. Sinking particles
Short-term sediment traps were deployed unfilled and without preservative on a
mooring line to collect sinking particles at 2 m and 25 m from below sea ice. Sediment
traps were immersed for approximately 48 h and recovered at the same frequency as for
the sea-ice sampling sets. Sediment traps were made in-house of polyvinyl chloride (PVC)
and had an aperture diameter of 15 cm for a height-to-diameter ratio of 6:7 with a
collection cup at the base. Approximately 300 ml was removed from the collection cup on

each trap recovery day and subsampled for the different parameters analyzed.

2.2. Chlorophyll a

At the shore-site laboratory, and within 24 h of sampling, duplicate samples of sea ice
and sediment trap samples were filtered through Whatman GF/F glass fiber filters. The
concentration of Chl a retained on the filters was measured using a TD-700 Turner Design
fluorimeter, after 18-24 h extraction in 90% acetone at 4 °C in the dark (Parsons et al,
1984). The fluorometer was calibrated with a commercially available Chl a standard

(Anacystis nidulans, Sigma).

2.3. Photosynthetic parameters

To determine photosynthetic parameters, pooled melted 0-1 cm sea-ice samples were
incubated at different irradiance levels in the presence of 14C-labeled sodium bicarbonate
using a method derived from Babin et al. (1994). Inorganic 14C (NaH14CO3) was added to
the samples to achieve a final concentration of approximately 0.7 uCi mL-1. Total initial
activity was determined by adding 20-uL aliquots (in triplicate) of the 14C-amended

sample to 50 pL of an organic base (ethanolamine), 1 ml of distilled water and 10 ml of
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scintillation cocktail (EcoLume, MPBiomedicals, San Diego, USA) in glass scintillation
vials. Aliquots of the the 14C-amended sample were dispensed into 50-ml cell culture
flasks and exposed to a gradient of irradiance provided by LED bulbs (Phillips 9W 6500K
dimmable). The incubation system was cooled by circulation of in situ seawater. Scalar
PAR irradiance was measured at each position in the incubation chamber prior to the
incubation using an irradiance quantum meter (Biospherical QSL-2100, USA) equipped
with a 4m spherical collector. After incubating for 120 min, the samples were filtered
through 0.2-um pore-size isopore membrane filters (Milipore, Burlington, USA). Filters
were placed in plastic scintillation vials and acidified for 4 h with 500 pl of HCI (6N) to
remove excess inorganic carbon. Finally, 10 ml of scintillation cocktail were added to each
vial prior to counting in a liquid scintillation counter (Tri-Carb, PerkinElmer, Boston,
USA). The carbon fixation rate was then estimated according to Parsons et al. (1984).
Photosynthetic parameters, including the saturation parameter (Ek), were estimated
from P versus E curves by fitting nonlinear models based on the original definition of Platt

and Gallegos (1980).

2.4. Bacterial abundance and viability

Bacterial abundance in the bottom 0-3 cm sea-ice sections was measured by flow
cytometry. Samples of the melted ice sections (1.5 ml) were preserved at the shore-site
laboratory with a mix of glutaraldehyde and Pluronic F-68 (Gibco; Marie et al,, 2014) and
stored at -80 °C. Samples were analyzed on a FACS Canto flow cytometer (Becton
Dickinson) in the laboratory at the Station Biologique de Roscoff. Bacterial abundance was
determined based on the fluorescence of SYBR green-stained DNA (Marie et al, 1997) and
corrected for the melt dilution. Measurements of bacterial abundance in the sediment trap
samples were not possible to obtain.

For both sea ice and sinking particles, samples for bacterial viability were collected in
quadruplicate and treated at the shore-site laboratory. To estimate bacteria viability, we
employed the PMA method, adapted from Nocker et al. (2009). The principle is based on
the assumption that PMA (phenanthridium, 3-amino-8-azido-5-[3-
(diethylmethylammonio)-propyl]-6-phenyl dichloride; Biotium, Inc., Hayward, California,
dissolved in 20% dimethyl sulfoxide), when added to a mixture of living and dead
(membrane-compromised) cells, selectively enters only the dead cells. Once inside the

cells, PMA binds with DNA and can be covalently crosslinked to it by light exposure. PCR
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amplification of such modified DNA is strongly inhibited. Thus, the comparison of
quantitative PCR (qPCR) results obtained for subsamples treated and not treated with
PMA provides an estimate of the viability of cells in the sample, quantified as the ratio of
living to dead bacteria.
2.4.1. PMA crosslinking

At the shore-site laboratory, sea-ice and sinking particle samples (ca. 10-40 ml), in
quadruplicate, were concentrated for the purpose of PMA crosslinking. Samples were
pelleted at 5,000 x g for 5 min, and the pellets homogenized in 1 ml of 0.2-um FSW (that
had also been autoclaved 1 h at 120 °C after filtration). Two (of four) samples were
designated for no treatment and stored at -80 °C, while the other two samples were
treated by adding PMA at a final concentration of 100 uM. Following an incubation period
of 5 min in the dark at 4 °C with occasional mixing., these samples (1 ml) were filtered
through 0.8-pum Whatman nucleopore polycarbonate filters (24 mm, autoclaved 1 hat 110
°C prior to use) to retain attached bacteria on the filters (Bidle and Azam, 1999; Ghiglione
et al, 2007). Filters were placed in a Petri dish TM (Millipore ®) and exposed to light for 2
min using a 650W halogen light source (FAD 120V, 3200K; Osram, light spectrum: 350-
800 nm). The samples were placed about 20 cm from the light source and laid horizontally

on ice (to avoid excessive heating).

2.4.2. DNA isolation
DNA was extracted from the filter previously obtained (treated or not treated with PMA
from sample volumes of 10-40 ml) using DNeasy Blood and Tissue Mini Kits (Qiagen)
according to the manufacturer’s instructions. The resulting DNA was kept frozen at -20
°C until further use to enumerate bacteria by quantitative PCR, as described in the next

section.

2.4.3 Quantitative PCR
Quantification of the bacterial SSU ribosomal RNA (rRNA) gene was carried out by
gPCR with SsoAdvancedTM Sybr Green Supermix on a CFX96 real-time system (C1000
Thermal Cycler, Bio-Rad Laboratories, CA, USA) according to the procedure described in
Fernandes et al. (2016). The primers used were DGGE300F (GCCTACGGGAGGCAGCAG;
Michotey et al, 2012) and Univ516R sets (GTDTTACCGCGGCKGCTGRCA; Takai and
Horikoshi, 2000). Before amplification, an initial denaturation step of 2 min at 98 °C was

performed to activate the polymerase. The real-time PCR cycles consisted of a
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denaturation step of 5s at 98 °C, a hybridization step of 10s at 55 °C, and an elongation
step of 12s at 72 °C for 30 cycles. PCR amplification efficiency was between 96% and 99%.
For standard curve construction, a gammaproteobacterial fragment was cloned after
purification into pGEMT vector (Promega, W1, USA). After purification, using the Wizard®
Plus SV Minipreps Start-Up Kit (Promega), the concentration of plasmids was determined
using a NanoDropTM 1000 spectrophotometer (Thermo Fisher Scientific, DE, USA). The
target abundance for standards was calculated using the following formula: gene
abundance = 6.023 x 1023 (copies mol-1) x standard concentration (g mL-1) / molecular
mass (g mol-1), assuming that double-stranded DNA has a molecular mass of 660 Da.
Standards for bacterial ribosomal gene corresponded to pGEMT plasmids (Promega),
harboring one copy of gammaproteobacterial SSU rRNA gene fragment. Data were
analyzed by comparative starting quantity of the targeted genes (Table S2.1) The
regression equation was calculated on the graph, plotted between the CT value and the
copy number of the standard ranging from 5.78 x 10 to 5.78 x 102 copies in the reaction
(Figure S2.1). At the end of the PCR reactions, the specificity of the amplification was
checked from the first derivative of their melting curves and also analyzed by agarose gel

electrophoresis.

2.5. Lipid analysis

Due to the number of replicates required to determine bacterial viability (Section 2.4),
samples for lipid analysis could not be collected in duplicate. Lipid samples were obtained
by filtration through pre-weighed Whatman glass fiber filters (nominal porosity 0.7 um,
47 mm, combusted for 4 h at 450 °C), with the filters kept frozen (<-20 °C). Owing to the
porosity of the filters, these analyses concerned mainly algae (and likely EPS; Meiners et

al, 2008) and their attached bacteria (Bidle and Azam, 1999; Ghiglione et al., 2007).

2.5.1. Lipid extraction
Filtered samples were reduced in MeOH (25 ml, 30 min) with excess NaBHj4, to reduce
labile hydroperoxides (resulting from 10S-DOX oxidation) to alcohols, more amenable to
analysis using gas chromatography-mass spectrometry (GC-MS). Water (25 ml) and KOH
(2.8 g) were then added, and the resulting mixture saponified by refluxing (2 h). After
cooling, the mixture was acidified (HCI, 2N) to pH 1 and extracted with dichloromethane

(DCM; 3 x 20 ml). The combined DCM extracts were dried over anhydrous Na2504 and
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filtered and concentrated by rotary evaporation at 40 °C to give total lipid extracts (TLEs).
Aliquots of TLEs were either silylated and analyzed by gas chromatography-electron
impact quadrupole time-of-flight mass spectrometry (GC-QTOF) for lipid quantification,
or methylated, then treated with dimethyldisulphide (DMDS) and analyzed by GC-MS/MS
for the determination of monounsaturated fatty acid double-bond stereochemistry, as
previously described by Amiraux et al. (2017). Cis and trans isomers of monounsaturated
fatty acid methyl esters react with DMDS stereospecifically to form threo and erythro
adducts, which exhibit similar mass spectra but are readily separated by gas
chromatography, allowing unambiguous double-bond stereochemistry determination

(Buser et al, 1983).

2.5.2. Gas chromatography/tandem mass spectrometry

GC-MS and GC-MS/MS analyses were performed using an Agilent 7890A/7010A
tandem quadrupole gas chromatograph system (Agilent Technologies, Parc
Technopolis—ZA Courtaboeuf, Les Ulis, France). A cross-linked 5% phenyl-
methylpolysiloxane (Agilent; HP-5MS ultra inert) (30 m x 0.25 mm, 0.25-pm film
thickness) capillary column was used. Analyses were performed with an injector
operating in pulsed splitless mode set at 270 °C. The oven temperature was ramped from
70°Cto 130°C at 20 °C min-?1, then to 250 °C at 5 °C min-! and then to 300 °C at 3 °C min-
1. The pressure of the carrier gas (He) was maintained at 0.69 x 10° Pa until the end of the
temperature program and then ramped from 0.69 x 10> Pa to 1.49 x 105 Pa at 0.04 x 105
Pa min-1. The following mass spectrometric conditions were used: electron energy 70 eV,
source temperature 230 °C, quadrupole 1 temperature 150 °C, quadrupole 2 temperature
150 °C, collision gas (N2) flow 1.5 ml min-1, quench gas (He) flow 2.25 ml min-1, mass range
50-700 Daltons, cycle time 313 ms. Quantification of DMDS derivatives was carried out in
multiple reaction monitoring (MRM) mode. Precursor ions were selected from the more
intense ions (and specific fragmentations) observed in electron ionization (EI) mass
spectra. Trans/cis ratios were obtained directly from peak area measurement (performed

several times) of threo and erythro DMDS adducts.

2.5.3. Gas chromatography-EI quadrupole time of flight mass spectrometry
Accurate mass measurements were carried out in full scan mode using an Agilent

7890B/7200 GC/QTOF System (Agilent Technologies, Parc Technopolis—ZA
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Courtaboeuf, Les Ulis, France). A cross-linked 5% phenyl-methylpolysiloxane (Macherey-
Nagel; OPTIMA-5MS Accent; 30 m x 0.25 mm, 0.25-pm film thickness) capillary column
was used. Analyses were performed with an injector operating in pulsed splitless mode
set at 270 °C. The oven temperature was ramped from 70 °C to 130 °C at 20 °C min-1 and
then to 300 °C at 5 °C min-1. The pressure of the carrier gas (He) was maintained at 0.69
x 105 Pa until the end of the temperature program. Instrument temperatures were 300
°C for the transfer line and 230 °C for the ion source. Nitrogen (1.5 ml min-1) was used as
collision gas. Accurate mass spectra were recorded across the range m/z 50-700 at 4 GHz
with the collision gas opened. The QTOF-MS instrument provided a typical resolution
ranging from 8,009 to 12,252 from m/z 68.9955 to 501.9706. Perfluorotributylamine
(PFTBA) was used for daily MS calibration. Quantification of the different lipids (sterols,
fatty acids and 10-hydroxyhexadec-8(trans)-enoic acid) involved extraction of specific
accurate fragmentions, peak integration and determination of individual response factors

using external standards (SD + 5%).

3. Results
3.1. Sea ice conditions

During the period investigated, snow thickness decreased from 20 cm to 2 cm and ice
thickness, from 142 cm to 105 cm (Figure 2.2A). A particularly notable decrease in snow
thickness was seen from June 3, ending in its disappearance on June 17. Brine salinity
(calculated using the whole sea ice core) decreased throughout the study period from 42.9
to 17.2, while brine salinity in the bottommost 10 cm of sea ice remained relatively
constant (mean * SD = 29.4 + 2.6, n = 21; Figure 2.2B). Depth profiles of brine salinity and
of temperature and bulk salinity of the ice are provided in Figure S2.2. Salinity of the
seawater at the interface with sea ice was relatively constant from May 18 to June 10
(mean = SD =32.1 + 0.3, n = 12), then decreased from June 13 to July 06 (mean + SD = 13.5
+ 7.0, n = 10; Figure 2.2B), corresponding with the temporal evolution of bulk salinity in
the ice (Figure S2.2). These patterns indicate that release of hypersaline brines from sea
ice through brine channels would have occurred prior to June 13, as hypothesized by
Amiraux et al. (2019), while the downward percolation of meltwater (hyposaline) took
place from ca. June 13 until the end of sampling.

The concentrations of Chl a and palmitoleic acid in the bottom 0-3 cm of sea ice were
quantifiable throughout the sampling period, with values ranging from 0.9 to 317.3 pg L-

1 (mean + SD =123.0 £+ 85.2 pg L-1, n = 23) and 0.0 to 36.3 mg L-1 (mean + SD = 7.1 + 8.9
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mg L1, n =22) (Figure 2.2C), respectively. The lowest sea-ice concentrations of Chl a were

observed on the last three sampling dates (<4 pg L-1), while the two maxima were

observed on June 1 and June 13 (317.3 and 306.9 pg L-1, respectively). The concentration

of palmitoleic acid in the bottom 0-3 cm of sea ice, which did not correlate with Chl a

concentration (r = 0.1, P > 0.5, n = 22), increased from about June 10 and reached a

maximum (32.2 mg L-1) on June 20, with a second lesser peak on June 29 (Figure 2.2C).

The maximum occurred 3 days after the disappearance of snow (Figure 2.2A), which

occurred simultaneously with the first maximum of PAR, as estimated under the ice cover

at 1.3 m (Figure 2.3).
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Figure 2.2: Time series of core
parameters and biomarkers in sea
ice. Time series of (A) snow (n = 8-
17) and ice thickness (n = 8-22),
where error bars are standard
deviation (SD) of the mean; (B)
brine salinity in bottom ice (0-10
cm, black diamonds) and averaged
for the whole sea ice core (gray
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watermark (adapted from
Amiraux et al, 2019); and (C)
concentrations of Chl a and
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cm sea ice section (3-4 sections
pooled prior to analysis) from May
18 to June 08, 2016, at the
sampling location in Davis Strait

(Figure 2.1).

This under-ice PAR increased from May 18 to June 17 (from 1.6 to 39.3 pE m-2 s-1) and

again from June 24 to July 08 (from 19.2 to 56.7 pE m-2 s-1). Although PAR was relatively

low through the beginning of the sampling period, the PAR value required to reach

saturating irradiance (Ek) in the 0-1 cm bottommost section of sea ice was measured by
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June 8 and increased from that date onward to reach Ek values of 93.4 and 104.5 pE m-2

s~1 on June 20 and July 8, respectively.
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Figure 2.3: Time series of light parameters in sea ice. Time series of (A) photosynthetically active radiation
(PAR, black diamonds) at 1.3 m, underneath the ice (see text); and (B) sympagic algae saturating irradiance
(EKk, gray circles) in the bottom (0-1 cm) sea-ice section from May 18 to July 08, 2016, at the sampling
location in Davis Strait (Figure 2.1).
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Figure 2.4: Time series of bacterial abundance in sea ice. Bacterial abundance in the bottom (0-3 c¢m) sea-
ice section from May 18 to June 29, 2016, at the sampling location in Davis Strait (Figure 2.1), where the
value for each date represents 3-4 pooled sea-ice sections. Chlorophyll peaks occurred on 1 and June 15,
2016, and concentrations of bactericidal palmitoleic acid increased thereafter.

3.2. Bacterial abundance, stress signals, and viability

Bacterial abundances in the bottommost 3 cm of sea ice increased slowly during May
and most of June, with peaks of 7.7 x 10> and 9.0 x 10> bact mL-1 on June 1 and June 13,

respectively (Figure 2.4), corresponding to the two maxima observed in Chl a
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concentration (Figure 2.2C). Thereafter, bacterial abundance dropped relatively rapidly

to 0.4 x 104 bact mL-1 by the end of the sampling period (Figure 2.4). Overall, bacterial

abundance correlated well with Chl a concentration (r = 0.86, P < 0.001).
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Figure 2.5: Time series of bacterial
osmotic stress signals in sea ice and
sinking particles. Time series
of trans/cis ratios in (A) the bottom (0-3
cm) sea-ice section, and sinking particles
collected at (B) 2 m and (C) 25 m from
May 18 to June 29, 2016, at the sampling
location in Davis Strait (Figure 2.1). The
dashed line indicates the threshold stress
value of 0.1 as defined by Guckert et al.
(1986). Error bars correspond to
standard deviation of the
dimethyldisulphide (DMDS) derivative
peak integration (see text; n = 3 for A, B,
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The trans/cis vaccenic acid ratios measured in the bottommost 3 cm of sea ice across

the study period fell well below the threshold stress value of 0.1 (mean + SD = 0.01 + 0.01,
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n = 8; Figure 2.5A), indicating no stress. In contrast, ratios measured for sinking particles

collected at 2 m and 25 m included values from two sampling dates that were clearly

above the threshold stress value: 0.29 and 0.36, respectively, on May 18, and 0.15 and

0.15, respectively, on June 1 (Figure 2.5B, C).
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Figure 2.6: Time series of bacterial
viability in sea ice and sinking
particles. Time series of the dead
percentage of attached bacterial
communities in (A) the bottom (0-3
cm) sea-ice section, and in sinking
particles collected at (B) 2 m and (C)
25 m from May 18 to June 29, 2016,
at the sampling location in Davis
Strait (Figure 2.1). Error bars
indicate standard deviation (n = 2 for
A, B, and C); a*indicates not detected;
b* indicates not measured.



The viability of the attached bacterial community inhabiting sea ice appeared to be
strong from May 18 to May 27, with only 0%-19% mortality, but weaker in June, with
23%-75% mortality (mean of 43.5 + 17.0%, n = 10; Figure 2.6A; Table S2.1). In the 2-m

and 25-m sediment trap samples, bacterial viability was highly variable across the
sampling period, with mortality ranges of 0%-64% and 0%-71% at the 2-m and 25-m
depths, respectively; Figure 2.6B; Table S2.1).

A T 1254
=
2
=]
g 1001
g
=
S~ 751
éu
oo
§° 50
=
g
2
% 251
z T I S R
- 18 20 27 01 08 15 22 29
May June
B % 12s-
(]
£
g
L4 100 4
g
k]
F~ 75
g R
Y
g< 50
=
S
§
3 25
=
g 0 at — |_|
18 20 27 01 08 15 22 29
May June
C F 125, —
«
£
g
¢ 1001
g Figure 2.7: Time series of free fatty acid
Fo~ 154 stress signals in sea ice and sinking
it
S & particles. Time series of 10(S)-
52 50 Hydroxyhexadec-8(trans)-enoic acid
‘.% concentration in (A) the bottom (0-3 cm)
Z 25 | sea-ice section and in sinking particles
= collected at (B) 2 mand (C) 25 m from May
2) |_| 18 to June 29, 2016, at the sampling
s 0 =] . . . - - Lok
location in Davis Strait (Figure 2.1); a
13 20 2 0 08 15 L 2 indicates not detected.
May June
ANot detected

116



The fatty acid 10(S)-hydroxyhexadec-8(E)-enoic acid was quantifiable in most of the
samples, whether of sea ice or sinking particles (Figure 2.7). In the sediment trap samples,
higher values were observed at the end of the sampling period, on 22 and June 29. The
highest concentration 10(S)-hydroxyhexadec-8(trans)-enoic acid was measured in the

deepest (25 m) trap sample on June 22

3.3. Lipid composition

Fatty acid profiles of the sea-ice samples were dominated by Cie:1a9 (palmitoleic) and
C16:0 (palmitic) acids; they also exhibited smaller proportions of C14.0, C18:1a9, C18:0, and
C20:5 acids (Table S2.2). Similar fatty acids were also detected in the sediment trap
samples, but in different proportions (Table S2.2). The palmitoleic/palmitic acid ratio was
used to estimate the contribution of diatoms to the sinking material (Pedersen et al, 1999;
Reuss and Poulsen, 2002). Low values were observed at the beginning of sampling before
increasing from June 8 onward, with similar values and temporal patterns observed for
the two sampling depths (Figure 2.8). We noted that chromatograms of the lipid fraction
of the sinking particles collected at 2 m (Figure S2.4) and 25 m on June 15 showed the

presence of significant proportions of Cz0:1411 and Cz22:1a 11 alcohols and acids.
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Figure 2.8: Time series of diatom biomarker in sea ice and sinking particles. Time series of
palmitoleic/palmitic acid ratio in (A) the bottom (0-3 cm) sea-ice section and in sinking particles collected
at (B) 2 mand (C) 25 m from May 18 to June 29, 2016, at the sampling location in Davis Strait (Figure 2.1).

The sterol compositions of the different samples were compared to evaluate spatial

and temporal changes in algal diversity. We excluded cholesterol from this comparison
because of its lack of specificity (Volkman, 1986, 2003) and the possible inputs of this
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compound during collection and treatment of the samples (Grenacher and Guerin, 1994).
Sea-ice samples appeared to be dominated by cholesta-5,24-dien-3[3-ol (desmosterol), 24-
methylcholesta-5,22(E)-dien-33-0l (brassicasterol), and 24-methylcholesta-5,24(28)-
dien-3(-ol (24-methylenecholesterol); they also contained smaller proportions of 24-
norcholesta-5,22(E)-dien-3-ol, 24-norcholest-5-en-33-o0l, 24-ethylcholest-5-en-3{3-ol
(sitosterol), and cholesta-5,22(E)-dien-3(3-ol (Figure 2.9A). These seven sterols were also
present in sinking particles, but in different proportions (Figure 2.9B, C).
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4. Discussion

4.1. Photoacclimation of sympagic algae

During the sampling period, the bottommost 3 cm of sea ice exhibited two periods of
particularly high Chl a concentration centered on June 1 and 13 (Figure 2.2C; Amiraux et
al, 2019). These peaks occurred during a period of relatively stable salinity conditions in
the bottommost centimeters of sea ice (Figure 2.2B and Figure S2.3). Light and nutrient
availability are commonly accepted as the principal factors determining the onset,
magnitude, and duration of blooms (Lavoie et al, 2005; Campbell et al,, 2016). In light of
our results, however, we suggest that the stability of sea-ice salinity may represent
another important factor to consider. Although hyposaline conditions are known to
significantly impact the sympagic algae (Gosselin et al,, 1986; Ralph et al,, 2007), the final
release of sympagic algae in our study took place in July, well after the release of
hyposaline meltwater had begun (Figure 2.2B) and was most likely due to melting sea ice
(Figure 2.2A). The occurrence of the second chlorophyll maximum during an advanced
snow melting stage (Figure 2.2A) is not surprising, as sympagic algae accumulate biomass
rapidly when light conditions improve during snowmelt (Mock and Junge, 2007).

Along with Chl a concentrations, palmitoleic acid, the major fatty acid of sea-ice diatoms
(Fahl and Kattner, 1993; Leu et al, 2010), was also quantified throughout the sampling
period. Unlike Chl a concentrations, however, palmitoleic acid remained relatively low
through May and into June, with order-of-magnitude increases recorded only in the latter
part of June, when a lag between the peaks of Chl a and palmitoleic acid was evident
(Figure 2.2C). Although we cannot reject the possibility that spatial heterogeneity explains
these results (the different measurements were made on different cores), the results are
consistent with the involvement of photoacclimation processes during this period. Cells
acclimated to high light usually exhibit low Chl a to C ratios, whereas low-light adapted
cells have high ratios because they accumulate pigments to enhance their light absorption
efficiency per unit of C biomass (Johnsen and Sakshaug, 1993). Based on the rapid
disappearance of snow during the first part of June (Figure 2.2A) and the increase in
irradiance (PAR) under ice from below 5 to ca. 40 uE m~2 s-1 by June 17 (Figure 2.3), the
sympagic algae represented by the second chlorophyll maximum in mid-June (Figure
2.2C) would be expected to undergo photoacclimation to higher light intensities. The
temporal evolution of the sympagic saturating irradiance photosynthetic parameter (Ek)

in the bottommost 0-1 cm of sea ice during this period strongly supports this expectation.
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Because the bottommost 0-1 cm section of sea ice receives less light than upper sections
(e.g., light-shading from ice algae; Perovich, 1996), the increase in Ek measured in the 0-
1 cm section from mid-June until the end of sampling (Figure 2.3) suggests that Ek in the
0-3 cm section would have been even higher. The photoacclimation result is also
consistent with the photoacclimation of sympagic algae to higher light intensities, and the
consequent reduction of their Chl a content per cell is consistent with the observed
mismatch between Chl a and palmitoleic acid peaks (Figure 2.2C).

In algae, increasing light intensities also induce a decrease in their total polar lipid
content, with a concomitant increase in the amounts of neutral storage lipids, the
triacylglycerols (TAGs), and free fatty acids (FFAs; Brown et al, 1996; Khotimchenko and
Yakovleva, 2005; Hu et al, 2008). The high irradiance resulting from the disappearance of
snow cover on June 17 should thus induce a concomitant decrease in Chl a content per cell
due to photoacclimation and an accumulation of TAGs and FFAs, including palmitoleic

acid, as observed in Figure 2.2C.

4.2. Stress and resulting viability of the attached bacterial community in sea ice

In this study, we defined the term of attached bacteria on the basis of filtration using a
filter pore size of 0.8 um. This operational definition allows retention of most particle
aggregates and their attached bacteria. However, free-living bacteria may also be retained
as a consequence of filter clogging, with the fraction of retained free-living bacteria
generally assumed to increase with the volume of sample filtered. Here, sample volumes
of less than 40 ml were filtered with no evidence of clogging, so we assume that free-living
bacteria were a negligible component in the analysis of bacteria called “attached.”

Regarding total bacterial abundance in the bottommost 3 cm of sea ice, limited
increases were observed during the sampling period associated with the chlorophyll
maxima (Figure 2.4), and bacterial production was relatively weak (F. Joux, personal
communication; GreenEdge meeting, 2019). Although hinting at a degree of stress to the
bacterial community, such bulk measurements are less likely to reveal stress responses
than more specific measurements targeting a subset of the community, in particular the
attached bacteria.

Bacteria inhabiting brine channels in ice are exposed to highly variable salinity, pH, and
dissolved inorganic nutrient concentrations (Thomas and Papadimitriou, 2003). One of
the adaptive responses of bacteria to changes in salinity is to keep their membrane fluidity

at a constant value through “homeoviscous adaptation” (Heipieper et al,, 2003), a process
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facilitated by conversion of cis to trans unsaturated fatty acids (Loffeld and Keweloh,
1996). Indeed, a trans/cis fatty acid ratio >0.1 was proposed previously as an indicator of
bacterial stress (Guckert et al, 1986). The very low values of the trans/cis ratio of vaccenic
acid, a fatty acid specific to bacteria (Sicre et al, 1988), observed in our sea-ice samples
(Figure 2.5A) suggest that bacteria attached to sympagic algae in the bottommost sections
of the ice were not experiencing osmotic stress during the sampling period. This
interpretation is consistent with the stable brine salinities of that layer of sea ice
throughout the sampling period (Figure 2.2B). Even higher in the ice, brine salinities were
not extreme (maximum of ca. 43, on the first day of sampling; Figure 2.2B). Consequently,
the high mortality measured during June (mean of 44%), using the PMA method coupled
with qPCR (Figure 2.6A), must be attributable to a different stress.

A role for viruses in the mortality of sympagic bacteria cannot be excluded and may
have been likely (Maranger et al, 1994); however, the mortality we observed was based
on the percentage of intact cells that were nonfunctional (dead) due to compromised
membranes. Bacteria lysed (no longer intact) by viruses would not have been included in
these percentages. Bacterial mortality associated with sympagic algae could also result
from the algal release of toxic compounds such as acrylic acid (degradation product of
DMSP; Monfort et al,, 2000) or FFAs (Desbois and Smith, 2010). However, concentrations
of DMSP and dimethyl sulfide (DMS; degradation product of DMSP; Lizotte et al, 2017) in
sea ice are generally well correlated with Chl a concentrations (Tison et al, 2010). An
induction of acrylic acid-induced stress when Chl a concentration was low (Figure 2.2C)
thus seems unlikely, nor did the presence of Phaeocystis, a known producer of copious
amounts of DMSP, dimethylsulfide and acrylic acid, appear sufficient to influence the
bacterial community (reaching only 1.5% and 3.6% of the protist community on June 20
and 29, respectively; M. Babin, personal communication; GreenEdge meeting, 2019).

Instead, the presence of FFAs, produced by sympagic algae as a significant proportion
of their lipid content (Falk-Petersen et al, 1998) which can be amplified during late bloom
conditions (Smith et al, 1993) or under high irradiation (Hu et al, 2008), could be at the
origin of this stress. FFAs are released from cellular lipids by host lipolytic enzymes
(Juttner, 2001; Wichard et al, 2007). They are toxic for many bacteria owing to their
deleterious effect on bacterial cellular membranes (Greenway and Dyke, 1979;
Chamberlain et al, 1991). They can also inhibit enzyme activity, disrupt electron transport

chains, and uncouple oxidative phosphorylation (reviewed by Desbois and Smith, 2010).
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In general, unsaturated FFAs tend to have greater antibacterial potency than saturated
FFAs with the same carbon chain length (Desbois et al, 2009), and the most potent usually
have 14 or 16 carbon atoms (Feldlaufer et al, 1993). Free palmitoleic acid, a
monounsaturated 16-C FFA, displays strong bactericidal action against Gram-negative
marine bacterial pathogens, as reported by Desbois et al. (2009). Sympagic algal
production of this FFA (stimulated by increasing irradiance) could thus contribute to the
high mortality (approximately 75%) of attached bacteria observed on June 15 (Figure
2.6A).

To test this hypothesis, we quantified free palmitoleic acid in samples collected on June
1 and 15 during the two chlorophyll peaks. The concentrations measured (0.3 and 4.8 mg
L-1, respectively) support elevated bactericidal activity during the second chlorophyll
peak. Although the basic nature of seawater has been proposed to enhance the solubility
and thus toxicity of FFAs (Parrish, 2013), the effect may be stronger in sea-ice brines
where the pH varies between 8.0 and 8.5 (Hare et al, 2013). The proximity of bacteria to
sympagic algae cells (attached bacteria) would also make them particularly susceptible to
the antibacterial activity of free palmitoleic acid. Indeed, FFAs released by host lipolytic
enzymes from a microalgal cell generally act on bacterial pathogens in the local vicinity

(Desbois and Smith, 2010).

4.3. Stress and resulting viability of attached bacteria in sinking particles

The algal material present in sinking particles collected by the sediment traps was less
than the material present in bottom sea ice, based on Chl a concentrations (<1.2 pg L-1
until June 24 near the end of the time series, as reported by Amiraux et al, 2019). The
presence of diatoms, the dominant taxa of sympagic and planktonic blooms in the Arctic
(Sakshaug, 2004; Mikkelsen et al, 2008; Tremblay et al,, 2012), could be estimated using
the palmitoleic/palmitic acid ratio, however, as employed by others to follow diatom
blooms (Pedersen et al, 1999; Reuss and Poulsen, 2002). Our results showed an increase
in diatoms in sinking particles from early June onward (Figure 2.8). Concentrations of
[P25, the specific tracer of sympagic diatoms (Belt and Miiller, 2013; Belt, 2018) measured
in the same samples (Amiraux et al, 2019), supported sea ice as the source of this sinking
material. Amiraux et al. (2019) suggested that the flush of sympagic algae into the water
column resulted from shifts in the salinity of sea-ice brines likely induced by the
downward percolation of melted snow and, from June 24, to melting of the sea-ice skeletal

layer (Figure 2.2A, B). The resulting hyposaline stresses, known to reduce sympagic algal
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growth and survival (Gosselin et al,, 1986), would favor their release from the ice as well
as their potential agglomeration (Riebesell et al, 1991).

High trans/cis vaccenic acid ratios were previously observed in sinking particles
collected a year earlier during the 2015 GreenEdge campaign (Amiraux et al, 2017). These
high values were attributed to the release of sympagic algae with attached bacteria
stressed by hypersaline brines during the early stages of sea ice melting. In the present
study, the investigation of this ratio showed high values only on the first day of the time

series (May 18; Figure 2.5B, C) when brine salinity was also highest (Figure 2.2B). The

relatively high trans/cis ratios measured at the start of the time series in the 3-10 cm
section of ice (approximately 0.15, above the threshold indicative of stress; Figure S2.5)
suggests that sinking particles derived from brine channels during the beginning of the
melting season. During the latter part of the time series (June 15-29) when most ice-algal
material was released and settling, the trans/cis ratio remained very low, attesting to the
lack of salinity stress (or other stressors). We thus attribute the high mortality of attached
bacteria observed in sinking particles from the last two sampling dates in June (Figure
2.6B, C) to the presence of free palmitoleic acid at depth. Unfortunately, the fraction of
sediment trap material available for lipid analyses was too low to allow quantification of
FFAs, including palmitoleic acid. However, the likely presence of an elevated proportion
of FFAs in the sinking material is supported by the increase in 10(S)-hydroxyhexadec-
8(trans)-enoic acid concentration observed on June 22 (Figure 2.7), when most of the
sinking material appeared to be composed of sympagic material (based on IP25; Amiraux
et al, 2019). Fatty acids are thought to bind to 10S-DOX-like lipoxygenase with their
carboxyl groups at a fixed position relative to the catalytic site, allowing the enzyme to
contribute to the detoxification of fatty acids in the bacterial environment (Martinez et al,
2010). The increase in 10(S)-hydroxyhexadec-8(trans)-enoic acid concentration
observed with depth (Figure 2.7), indicative of 10S-DOX-like lipoxygenase activity, is
consistent with the proposed elevated proportions of free palmitoleic acid in sinking
particles.

Because the highest sinking fluxes of sympagic algae were observed from June 15
onward (Amiraux et al, 2019), we analyzed the samples from this period in greater depth.
The mortality of attached bacteria in sinking particles collected on June 22 and 29 was

clearly elevated (Figure 2.6B, C), yet no mortality was detected in the sediment trap

samples collected on June 15. The high mortality in sea ice observed on this date was not
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matched by enhanced mortality in sinking particles. This discrepancy could be attributed
to (1) a bulk dilution of dead bacteria associated with sympagic algae by living bacterial
inputs (i.e., bacteria associated with phytoplankton or copepod fecal pellets) or (2) a lag
in sedimentation.

To estimate the relative contribution of sympagic algae, phytoplankton, and
zooplankton to these samples, A>-sterol compositions of corresponding sea-ice and
sinking particle samples were compared (Figure 2.9). Three sterol profiles were observed
in the sea ice during the time series. The first profile between May 18 and 27 was
characterized by the dominance of desmosterol (Figure 2.9) and cholesterol (data not
shown), suggesting the presence of sympagic amphipods (Harvey et al, 1987) known to
live in sea-ice brine channels (Macnaughton et al,, 2007). The second, observed from June
1 to 8, was mainly composed of pennate diatoms (dominated by Nitzschia frigida; B
Queguiner, personal communication; GreenEdge meeting, 2019) as suggested by the
dominance of brassicasterol and 24-methylenecholesterol (Rampen et al, 2010). The
third community, from June 15 to 29, showed an increasing contribution of centric
diatoms (Melosira arctica), as suggested by the dominance of 24-methylenecholesterol
(Rampen et al, 2010). The similarities of sterol profiles observed in sea-ice and sediment
traps collected on June 22 attest to the dominance of sympagic algae in sinking particles,
as well as their rapid descent (Amiraux et al., 2019).

In contrast, the sterol compositions of trap samples collected on June 15 and 29 differed
from those of the corresponding sea-ice samples by their higher contents of 24-
norcholesta-5,22(E)-dien-33-o0l, 24-norcholest-5-en-3$-0l, desmosterol and cholesta-
5,22(E)-dien-33-0l) (Figure 2.9). These differences suggested the presence of high and
moderate proportions of phytoplankton in trap samples collected on June 15 and 29,
respectively. On the basis of number of epiphytic bacteria per algal cell, generally one
order of magnitude higher for ice diatoms (up to 25 in Arctic sea ice; Smith et al,, 1989)
compared to phytoplankton (<2; Kaczmarska et al, 2005), a bulk dilution of bacteria
attached to sympagic algae by unstressed bacteria attached to phytoplankton seems
unlikely on June 15. This conclusion is supported by the relatively high bacterial mortality
observed in sinking particles collected later, on June 29, which were composed, at least in
part, of phytoplankton (under-ice bloom from June 24; Amiraux et al, 2019).

Lipid extracts of sinking particles collected on June 15 showed the presence of C20:1a11
and C22:1a11 alcohols and acids (Figure S2.4), known to occur in herbivorous copepods that

undergo diapause (Graeve et al, 1994), and a high proportion of sterols relative to fatty
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acids (Figure 2.4), as often observed after copepod feeding on phytoplankton (Bradshaw
et al, 1991). These results suggest that the samples collected on June 15 contained
copepod fecal pellets, a favorable environment for bacterial growth; indeed, incubation of
copepods collected in the water column near this date exhibited maximum production of
fecal pellets (Sampei et al, submitted). Because fecal pellets increase the sedimentation
rate of particulate matter (Small et al, 1979), the lack of bacterial mortality in sinking
particles collected on June 15 seems unlikely to be due to a lag in sedimentation. We thus
attribute the lack of detectable bacterial mortality in sinking particles from this date to
bulk dilution of stressed bacteria attached to sympagic algae by fecal pellet-colonizing

bacteria.

4.4. Impact of bacterial stress on the preservation of sympagic material

Following the use of cis-trans isomerase activity as an urgent response to guarantee
survival against stress, bacteria replace this short-term activity with other adaptive
mechanisms (Heipieper et al, 2007). Consequently, in the absence of osmotic stress in the
water column (after release from exposure to any higher brine salinity in sea ice), the
trans/cis ratio of salinity-stressed bacteria associated with sympagic algae should
decrease to the basic level (as for other bacteria; Fischer et al, 2010). If the conversion of
trans to cis fatty acids is no longer being catalysed (Eberlein et al, 2018), then recovery
to the regularly low trans/cis ratio requires de novo synthesis of cis fatty acids, which is
dependent on bacterial growth. The stability of the trans/cis ratio previously observed
associated with sinking particles during the 2015 vernal melting period at our same
sampling site was thus attributed to the nongrowing state of attached bacteria (Amiraux
etal, 2017). The high trans/cis ratios measured in sinking particles collected in this study

on May 18, 2016 (0.29 and 0.36 at 2-m and 25-m depth, respectively; Figure 2.5 B, C),

again points to the nongrowing state of bacteria attached to sinking material during the
early stages of ice melt. Most of these attached bacteria remained viable (Figure 2.4), as
PMA did not enter the cells to bind to DNA and thus inhibit PCR amplification (Nocker et
al, 2006).

In contrast, by the end of the melting season, the PMA technique showed that most of
the bacteria associated with sympagic algae had disrupted membranes and were
considered dead. Because osmotic stress appeared to be lacking at this time, free

palmitoleic acid produced by the ice algae can explain the strongly altered membranes of
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these bacteria. The insertion of FFAs into the inner bacterial membrane increases its
permeability, allowing internal contents to leak from the cell, which can result in growth
inhibition or death (Shin et al, 2007).

Overall, our study suggests that the bacterial community associated with sympagic
algae is exposed to multiple stresses during most of the vernal Arctic melting season. This
exposure reduces their viability, as indicated by the nonreversible loss of membrane
integrity, thereby limiting their potential to remineralize sympagic algal material. We
hypothesize that the fate of sympagic algae during a complete melting cycle of the ice
occurs in successive steps as follows: (1) During the beginning of ice melt, a limited
amount of sympagic algae is discharged into the water column, and bacteria attached to
the sinking algae are nongrowing due to osmotic stress from prior exposure to
hypersaline sea-ice brine. (2) At the end of snow cover melt, sympagic algae bloom,
followed by a photoacclimation phase that induces the production of bactericidal FFAs.
(3) The downward percolation of melted snow generates hyposaline conditions that
cause sympagic algae to aggregate. (4) The aggregated sympagic algae flush into the water
column, with their attached bacteria strongly impacted by bactericidal FFAs, which may

even increase with depth.

5. Conclusions

During this work, we evaluated the viability of bacteria in sea ice and in sinking
particles over the course of a spring ice melt season, from May 18 to June 29, 2016, in
Davis Strait, Canadian Arctic. In mid-June, just after the second of two chlorophyll peaks
in the ice, an intense production of palmitoleic acid, mainly esterified in TAGs but also
present in free form, was detected and attributed to the effects of excess irradiance
induced by the complete disappearance of snow cover. The viability of the attached
bacterial community in sea ice, quantified by the PMA approach coupled with qPCR,
showed high mortality (up to 75%, mean of 44%) toward the end of ice melting. We
attribute the mortality of these attached bacteria to the bactericidal properties of free
palmitoleic acid released by sympagic algae under the effect of light stress. Osmotic stress
to bacteria in sea-ice brines appeared to be limited to the beginning of ice melt, which
could be tested in future by applying our suite of measurements to sea ice prior to the
melting season. Due to their propensity for strong aggregation (shortening residence time

within the water column) and the high mortality of their attached bacteria (limiting
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remineralization), sympagic algae should contribute importantly to the export of carbon

to Arctic sediments.
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2.2.3 Informations supplémentaires
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Figure S2.1: qPCR calibration curves for determining the number of bacterial 16S rDNA genes. Example of
(A) relative fluorescence vs. cycle number. Amplification curves are created when the fluorescent signal
from each sample is plotted against cycle number; therefore, amplification plots represent the accumulation
of product over the duration of the real-time PCR experiment. The samples used to create the plots are a
dilution series of the target DNA sequence. Example of (B) a standard curve of real-time PCR data. A
standard curve shows threshold cycle (Ct) on the y-axis and the starting quantity (SQ) of DNA target on the
x-axis. Slope, y-intercept, and correlation coefficient values are used to provide information about the
performance of the reaction.
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Figure S2.2: Temporal evolution of sea-ice properties. Time series of (A) sea-ice temperature, (B) bulk

salinity, and (C) brine salinity as a function of depth, where mean sea-ice thickness is indicated by the

black line (adapted from Oziel et al,, 2019).
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Figure S2.3: Temporal evolution of mean bulk salinity in sea ice. Time series of mean bulk salinity in the
whole sea-ice core. Error bars are standard deviation of the mean (n = 11-15).
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Figure S2.4: TIC chromatogram of the total lipid extract in sinking particles. TIC chromatogram of the total
lipid extract of sinking particles collected at 2 m on 15 June, showing the presence of C20:1A11 and

C22:1A11 alcohols and acids.
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Figure S2.5: Time series of bacterial osmotic stress signals in the near-bottom 3-10 cm sea-ice section. Time
series of trans/cis ratios in the near-bottom 3-10 cm sea-ice section from 18 May to 29 June 2016 at the
sampling location in Davis Strait (Figure 2.1). The dashed horizontal line indicates the threshold stress value
of 0.1 as defined by Guckert et al. (1986). Error bars represent the standard deviation of the
dimethyldisulphide (DMDS) derivative peak integration (n = 3).
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Table S2.1: qPCR raw data for determination of the percentage of dead bacteria.

Date in 2016 Dead bacteria Mean dead

] I
Sample type (day /month) 50Q-PMAs SQ-noPMA! [24) ba ia (94) 5D
. 9.66 x 101 1.16x 102 1585
18-mai 12.2 4.3
284 x 102 3.09x 102 7.9
1.15 x 102 109 x 102 -5.5
20-mai -7.6¢ 2.1
136 x 102 124 x 102 -5
. 1.11x 102 1.48 x 102 25.1
27-mai 18.6 6.5
5948 x 102 6.79x 102 12.1
OLoiui 1.54x 102 341 x 102 54.7 404 143
- ~JLLLER u 3
[hﬂst‘:a lDEG_S ' 1.91x 102 2.58 x 102 26.1
DI
erm) o B.81 x 101 1.40 x 102 3Tz
08-juin 39.1 1.8
208 x 101 154 x 102 40,9
L B.06x 101 4.19x 102 80.8
15-juin 74.9 5.9
B.38x 101 2.70x 102 59
o 1.15x 102 1.61x 102 28.8
22-juin 22.8 -1
1.16x 102 1.40x 102 15.8
BJ0Z x 101 1.41 x 102 43,2
29-juin 40,2 3
1.70x 102 2.70x 102 37.2
. 222x 1M 3.18x 1M 30.1
20-mai 222 7.9
154 =1 191 x 1l 14.4
193 =x 1 4.11x1 53
27-mai 48.3 4.7
ZA9x 1 4,42 x 101 43.6
. 383 x 1 396x 1M 3.3
01-juin 5.2 1.8
S.14x 1 S53x 1l 7
Sediment trap 08-juin 151x1 L40x 101 -8.0 &0 29
(2-m depth) 874 x 100 B.56 % 100 -21
599x 1 SF0x 1M -5.1
15-juin -5.3 0.2
1.15x 102 109 x 102 -5.5
Li0x 1 2E88x 1M 51,9
22-juin 53,9 2
4.11x1M 120 x 102 55,9
. 1L50x 102 3.66x 102 58.9
29-juin 43.5 15.4
3BLx 1 531x 1 28.2
. 143 x 1M 2.19x 1M 34,7
18-mai 29.5 5.2
366 x 101 4.84 x 101 24.3
. 6.24 x 100 548 x 100 3.8
20-mai 3.2 0.5
219 x 1 225 x 1 2.6
1.48 x 101 143 w101 -3.3
27-mai -9 0.3
2.60x 101 253 x 1M -5
. 280 x 1M 101 x 102 732
01-juin &8.3 3.9
Sediment trap 506 x 101 142 x 102 &4.3
[25-m depth) o 6.08 x 101 1.05 x 102 41.8
08-juin 35.6 6.3
580 x 1M B.19x 1 29.3
2.22 x 102 216 x 102 -2.9
15-juin -2 0.7
313 x 102 208 x 102 -1.5
. 6.61 x 100 230x 1M 7Lz
22-juin 713 0.1
309 x 1 108 x 102 713
. 524 x 1 5685 x 101 21.2
29-juin 20.9 0.3
707 x 1 B8.90x 10 20.5

2 5Q-PMA indicates the starting quantity (5Q) of the number of targeted genes in the PCR mix before
amplification of DNA extracted from samples treated with propidium monoazide [PMA).

b 2Q-noPMA indicates the 5Q of the number of targeted genes in the PCR mix before amplification of DNA
from samples not treated with PMA.

¢ Megative values are reported in the main text as 09,
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Table S2.2: Relative fatty acid composition of sea ice and sediment trap samples.

Date in 2016 Sample

Relative fatty acid composition (04 of total)

(day/month) type* ¢, Cian Cizo  Cigs  Cigaws Cisw  Cigaws Cipaws  Cine Comes Coon Coze

L‘:ﬁ 03 59 179 21 - 303 339 45 15 51 18 - -
e

17/5 Zamp 2 1.1 - - 1 264 55 1 65 - - -
'tl;lrap Z 69 3 - 79 379 45 14 187 187 - -

0% 1 ma 13 27 35 266 44 16 06 133 - 09
20/5 E"‘P ® 19 82 31 - 53 5.1 29 - 255 - - -
E"‘P B 43 64 36 - 87 38 78 1 28 52 - -
L‘:ﬁ 3 49 137 12 58 339 207 7 15 71 72 - -
27/5 E"‘P 2o 6.2 16 - 149 423 &1 09 269 - - -
'tl;lrap e 11 2 - 216 434 42 12 151 - - -

L‘::i -3 _ 63 - - 392 323 - - - 186 - 26
1/6 'tl;lrap 2 15 66 2 - 8 422 111 08 278 - - -
'rl;lrap B 16 8 3 - 156 401 115 37 165 - - -
::i -5 _ 172 038 - 507 289 13 05 06 - - -
8/6 'lr;lraP 2 16 84 22 - 181 459 786 08 154 - - -
E:"‘P B 95 111 35 - 181 468 76 19 95 - - -
'E‘:-; 05 _ 13.3 1.2 - 50.6 233 44 06 21 4 - -

15/6 E{""P Y 3 06 - 265 187 103 36 109 122 B8 52
TP om 178 19 - 411 305 3 1 34 - 05 -
'C‘::-: =5 141 06 - 543 208 28 16 22 36 - -
22/6 '[l‘"lraP z 7 1 - 542 37 06 - 0.2 - - -
'lr;lraP 5 13.7 - - 588 264 09 - 0.2 - - -
'E‘::-: =5 9.7 08 - 602 246 16 14 17 - - -
29/6 'rl;lraP z 165 08 - 541 228 26 1 13 09 - -
;T"P & 12.9 08 - 543 279 21 08 12 - - -

a Sea ice samples from bottommost 0-3 cm; sediment trap samples from 2-m and 25-m depths

" Not detected
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Chapitre II1

Viabilité et état de stress des
bactéries associées a des
particules en suspension issues
de I'activité zooplanctonique ou
de la production primaire en
Eté le long d’'un transect en baie
de Baffin (Océan Arctique)
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3.1 Avant-propos

Ce nouveau chapitre s’'inscrit dans la continuité du précédent, en abordant I'étude de la
composition lipidique ainsi que de I'état physiologique des bactéries dans la glace et dans
les particules en suspension. Les échantillons étudiés ici ont été collectés, toujours dans
le cadre du projet GreenEdge, en Eté 2016 en baie de Baffin, le long d’'un transect allant de
la glace a I'eau libre.

L’analyse de la composition lipidique des échantillons a souligné l'importance de
'activité zooplanctonique, avec de fortes proportions de microzooplancton dans la glace
et de copépodes dans la colonne d’eau en fin de fonte. Comme lors du chapitre précédent,
une forte mortalité bactérienne probablement liée a la production d’acides gras libres par
les algues sympagiques a été observée dans la glace. De fortes proportions de bactéries
mortes ou inactives ont été également détectées dans des particules en suspension
composées vraisemblablement d’agrégats d’EPS, relargués apres les algues de glace en fin
de fonte dans la banquise et concentrés du fait de leur faible densité dans les eaux de
surface.

De forts signaux de stress osmotique ont été mesurés dans des particules en
suspension collectées sous la glace, ils ont été attribués a I'ingestion de bactéries stressées
par la salinité dans la glace par du microzooplancton bactérivore (ciliés), qui a la capacité
d’intégrer les acides gras bactériens dans ses membranes et de les exporter par la suite
dans la colonne d’eau

Si cette étude confirme le fort état de stress des bactéries sympagiques, elle met
également en avant la complexité de ce réseau trophique particulier, et la nécessité de
mieux le comprendre. En effet, si le matériel algal sympagique relargué de la glace semble
associé a des bactéries majoritairement mortes ou inactives et donc peu aptes a le
dégrader efficacement, sa capacité de préservation et donc d’export dépend également

fortement du timing et de I'efficacité du broutage zooplanctonique.
e Contribution au chapitre

Comme pour le chapitre précédent, I'échantillonnage et les traitements au PMA qui
devaient étre effectués sur du matériel frais n’ont pas été réalisés lors de cette these. La
encore j'ai effectué les extractions lipidiques, le traitement au DMDS de ces derniers ainsi

que les analyses en CPG/SM. J'ai également effectué les extractions d’ADN et les qPCRs
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permettant d’obtenir les pourcentages de mortalité bactérienne. J'ai enfin contribué a la
rédaction et la relecture de cet article, publié dans la revue STOTEN: Science of the Total

Environment.
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3.2 Viability and stress state of bacteria associated with primary
production or zooplankton-derived suspended particulate matter in
summer along a transect in Baffin Bay (Arctic Ocean)

3.2.1 Résumé en francais

Dans le cadre du projet GreenEdge (dont I'objectif principal est de comprendre la
dynamique du bloom printanier de phytoplancton dans I'océan Arctique), la composition
lipidique, la viabilité et I'état de stress des bactéries ont été mesurés dans des échantillons
de glace et de particules en suspension (SPM) collectés en 2016 le long d’un transect allant
de la glace de mer a I'eau libre dans la Baie de Baffin (océan Arctique). Les analyses
lipidiques ont confirmé la dominance de diatomées dans la plus basse couche de glace,
suggéré (i) la forte proportion de micro-zooplancton dans les SPM collectées a I'Ouest du
transect, au stations recouvertes de glace St 403 et St 409 et (ii) une forte proportion de
macro-zooplancton (copépodes) dans les SPM collectées a I'Est du transect a la station
recouverte de glace St 413 et la station d’eau libre St 418. L'utilisation du propidium
monoazide (PMA) nous a permis de montrer une forte mortalité bactérienne dans la glace
et dans les SPM collectées dans les eaux peu profondes des stations St 409 et St 418. Cette
mortalité est attribuée au relargage d’acides gras libres bactéricides par les algues
sympagiques en situation de stress di a la lumiere. Une forte isomérisation cis-trans des
MUFAs bactériens a été observée dans les échantillons de SPM les plus profonds collectés
aux stations St 403 et St 409. Ce résultat est attribué a I'ingestion de bactéries stressées
par la salinité dans les canaux de saumure de la glace par du micro-zooplancton
sympagique (ciliés), incorporant les acides gras trans de leurs proies avant d’étre relargué
dans la colonne d’eau lors de la fonte. La forte valeur des ratio trans/cis également
observés dans les échantillons de SPM collectés dans les eaux peu profondes des stations
St 413 et St 418 suggere la présence de particules riches en polymeres extracellulaires
(EPS) a flottabilité positive ou neutre, retenues dans la glace et rejetées (avec des bactéries
stressées par la salinité) dans I’eau de mer apres la libération initiale de la biomasse algale.
De telles particules d’EPS, qui sont généralement considérés comme des vecteurs idéaux
de distribution horizontale de bactéries en Arctique, semblent contenir de fortes

proportions de bactéries morte ou non-actives.
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Abstract

In the framework of the GreenEdge Project (whose the general objective is to
understand the dynamic of the phytoplankton spring bloom in Arctic Ocean), lipid
composition and viability and stress state of bacteria were monitored in sea ice and
suspended particulate matter (SPM) samples collected in 2016 along a transect from sea
ice to open water in Baffin Bay (Arctic Ocean). Lipid analyses confirmed the dominance of
diatoms in the bottommost layer of ice and suggested (i) the presence of a strong
proportion of micro-zooplankton in SPM samples collected at the western ice-covered St
403 and St 409 and (ii) a high proportion of macro-zooplankton (copepods) in SPM
samples collected at the eastern ice-covered St 413 and open water St 418. The use of the
propidium monoazide (PMA) method allowed to show a high bacterial mortality in sea ice
and in SPM material collected in shallower waters at St 409 and St 418. This mortality was
attributed to the release of bactericidal free fatty acids by sympagic diatoms under the
effect of light stress. A strong cis-trans isomerization of bacterial MUFAs was observed in
the deeper SPM samples collected at the St 403 and St 409. It was attributed to the
ingestion of bacteria stressed by salinity in brine channels of ice by sympagic
bacterivorous microzooplankton (ciliates) incorporating trans fatty acids of their preys
before to be released in the water column during melting. The high trans/cis ratios also
observed in SPM samples collected in the shallower waters at St 413 and St 418 suggest
the presence of positively or neutrally buoyant extracellular polymeric substances (EPS)-
rich particles retained in sea ice and discharged (with bacteria stressed by salinity) in
seawater after the initial release of algal biomass. Such EPS particles, which are generally
considered as ideal vectors for bacterial horizontal distribution in the Arctic, appeared to

contain a high proportion of dead and non-growing bacteria.
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1. Introduction

Arctic sea ice shelters a huge diversity of organisms particularly well-adapted to the
harsh living conditions in this ecosystem (Boetius et al, 2015). They include bacteria,
viruses, archaea and diatoms (von Quillfeldt et al, 2003; Junge et al,, 2004; Sazhin et al,
2019). One of the numerous ecosystem services that this particular biota fulfil is the
production of organic matter (Boras et al, 2010; Boetius et al, 2015). Sympagic diatoms
(diatoms inhabiting the ice matrix) are responsible for much of this production. Their
contribution to annual primary production (PP) varies widely depending on the season
and the region (<1-60%, e.g. Dupont, 2012; Fernandez-Méndez et al, 2015), but it
represents a crucial food source for the marine foodweb, especially in winter (Sgreide et
al, 2010).

It has been shown that Arctic sea ice contains large amounts of extracellular polymeric
substances (EPSs) (Krembs et al.,, 2002), one order of magnitude higher than in the surface
water (Krembs and Engel, 2001; Meiners et al,, 2003). These substances are produced by
both bacteria and algae, with sympagic diatoms being their primary source in sea ice
(Meiners et al, 2003; Mancuso Nichols et al, 2004). EPSs can help protect cells against
harsh environmental conditions (e.g. salinity fluctuations) and assist cell adhesion
(Cooksey and Wigglesworth-Cooksey, 1995). The release of exopolymers by the sympagic
biota further influences carbon cycling by (i) providing a carbon-rich substrate that will
support bacterial production and metabolic activity (Simon et al, 2002), (ii) bypassing
microbially mediated POC production by the abiotic formation of large EPS-containing
particles or aggregates (Passow, 2002; Thornton, 2002), (iii) directly contributing to the
organic carbon pool, with concentrations potentially equivalent to those of particulate
organic carbon (POC) in pelagic environments (Mari, 1999; Engel and Passow, 2001), and
(iv) increasing the sympagic biota sedimentation rates through aggregation (Riebesell et
al, 1991; Azetsu-Scott and Passow, 2004). From their high sedimentation rates and their
good preservation during their travel toward the seafloor (Boetius et al,, 2013; Rontani et
al, 2016; Amiraux et al, 2017), it has been suggested that sympagic PP contributes
significantly to the total PP source in sea waters, especially deep ones (Glud and Rysgaard,
2007; Krause-Jensen, 2007). The fate of sympagic biota in sea ice and as they sink in the
water column depends mostly on grazing by zooplankton and mineralization by their
attached bacteria. In the Arctic, it is estimated that the zooplankton graze about 66-79%

of the new PP (including sympagic algae; Forest et al, 2011), and since their fecal pellets
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generally increase the sinking rates of their food, it is estimated that zooplankton
probably form most of the PP export to the aphotic zone and seafloor (Forest et al, 2011).
By contrast, bacterial activity, which is higher for attached than for free bacteria (Hoppe,
1991; Karner and Herndl, 1992), allows cleavage of the POM into smaller pieces by
extracellular enzymatic hydrolysis (Cho and Azam, 1988). Such processes enhance the
further enzymatic digestion of the matter and ultimately reduce its potential to reach the
seafloor. However, while heterotrophic bacteria and the rest of the microbial loop process
about half of the P.P in low-latitude oceans (Ducklow, 2000), their contribution at higher
latitudes is assumed to be smaller. Based on bacterial activity measurements, Howard-
Jones et al. (2002) suggest that a significant fraction (25-80%) of Arctic bacterioplankton
is dormant or inactive in the marginal ice zone of the Barents Sea.

Recently, Amiraux et al. (2017) suggested that the weaker activity of bacteria in the
Arctic could result from the involvement of some stress factors in ice, such as salinity.
During the early stage of ice melting in spring, brine inclusions (where salinity may reach
up to 150 in some ice sections collected in early spring 2015 at the GreenEdge Ice Camp,
Galindo, unpublished data) become interconnected in channels and are expelled from the
sea ice into the underlying seawater (Wadhams and Martin, 2001). The ice algal bacterial
community is therefore exposed to a salinity stress, which occurs over relatively short
timescales (e.g. hours). In this ecosystem, prokaryotic cells subjected to high osmotic
pressure have developed mechanisms to live in these extreme conditions. Various
strategies are used: (i) implementation of active Na* and K* ion transport systems
(Thompson and MacLeod, 1971), (ii) accumulation of osmocompatible compounds such
as glycine betaine or proline (Piuri et al, 2003) or (iii) production of EPSs, which can act
as a diffusion barrier (Kim and Chong, 2017). Another major adaptive response of many
microorganisms, including bacteria, is to maintain membrane fluidity through
‘homeoviscous adaptation’ (Sinensky, 1974). The shifts in fatty acid composition of
membrane lipids, and most notably by enzymatic conversion of cis- to trans-unsaturated
fatty acids (Loffeld and Keweloh, 1996; Heipieper et al, 2003) through the activity of cis-
trans isomerases (CTIs) can be an important bacterial mechanism for modifying
membrane fluidity. It has been previously suggested that trans/cis ratios >0.1 in
environmental samples may be indicative of bacterial stress (Guckert, 1986). Previous
analyses of sea ice and sinking particles collected in the water column during the vernal
melting period showed a relatively strong CTI activity, suggesting the occurrence of

salinity stress during the early stages of ice melt (Amiraux et al,, 2017). The high trans/cis
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ratios observed in sinking particles was attributed to the flush of bacteria associated with
ice algae from internal hypersaline ice brines (Amiraux et al,, 2021b). The relative stability
of these ratios with depth also suggested that bacterial communities associated with
sinking sympagic algae were non-growing.

In a previous study, Amiraux et al. (2021a) studied the stress state of bacteria attached
to sinking sympagic algae during a vernal melting season at a landfast ice station in Davis
Strait. Their results emphasized the impact of salinity, limiting the growth state of
attached bacteria at the beginning of sea ice melting, subsequently giving way to an
intense free fatty acid (FFAs) stress. Indeed, the production of bactericidal FFAs by
sympagic algae is enhanced by the increase in light transmittance through the ice (due to
the advance melting of sea ice) resulting in a high bacterial mortality. If this study gave us
valuable information on the interactions between sympagic algae and their associated
bacteria in sinking samples, data on those interactions after ice melting and on suspended
particles are still lacking

In the present work, we thus monitored the salinity stress and mortality of bacteria
associated with sea ice and suspended particulate matter (SPM) samples collected in 2016
along a transect from sea ice to open water in Baffin Bay (Arctic Ocean). We intend to
determine if the bacteria associated with these suspended particles are also weakly active

or in a poor physiological state, thus impacting the preservation of this material.

2. Materials and methods

2.1 Sampling

Samples were taken at three ice stations (St 403, St 409 and St 413) and one open water
station (St 418) (Figure 3.1) from the Canadian icebreaker CCGS Amundsen along a
longitudinal transect from 68° 4’ 25.32" N and 61° 36’ 30.54"” W to 68° 6’ 52.14” N and
57° 46’ 7.14" W between 25 and 28 June 2016 as part of the GreenEdge project. At the
time of sampling, this transect was under the influence of the Arctic current from the
North acting practically perpendicular to the transect (A. Randelhoff, personal
communication). Consequently, advection along the transect (East-West) should be
relatively limited.

The sea ice sampling was carried out using a Kovacs Mark V 14 cm diameter corer,

focusing on the bottom-most 10 cm of sea ice (sub-sectioned into two further intervals:
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0-3 and 3-10 cm) where most ice biota are found (Smith et al, 1990). To compensate for
biomass heterogeneity, common in sea ice (Gosselin et al.,, 1986), three or four equivalent
core sections were pooled for each sampling day in isothermal containers. Pooled sea ice
sections were then melted in the dark with 0.2 pm filtered seawater (FSW; 3:1 v:v) to
minimize osmotic stress on the microbial community during melting (Bates and Cota,
1986; Garrison and Buck, 1986).

Suspended particulate matter (SPM) samples were collected at seven depths in the first
100 m of the water column using large (20 L) Niskin bottles to accommodate any within-

sample heterogeneity.

@ Landfast station
@ Cruise stations

Seaice

Figure 3.1: Map of the study area with location of the stations investigated in Baffin Bay. Blue circles on the
enlarged map of western Baffin Bay indicate the stations investigated during the transect. The orange circle
indicates the GreenEdge ice camp station investigated by Amiraux et al. (2019, 2021a). White color
indicates the sea ice cover during the sampling.

For both sea ice and SPM, samples were collected in pentaplicate (a sample for lipid
analyses and four for PMA analyses) as follows. Lipid, chlorophyll a, and total particulate
carbon samples were obtained by filtration through pre-weighed Whatman glass fiber

filters (Buckinghamshire, UK; GF/F, porosity 0.7 pm, combusted 4 h at 450 °C) and kept
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frozen (<-80 °C). Bacterial viability samples were obtained by filtration on 0.8 pum
Whatman nucleopore filters (24 mm, autoclaved 1 h at 110 °C) and kept frozen (<-80 °C)
prior to analysis. Owing to the porosity of the filters, the analyses concerned mainly algae,
particles and their attached bacteria. Bacterial abundance and productivity were
measured directly onboard the CCGS Amundsen by cytometry (see Bacterial abundance)

and 3H-leucine incorporation (see Bacterial productivity).

2.2 Treatment

2.2.1 Chlorophyll a

Concentration of chlorophyll a and phaeopigments retained on the GF/F filters were
measured before and after acidification (5% HCI) using a TD-700 Turner Design
fluorometer, after 18-24 h extraction in 90% acetone at 4 °C in the dark (Parsons et al,
1984). The fluorometer was calibrated with a commercially available chlorophyll a

standard (Anacystis nidulans, Sigma).

2.2.2 Total particulate carbon
At Université Laval, filters were dried for 24 h at 60 °C, weighed again for dry weight
determination and then analyzed using a Perkin Elmer carbon-hydrogen-nitrogen-sulfur
(CHNS) 2400 Series Il instrument to measure TPC. Calibration was done using accurately

weighed samples of acetanilide (CsHoNO).

2.2.3 Bacterial abundance

Samples were analyzed directly on board the CCGS Amundsen using an Accuri C6 flow
cytometer equipped with 488 nm and 633 nm lasers and the standard filter setup. For
enumeration of phototrophs, cells were detected on the base of their red fluorescence
(FL3) and unfixed samples were analyzed 3 min at a flow rate around 65 pL min-1.
Samples were then fixed with 0.25% glutaraldehyde (final concentration) and stained for
a minimum of 15 min with SYBR Green I at 1/10,000 of the commercial solution for
enumeration of heterotrophic cells (Marie et al, 1999). Trigger was set on the green
fluorescence of the SYBR and samples were analyzed 2 min at a flow rate of about 35 pL

min-1.
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2.2.4. Bacterial productivity

Bacterial production (BP) was measured for 8 to 10 depths per station, distributed in
the first 350 m, by [3H]-leucine incorporation (Kirchman et al, 1985) modified for
microcentrifugation (Smith and Azam, 1992). Triplicate 1.7 mL aliquots were incubated
with a mixture of 50/50 (v/v) [3H]-leucine (Perkin Elmer) and nonradioactive leucine for
4 h at a temperature (1.5 °C) close to that in situ. Samples with 5% trichloroacetic acid
added prior to the isotope served as blank. Saturation and time course were performed
beforehand to determine the concentration of leucine and minimum incubation time.
Leucine incorporation was converted to carbon production using a conservative

conversion factor of 1.5 kg C mol-! leucine (Simon and Azam, 1989).

2.2.5. Bacterial viability analysis

The bacterial viability analysis was conducted using a method based on propidium
monoazide (PMA). PMA is a photoreactive dye that binds to DNA, inhibiting its replication
by PCR. Live cells have intact membranes and are impermeable to PMA, which only
influxes into cells with disrupted membranes. The combination of PMA use and PCR
provides a rapid and reliable method for discriminating live and dead bacteria. The
viability analysis requires two sets of the same sample, one treated with PMA (that gives
the quantity of living organisms in the sample) and an untreated one (that gives the total
amount of organisms in the sample).

The first step of this method consists of a treatment of the concentrated and filtrated
samples with PMA, the filters are then exposed to light, allowing PMA to bind with DNA.
For a detailed protocol see Amiraux et al. (2021a).

Nucleic acids were extracted using a chloroform-based method. Filters were placed in
2 mL Eppendorf® tubes and heat-shocked (+80 °C then -80 °C alternately, twice) to
improve cell lysis. 100 uL of lysis solution (Tris 20 mM, EDTA 25 mM, lysozyme 1 pg-puL-1)
was added and the samples were incubated at 37 °C for 15min. 900 uL of sterile ice-cold
water and 900 pL of chloroform were then added and the samples were vortexed five
times for 5 s and then centrifuged for 5 min at 10,000 x g. 700 pL of the aqueous phase
was collected, transferred to a new tube and any traces of remaining chloroform removed
in speed vacuum concentrator (Savant DNA 120, Thermo Scientific ™) for 15 min. Finally,
10 uL of RNase (10 mg-mL-1) was added to the samples, and they were incubated for 30
min at 37 °C or overnight at 4 °C. The DNA obtained was kept frozen at —20 °C for further

use.
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Absolute quantification of bacterial SSU ribosomal RNA (rRNA) gene was carried out
by qPCR with SsoAdvanced™ Sybr Green Supermix on a CFX96 Real-Time System (C1000
Thermal Cycler, Bio-Rad Laboratories, CA, USA) according to the procedure described in
Fernandes et al. (2016). For more details about the qPCR program, see Amiraux et al.
(2021a).

2.2.6. Lipid extraction

Samples (GF/F filters) were reduced with excess NaBH4 after adding MeOH (25mL, 30
min) to reduce labile hydroperoxides (resulting from photo- or autoxidation) to alcohols,
which are more amenable to analysis using gas chromatography-mass spectrometry (GC-
MS). Water (25mL) and KOH (2.8 g) were then added and the resulting mixture saponified
by refluxing (2 h). After cooling, the mixture was acidified (HC, 2 N) to pH 1 and extracted
with dichloromethane (DCM; 3 x 20 mL). The combined DCM extracts were dried over
anhydrous Na2S0s4, filtered and concentrated by rotary evaporation at 40 °C to give total
lipid extracts (TLEs). Aliquots of TLEs were either silylated and analyzed by gas
chromatography-electron impact quadrupole time-of-flight mass spectrometry (GC-
QTOF) for sterol quantification, or methylated, and then treated with dimethyldisulfide
(DMDS) and analyzed by GC-MS/MS for the determination of monounsaturated fatty acid
double-bond stereochemistry as previously described by Amiraux et al. (2017). Cis and
trans isomers of monounsaturated fatty acid (MUFA) methyl esters react with DMDS,
stereospecifically, to form threo and erythro adducts, which exhibit similar mass spectra
but are well-separated by gas chromatography, allowing unambiguous double-bond

stereochemistry determination (Buser et al,, 1983).

2.2.7. Gas chromatography-tandem mass spectrometry

GC-MS and GC-MS/MS analyses were performed using an Agilent 7890A/7010A
tandem quadrupole gas chromatograph system (Agilent Technologies, Parc Technopolis -
ZA Courtaboeuf, Les Ulis, France). A cross-linked 5% phenyl-methylpolysiloxane (Agilent;
HP-5MS ultra inert, 30 m x 0.25 mm, 0.25 pm film thickness) capillary column was used.
Analyses were performed with an injector operating in pulsed splitless mode set at 270
°C. Oven temperature was ramped from 70 °C to 130 °C at 20 °C min~1, then to 250 °C at 5
°C min-! and then to 300 °C at 3 °C min-1. The pressure of the carrier gas (He) was
maintained at 0.69 x 105 Pa until the end of the temperature program and then ramped

from0.69 x 10> Pato 1.49 x 105 Paat 0.04 x 10> Pa min-1. The following mass spectrometer
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conditions were used: electron energy 70 eV, source temperature 230 °C, quadrupole 1
temperature 150 °C, quadrupole 2 temperature 150 °C, collision gas (N2) flow 1.5 mL
min-1, quench gas (He) flow 2.25 mL min-1, mass range 50-700 Da, cycle time 313 ms.
DMDS derivatives were quantified in multiple reaction monitoring (MRM) mode.
Precursor ions were selected from the most intense ions (and specific fragmentations)
observed in electron ionization (EI) mass spectra. Trans/cis ratios were obtained directly
from peak area measurement of threo and erythron DMDS adducts after analyses, which

were carried out three times.

2.2.8. Gas chromatography-EI quadrupole time-of-flight mass spectrometry

Accurate mass measurements were made in full scan mode using an Agilent
7890B/7200 GC/QTOF system (Agilent Technologies, Parc Technopolis - ZA Courtaboeuf,
Les Ulis, France). A cross-linked 5% phenyl-methylpolysiloxane (Macherey-Nagel;
OPTIMA-5MS Accent, 30 m x 0.25 mm, 0.25 pm film thickness) capillary column was used.
Analyses were performed with an injector operating in pulsed splitless mode set at 270
°C. Oven temperature was ramped from 70 °C to 130 °C at 20 °C min-1 and then to 300 °C
at 5 °C min-1. The pressure of the carrier gas (He) was maintained at 0.69 x 10> Pa until
the end of the temperature program. Instrument temperatures were 300 °C for transfer
line and 230 °C for the ion source. Nitrogen (1.5 mL min-1) was used as collision gas.
Accurate mass spectra were recorded across the range m/z 50-700 at 4 GHz with the
collision gas opened. The QTOF-MS instrument provided a typical resolution ranging from
8009t0 12,252 fromm/z 68.9955 to 501.9706. Perfluorotributylamine (PFTBA) was used
for daily MS calibration. Compounds were identified by comparing their TOF mass
spectra, accurate masses and retention times with those of standards. Quantification of
each compound involved extraction of specific accurate fragment ions, peak integration

and determination of individual response factors using external standards.

2.2.9. Statistical analysis
The collected data were analyzed using the XLStat version 22.05 software (Adinsoft™).
Kruskal-Wallis tests associated with a pairwise multiple comparison (using the Conover-
Iman procedure) were performed on trans/cis ratios and on bacterial mortality data, at

significance level a =5%.
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3. Results

Chlorophyll a concentration in the bottommost layer of ice (0-3 cm) was 0.44, 3.93 and

11.76 ng L-1 at St 403, St 409 and St 413, respectively. Chlorophyll a, phaeopigments and

particulate organic carbon (POC) concentrations, bacterial abundance (BA) and bacterial

production (BP) were measured in the upper 100 m of the water column at each station.

Though relatively weak along the whole transect, pelagic chlorophyll a concentrations

were found to be highest (up to 0.58 pg L-1) in the upper 30 m of St 409, St 413 and St 418

(Figure 3.2A). The highest phaeopigment concentrations (up to 0.50 pg L-1) were

observed between 20 m and 40 m at St 413 (Figure 3.2B). The highest POC concentrations

were measured in the topmost waters of St 409, St 413 and St 418 (values reaching 200

mg L-1 at the surface of St 418 and at 15 m in the case of St 413) (Figure 3.2C). 10 m for St

413 (Figure 3.3B).
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Figure 3.2: Chlorophyll a
(A), phaeopigments (B) and
total particulate carbon (C)
in seawater at the different
stations investigated. Data
were interpolated and
plotted using Ocean Data
View v4.7.8  (Schlitzer,
2015).



BA was found to be relatively low at St 403 and St 409, but increased from St 413 to St
418, reaching 1.9 x 106 cells mL-1 in the upper 30 m of water of St 418 (Figure 3.3A). The
highest values of BP (up to 0.33 ugC L-1 d-1) were observed at the surface of St 409 and at

To learn more about the nature of the organisms present in the different ice and SPM
samples, the relative proportions of the main monounsaturated fatty acids (MUFAs)
(C16:109, C16:1811, C18:1n9, C18:1a11, C20:1a11 and Cz2:1a11), and alcohols (C20:1a11 and C22:1a11)
were measured (Figure 3.4). All the ice samples collected at St 403, St 409 and St 413 were
dominated by Ci6:1a9 (palmitoleic) acid. By contrast, C1s:1a9 (oleic) acid appeared to be the
dominant MUFA of most of the SPM samples, except for those collected in the upper 30 m
at St. 413 and at the surface and between 25 m and 30 m at St 418 containing a high

abundance of C20:1a11 and Cz2:1a11 acids and alcohols (Figure 3.4).
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Figure 3.3: Bacterial abundance (BA) (A) and bacterial production (BP) (B) in seawater at the different
stations investigated. Data were interpolated and plotted using Ocean Data View v4.7.8 (Schlitzer, 2015).

The main algal sterols - cholest-5,24-dien-33-o0l (desmosterol), 24 methylcholesta-
5,22E-dien-3B-0l (brassicasterol), 24- methylcholesta-5,24(28)-dien-33-0l (24-

methylenecholesterol), and 24-ethylcholest-5-en-3f3-ol (sitosterol) — were quantified in
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ice and water samples at the different stations to confirm the nature of the material
present in SPM. Cholesterol, a contaminant often introduced in the samples during their
withdrawal and treatment, was excluded from this comparison. Sea ice was found to be
dominated by brassicasterol and 24-methylenecholesterol at St 403 and by 24-
methylenecholesterol at St 409 and St 413 (Figure 3.5). The deeper SPM samples collected
at St 403 showed a dominance of desmosterol, while most of those collected at St 409 and
at St 413 were dominated by brassicasterol. Relatively high proportions of desmosterol
were also observed in the surface and 20 m samples of St 413 and in the surface and 30 m

samples of St 418 (Figure 3.5).

Station 403 Station 409 Station 413 Station 418
0% 100% 0% 50% 100% 0% 100% 0%
|
|
|
|
|
|
|
|

500 ; 50.% 0% 0 50% 100%
310cm | ‘
0-3cm ‘ -
| - |
| —— !
| E—— I E——
H0m | I
80'm
100 m I

HCganFA  HCypyp FA+o0l MCy y FA+o0l  BCpg 0FA BC4 0FA Ciaian FA

Sea ice

Water column

Figure 3.4: Relative proportion of the main monounsaturated fatty acids (FA) and alcohols (ol) in sea ice
and underlying seawater at the different stations investigated.

To estimate the stress state of bacteria induced by salinity in brine channels of ice,
trans/cis ratios of Cis:1a11 (hexadec-11-enoic), oleic and Cis:1a11 (vaccenic) acids were
measured in all the samples (Figure 3.6). The results obtained showed a very strong
isomerization of hexadec-11-enoic (trans/cis ratios reaching 2.1), and vaccenic (trans/ cis
ratios reaching 0.95) acids, but not of oleic acid in the deeper SPM samples of St 403 and
St 409 (Figure 3.7). A strong isomerization of hexadec-11-enoic (trans/cis ratio 0.8 and
0.78) and vaccenic acids (trans/cis ratios 0.31 and 0.18) was also observed in the 0-3 cm
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layer of ice at St 409 and St 413, respectively. At St 418, the three fatty acids were strongly
isomerized in the upper SPM samples (trans/cis ratio reaching 0.6, 1.0 and 0.45 for
hexadec-11-enoic, oleic and vaccenic acids, respectively) (Figure 3.7).

The viability of bacteria was estimated with PMA in sea ice and SPM samples collected
at St 409 and in SPM samples collected at St 418. At St 409, a high bacterial mortality was
observed in sea ice (88.7 and 84.3% in the 3-10 and 0-3 cm layers, respectively) and in
the 10 m SPM sample (62.3%), but not in the 20 m sample (Table 3.1). In the deeper (230
m) SPM samples collected at St 418, bacterial mortality was found to be very low, but it
was relatively high in the surface and 20 m samples (23.3 and 67.5%, respectively) (Table
3.1).
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4. Discussion

4.1 Composition of sea ice and SPM samples

The low chlorophyll a concentrations measured in the bottommost ice samples
corresponded to only one-tenth of the values previously observed at the time of the
sympagic algal bloom at the GreenEdge ice camp located near Broughton Island in Baffin
Bay (Figure 3.1) (Amiraux et al, 2019). It thus seems that the bloom of sympagic algae
took place before the start of sampling. The increase in chlorophyll a concentration
observed in this layer from St 403 to St 413 was thus attributed to the growth of the
epiphytic diatom Melosira arctica, whose presence was noted during the sampling

(Amiraux, unpublished data).
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Figure 3.6: MRM chromatograms (m/z 217 — 185 and m/z 245 — 213) of DMDS derivatives of MUFAs in
the bottommost layer of ice (0-3 cm) at St 409.

The fatty acid profiles of all the sea ice samples were dominated by Ci6:149 (palmitoleic)
acid (Figure 3.4) well-known to be the main fatty acid component of sea ice-associated
(sympagic or epiphytic) diatoms (Fahl and Kattner, 1993; Falk-Petersen et al, 1998; Leu
et al, 2010). The algal community present in the 0-3 cm sample at St 403 seemed to be
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mainly composed of pennate and centric (M. arctica?) diatoms and Thalassiosirales as
suggested by the dominance of brassicasterol and 24-methylenecholesterol (Barrett et al,
1995; Rampen et al, 2010) (Figure 3.5). The increasing proportions of 24-
methylenecholesterol observed at St 409 and St 413 were attributed to the presence of
increasing amounts of M. arctica (containing a significant proportion of this sterol, Smik,
unpublished data).

It is well known that sea ice retreat controls the timing of summer plankton blooms in
the Arctic Ocean (Janout et al, 2016). From visual observation and knowledge of bloom
dynamics, a chlorophyll a threshold of 0.5 pg L-1 was defined by Perrette et al. (2011) to
identify the blooms in the Arctic. The chlorophyll a concentrations measured in the water
column along the transect investigated (up to 0.58 pg L-1) only exceeded this threshold
between 0 and 20 m at St 409 and between 15 m and 35 m at St 413 (Figure 3.2A),
suggesting the presence of a weak ice-edge bloom at these stations. In the ice-covered
water column, chlorophyll may result from: (i) the growth of pelagic phytoplankton or (ii)
the release of non-aggregated sympagic or epiphytic algae during melting. The former
hypothesis is well supported by the dominance of brassicasterol observed in surface SPM
samples (brassicasterol/24- methylenecholesterol ratio 1.0-1.8) (Figure 3.5), which
contrasts with the dominance of 24-methylenecholesterol in the bottommost layer of sea
ice atthese stations (brassicasterol/24-methylenecholesterol ratio 0.07-0.7) (Figure 3.5).
This dominance of brassicasterol probably results from the presence of the
prymnesiophyte Phaeocystis pouchetii, whose sterol fraction is known to consist of almost
100% brassicasterol (Nichols et al, 1991) and which is a main component of under-ice
and spring blooms across the Arctic (Riisgaard et al, 2015). Microscopic examination of
some SPM samples supported this explanation (e.g. percentage of Phaeocystis to protists
at 30 m at St 413 = 50%) (Babin, unpublished data). However, during sea ice melting the
species composition of dispersed and aggregated algae may differ significantly (Riebesell
etal, 1991). Proportionately more cells of weakly aggregated pennate diatoms containing
high proportions of brassicasterol (Rampen et al, 2010) may thus stay suspended, while
other more aggregated ice algae (e.g. Thalassiosirales or M. arctica) incorporated into
sinking particles should rapidly sink out of the euphotic zone (Riebesell et al, 1991).

A high zooplanktonic grazing activity, well supported by the high abundance of C20:1a11
and C22:1a11 alkan-1-ols, was observed in the upper 30 m at St 413 and at the surface and
between 25 m and 30 m at St 418 (Figure 3.4).Wax esters are generally the main storage

lipids of marine zooplankton in high-latitude species (Lee et al, 2006) and the most
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common alkan-1-ols of the wax esters found in herbivorous zooplankton are Cz0:1a11 and

C22:1a11 alkan-1-ols (Lee and Nevenzel, 1979; Albers et al, 1996). These alcohols are only

known to occur in copepods that undergo diapause (Graeve et al, 1994), which are widely

distributed in the Arctic.
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In this area, dominant herbivorous zooplankton are the three large Calanus
hyperboreus, C. glacialis and C. finmarchicus in addition to the smallest Pseudocalanus spp.
(Sameoto, 1984; Forest et al, 2012). At this period of the year, naupliis and copepodits
depend on the bloom to develop into adults, and diapausing adults metabolize primary
production into highly rich esters stocks (Conover and Huntley, 1991; Falk-Petersen et al,
2009). A study on the surface copepod community of Baffin Bay from Underwater Vision
Profiler (UVP) data revealed that a lot a small copepods were actively feeding in the
eastern and ice-free waters (including St 418) during the GreenEdge cruise (Vilgrain et al,
submitted). Complementary data from net sampling showed that ice-free stations are
dominated by young stages of C. finmarchicus and C. glacialis (naupliis, and stages CI to
CVI) in addition with CII to CIV stages of C. hyperboreus (Figure S3.1). All stages of
Pseudocalanus spp. Were also more abundant in St 413 and 418 with naupliis in particular
(Figure S3.1). The large proportion of young herbivorous stages was expected in ice-free
stations according to their life cycle strategies (Hirche and Niehoff, 1996; Sgreide et al.,
2010). Adults of all these species were generally distributed all over the Bay, but
diapausing species such as Calanus spp. are probably metabolizing esters from
phytoplanktonic precursors, which could explain the presence of C20:1a11 and Cz2:1a11
alkan-1-ols at St 413 and St 418.

Although the degradation of chlorophyll a to phaeopigments occurs in the guts of both
large and small macro-zooplankton (Nelson, 1989), these compounds could be detected
in significant proportions only at 30 m at St 413 (Figure 3.2B). The low concentrations of
phaeopigments observed in the upper SPM samples of St 413 may be attributed to
photooxidation processes, well known to degrade such pigments quickly (Welschmeyer
and Lorenzen, 1985) and strongly favored at St 413 due to the lack of snow cover and the
relatively thin ice (limited to 40 cm). Despite the very high copepod activity present at 30
m at St 418 (Figure 3.5), phaeopigment concentration was found to be very weak (Figure
3.2B), probably owing to a particularly intense photooxidation at this open water station.
As expected, in the samples where the presence of high proportions of copepods was
indicated by Cz0:1a11 and C22:1a11 alkan-1-ols, large proportions of their two main sterols
(Harvey et al, 1987) cholesterol (not shown) and desmosterol (Figure 3.5) could be
observed.

The deepest SPM samples collected at St 403 were characterized by (i) very low

chlorophyll a concentrations (Figure 3.2A), (ii) high proportions of oleic acid (Figure 3.4)
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and desmosterol (Figure 3.5) and (iii) lack of C20:1a11 and Cz22:1a11 alkan-1-ols. Oleic acid is
often enriched in secondary producers (Falk-Petersen et al, 1999) and thus commonly
interpreted as a marker of heterotrophic feeding (Graeve et al, 1997; Tolosa et al, 2004).
Moreover, desmosterol is produced by zooplankton during the conversion of dietary
phytosterols to cholesterol (Harvey et al, 1987). Given the absence of alkanols, the
presence of copepods in these samples was excluded and that of micro-zooplankton
suspected. In Baffin Bay, it is well known that the ice microfauna is dominated by
dinoflagellates and ciliates (Michel et al, 2002), rarely observed in the water column,
probably because prey are too scarce. These SPM samples thus seem to contain
herbivorous micro-zooplankton feeding in ice and then released in the water column
during melting. The presence of trans MUFAs, typical of stressed sympagic bacteria (see
Section 4.2), suggests the simultaneous presence of sympagic herbivorous and
bacterivorous micro-zooplankton in these samples. In the deepest samples of St 409
characterized by very low amounts of sterols (Figure 3.5), only bacterivorous micro
zooplankton, generally incapable of synthesizing or incorporating sterols (Breteler et al.,

2004), seem present.

Table 3.1: Mean percentage of dead attached bacteria in sea ice and SPM samples collected at St 409 and St
418 (n=3). For each station, significantly different values are annotated with different letters (P < 0.05).

Station Sample Dead bacteria [%)
5t 409 lce (3-10 cm) 88.7 £ 4.7 (b)
5t 4009 lce (0-3 cm) 84.3£9.7 (b)
5t 4009 SPM 10 m 62.3 £ 22.06 (ab)
5t 409 SPM 20 m 0+£11.9(a)
St 418 S5PM surface 23.3+11.3(b)
St 418 SPM 20 m 67.5+4.1 (c]
St 418 SPM 30 m 3.8 +£39.0 (ab)
St 418 SPM 40 m 0.6 £ 15.5 (ab)
5t 418 SPM 100 m 0+£4.6(a)

SPM material collected between 10 m and 20 m of the open water station St 418
exhibited relatively high proportions of hexadec-11- enoic and vaccenic acids (Figure 3.4),
well known to be specific to bacteria (Lambert and Moss, 1983; Sicre et al, 1988). Most of
the oleic acid present in these samples also arises from bacteria (see Section 4.2). These

samples thus contained a large proportion of bacteria (Figure 3.4). These observations
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are consistent with the highest BA measured in these samples (Figure 3.3A), which is
similar to those previously measured in spring in sea ice of the Chukchi Sea (0.7-2.5 10
cells mL-1; Meiners et al, 2008). Arctic sea ice harbors large amounts of extracellular
polymeric substances (EPS) in both the dissolved and particulate fractions (Krembs and
Engel, 2001; Krembs et al,, 2002; Meiners et al,, 2003). Some authors (Riedel et al, 2006;
Juhl et al, 2011) previously demonstrated that EPS retained within the melting sea ice in
the Arctic could supply a pulse of organic carbon to surface waters after most of the sea-
ice algal biomass has been released into the water column. In the pelagic realm, EPS-rich
particles, which have been observed to be positively or neutrally buoyant (Azetsu-Scott
and Passow, 2004; Meiners et al, 2008), are densely colonized by attached bacteria and
are ideal vectors for their horizontal distribution (Meiners et al,, 2008). Bacteria use these
particles as sites of attachment, possibly to protect them from grazers (Salcher et al,
2005), or as a carbon-rich substrate, which could enhance bacterial production (Riedel et
al, 2006). These exopolymers could thus ascend in association with attached bacteria
(Azetsu-Scott and Passow, 2004). The highest abundances of bacteria observed at 10 m
and 20 m at St 418 (Figure 3.3A) were thus attributed to the release of EPS particles
heavily colonized by bacteria during sea ice melting after previous loss of the sympagic

algal biomass.

4.2 Stress state of bacteria in sea ice and SPM particles

Cis-trans isomerization of MUFAs has been shown to serve as an adaptive response to
chemical or osmotic stress in strains of the widespread genera Pseudomonas and Vibrio
(Okuyama et al, 1991; Heipieper et al, 1992; Molina-Santiago et al, 2017). High trans/cis
vaccenic acid ratios were previously observed in sinking particles collected during the
2015 and 2016 GreenEdge ice camps (Amiraux et al,, 2017; Amiraux et al,, 2021a). These
high values were attributed to release of non-growing bacteria attached to sympagic algae
stressed by salinity in internal brine channels during the early stages of sea ice melting.
To determine whether bacteria attached to suspended particles were also stressed by
salinity, trans/cis ratios of the main monounsaturated fatty acids present in Pseudomonas
sp. and Vibrio sp. (hexadec- 11-enoic, oleic and vaccenic acids) (Lambert et al, 1983;
Holmstrom et al, 1998; Jia et al, 2014) were measured in sea ice and in SPM samples
along the transect investigated. Although present in some Vibrio sp. (Lambert et al,, 1983;

Jia et al, 2014), palmitoleic acid was excluded from these measurements owing to its lack
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of specificity (strong dominance in sympagic and pelagic diatoms) (Fahl and Kattner,
1993; Leu et al, 2010).

Very high trans/cis ratios of hexadec-11-enoic and vaccenic acids were observed in the
deepest SPM samples of St 403 and St 409 (Figure 3.7), which seemed to be dominated by
micro-zooplankton (see Section 4.1). It was previously observed that the lipid
composition (fatty acids and neutral lipids) of bacterivorous ciliates resembled that of
their prey (Harvey et al, 1987; Boéchat and Adrian, 2005). The high trans/cis values
observed in these samples were thus attributed to (i) the ingestion of bacteria stressed by
salinity in internal brines of sea ice by sympagic ciliates, (ii) the direct incorporation of
highly isomerized dietary fatty acids and (iii) the release of these bacterivorous ciliates in
the water column during ice melting. The well-known biosynthesis of cis-oleic acid during
the metabolism of ciliates (Erwin and Bloch, 1963) is consistent with the relatively weak
trans/cis ratio of this acid observed in these SPM samples (Figure 3.7). Brine salinity,
which could not be measured during the cruise, are expected to be low at the time of
sampling (summer). However, high brine salinity values (ranging from 50 to 70) were
measured in May 2015 and 2016 in the upper part of the ice at Qikiqtarjuaq (GreenEdge
fixed station relatively close to the transect investigated, Figure 3.1) (Amiraux et al.,, 2019,
2021a). Non-halophilic bacteria strongly affected by these hypersaline conditions in
spring could thus have been ingested by sympagic ciliates and trapped in the ice before to
be released in the water column during the summer melting period.

It is well known that the uppermost section of the ice experiences the most drastic
changes in brine salinity (Ewert and Deming, 2013). As a consequence, bacteria attached
to sympagic algae in the bottommost ice are generally not highly affected by osmotic
stress (Rontani et al, 2018; Amiraux et al, 2021a). The high trans/cis ratios of hexadec-
11-enoic and vaccenic acids measured in the bottommost 3 cm of ice of St 409 and St 413
(Figure 3.6, Figure 3.7) were thus surprising. Given the relative similarity of these ratios
with those observed in the deepest samples of St 403 and St 409 (Figure 3.7), this
isomerization was attributed to the presence of ciliates fed on salinity-stressed bacteria
in internal brine channels and trapped during their discharge at the bottom of ice.

It is generally considered that suspended particles, which constitute most of the
standing stock of particulate matter in the ocean (Wakeham and Lee, 1989), sink very
slowly through the water column. However, aggregation processes, the extent of which

remains to be estimated (Wakeham and Lee, 1989; Hill, 1998), can strongly increase the
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settling velocity of these particles and thus their contribution to the seafloor. Sympagic
microzooplankton can thus contribute to the transfer of the signature of bacteria stressed
by hypersaline conditions in brine channels of sea ice to the sediments.

SPM material collected in the topmost waters of St 418 seems to be composed of EPS
particles retained in sea ice and discharged in seawater after the initial release of algal
biomass (Riedel et al, 2006; Juhl et al, 2011). Such EPS particles contain high amounts of
bacteria (Meiners et al, 2008) that may be of sympagic or pelagic origin. The very high
trans/cis ratios of hexadec-11-enoic, vaccenic and oleic acids observed in these SPM
samples (Figure 3.7) demonstrate that the bacteria attached to EPS particles are strongly
stressed by salinity and thus arise from sea ice. The strong isomerization of oleic acid
observed also attests to the bacterial origin of this acid. In the presence of osmotic stress,
CTI activity is used by bacteria as an urgent response to guarantee survival, before other
adaptive mechanisms (Heipieper et al, 2007). Consequently, with no osmotic stress (as is
the case in the water column) the trans/cis ratio of bacteria stressed by salinity in brine
channels of sea ice should decrease to the basic level (Fischer et al, 2010). Since
conversion of trans to cis fatty acids is not catalyzed (Eberlein et al,, 2018), recovery of
the regularly low trans/cis ratio needs de novo synthesis of cis fatty acids and thus
depends on bacterial growth rates. The very high values of the trans/cis ratio observed in
the topmost waters of St 418 (Figure 3.7) are thus indicative of the non-growing state of
bacteria attached to EPS particles. This assumption is well supported by the relatively

weak BP measured in these samples (Figure 3.3B) exhibiting the highest BA (Figure 3.3A).

4.3. Viability of attached bacteria in sea ice and SPM particles

PMA treatment showed that most of the bacteria associated with sympagic algae at St
409 had disrupted membranes and so were dead (Table 3.1). These results are consistent
with the high mortality of attached bacteria measured in sea ice at the end of the 2016
GreenEdge ice camp (Amiraux et al, 2021a) and attributed to the bactericidal properties
of free fatty acids (FFAs) released by sympagic algae under the effect of light stress. The
toxicity of FFAs results from their insertion into the bacterial inner membrane, increasing
its permeability and letting internal contents leak from the cell, which can result in death
(Boyaval et al, 1995; Shin et al, 2007). A high mortality was also observed in the 10 m
SPM sample (Table 3.1). This suggests that the algal material present in this sample
(Figure 3.5) results from the release of non-aggregated and FFA-producing sympagic

diatoms during ice melting rather than from the growth of pelagic algae. By contrast, the
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viability of bacteria attached to suspended particles collected at 20 m and dominated by
micro-zooplankton was found to be very good (Table 3.1).

Concerning SPM samples collected at St 418, PMA revealed a very low mortality of
attached bacteria in the deeper (230 m) samples (Table 3.1). This good viability is
probably due to the presence of unstressed bacteria associated with copepod or micro-
zooplankton material, which dominated these samples (see Section 4.1). By contrast, a
lower viability was observed in the samples collected at the surface and at 20 m (23.3 and
67.5% of mortality, respectively) (Table 3.1). The 20 m sample mainly composed of EPS
particles thus contained a mixture of dead bacteria (in which the integrity of cell
membranes could not be maintained) and non-growing bacteria (where cis-trans
isomerization of monounsaturated fatty acids ensured membrane stiffness but not
growth). The presence of a significant proportion of zooplanktonic material (potential
supports of unstressed bacteria) in the surface sample () could explain the lower mortality

(relative to the 20m sample) observed (Table 3.1).

4.4. Considerations about the preservation and transfer of sympagic material to the

seafloor

The preservation of sympagic algae during their transfer in the water column depends
mostly on grazing by zooplankton and mineralization by their attached bacteria. We
previously demonstrated that during the early stages of ice melting, bacteria associated
to sinking sympagic material have been strongly stressed in hypersaline brine channels
and are thus mainly non-growing in these particles (Amiraux et al, 2017). In contrast,
during the advances stages of melting most bacteria associated to sinking ice algae
appeared to be stressed by free fatty acids and dead (Amiraux et al, 2021a). Whereas only
a small part of the sympagic material is released during the early stages of ice melting, i.e.
when bacteria are stressed by hypersaline conditions (Amiraux et al, 2021a, 2021b), a
strong cis-trans isomerization of MUFAs was previously observed in Arctic sediments
(Rontani et al, 2012; Amiraux et al, 2017). The results obtained during the present study
allow to propose an explanation to this paradox. Indeed, during the early stages of ice
melting feeding of sympagic microzooplankton on stressed bacteria results to the
incorporation and transfer of that stress signal (after aggregation) to the deeper waters,
whereas at the advanced stages of melting copepods intensively assimilate the sympagic

material (EPS-rich particles and sea ice algae) released in the water column. Due to the
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good healthy state of bacteria associated to the resulting copepod fecal pellets, this
material should be degraded intensively within the water column contributing only
weakly to the sediments. It thus appears that trophic relationships between sea-ice algae,
their associated bacteria and zooplanktonic grazers are strongly intricate and need to be

more investigated.

5. Conclusions

Lipid analyses and propidium monoazide (PMA) method allowed the monitoring of the
stress and viability of attached bacteria in sea ice and SPM samples collected during the
GreenEdge 2016 cruise in Baffin Bay, along a transect from sea ice to open water. Our
results are summarized in a conceptual trophic network scheme (Figure 3.8).

At the western stations ice covered St 403 and St 409 lipid analyses showed a strong
cis-trans isomerization of MUFAs attributed to the presence of sympagic bacterivorous
microzooplankton (ciliates) incorporating trans fatty acids after ingestion of bacteria
osmotically stressed in hypersaline brine channels of ice (Figure 3.8). At the St 409, the
high bacterial mortality measured in sea ice is consistent with that previously observed
during the GreenEdge 2016 ice camp (Amiraux et al, 2021a) and is likely due to the
release of bactericidal FFAs by sympagic algae under the effect of light stress (Figure 3.8).

At the eastern ice-covered station St 413 and open water station St 418 the lipid
analysis showed a high proportion of macro-zooplankton (copepods) (Figure 3.8). SPM
material collected in shallower waters at the open water St 418 seems to be mainly
composed of EPS-rich particles retained in sea ice and discharged in seawater after the
initial release of algal biomass. In those waters, most of the bacteria associated to this
material appeared to be either dead or in a non-growing state, while these attached to

deeper SPM of St 418 (dominated by zooplanktonic material) were in good healthy state
(Figure 3.8).
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3.2.3 Informations supplémentaires
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Figure S3.1: Concentrations (number of individuals per m3) of dominant copepod species at the different
stations investigated, according to their development stages. Main feeding modes are indicated -her:
herbivorous, -omn: omnivorous, -car: carnivorous. Herbivorous species, and young development stages in
particular, show high variations in abundances along sea ice gradients, while it is less clear for omnivorous
species.
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Chapitre IV

Utilisation des signaux de stress
des bactéries associées aux
algues de glace comme marqueur
de leur préservation dans les
sédiments arctiques Canadiens
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4.1 Avant-propos

Dans les deux chapitres précédents, le mauvais état physiologique des bactéries
associées au matériel algal sympagique arctique a été démontré. Du fait de leur forte
agrégation, de la forte mortalité et de I'inactivité des bactéries qui leur sont associées, il
est logique d’'imaginer une chute rapide vers les sédiments ainsi qu’'une bonne
préservation des algues sympagiques tout au long de la colonne d’eau.

Dans ce chapitre, 30 échantillons de sédiments récoltés dans I’Arctique Canadien (mer
de Beaufort et baie de Baffin) ont été analysés. Le suivi de différents traceurs de stress
bactériens (rapports trans/cis des lipides membranaires bactériens indicateur de stress
osmotique, activité 105-DOX bactérienne détoxifiant les acides gras libres) et de I'état de
dégradation de la matiéere organique (rapports stanol/A>-stenol) ont donné de nouvelles
indications quant a I’état de préservation de la matiere algale dans les sédiments.

En effet, en mer de Beaufort et dans la partie ouest de la Baie de Baffin le matériel
sympagique relargués lors des premiers stades de fonte de la banquise semble contribuer
fortement aux sédiments, contrairement a celui relargué en plus grandes quantités en fin
de fonte. Nous avons attribué ce paradoxe a la tres forte activité de broutage
zooplanctonique (copépodes) souvent associée au relargage des algues de glace en fin de
fonte de la banquise. Il est intéressant de noter que le matériel sympagique ne semble pas
colonisé fortement par des bactéries pélagiques ou benthiques, cela a été attribué au
caractére nocif des acides gras libres produits par les algues de glace qui limite sa
colonisation. De son c6té, le matériel algal pélagique semble lui plus affecté par le broutage
par le zooplancton, qui diminue grandement son export aux sédiments. Ces résultats
confirment 'importance du timing du broutage zooplanctonique dans la préservation du
matériel algal en Arctique.

Sous leffet du réchauffement climatique en cours, la contribution
sympagique/pélagique a la production primaire arctique va étre fortement modifiée. Le
réle de puits de carbone des algues sympagiques devrait donc diminuer progressivement

impactant fortement I'intégralité du cycle du carbone dans ces régions.
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e Contribution personnelle

Ce chapitre s’appuyant sur I'analyse d’échantillons de sédiments arctiques variés et
relativement anciens (de 2005 a 2016), I’échantillonnage n’a évidemment pas été réalisé
dans le cadre de cette these. Ma contribution a ce chapitre s’est donc limitée a I'analyse en
CPG-SM des extraits lipidiques de certains de ces échantillons et a la rédaction et la

relecture de 'article, publié dans la revue Microorganisms.
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4.2 Use of stress signals of their attached bacteria to monitor sympagic
algae preservation in Canadian Arctic sediments

4.2.1 Résumé en francais

En se basant sur la forte agrégation des algues sympagiques (de glace) et la mortalité
ou inactivité élevée des bactéries leur étant associées, il a été précédemment hypothétisé
que les algues sympagiques contribuent fortement a I'export du carbone aux sédiments
arctiques. Dans cette étude, le contenu lipidique de 30 échantillons de sédiments collectés
dans I'Arctique Canadien a été investigué, afin de vérifier cette hypotheése. La détection de
de fortes proportions d’acide vaccénique sous forme trans (résultant de l'action de
I'enzyme bactérienne cis-trans isomérase (CTI) en conditions hypersalines) et d’acide
10S-hydroxyhexadec-8(trans)-énoique (résultant de I'action de détoxification de la 10S-
DOX bactérienne en présence d’acide palmitoléique libre déléteére) ont confirmé : (i) la
forte contribution du matériel sympagique a certains sédiments arctiques, et (ii) I'état
physiologique altéré des communautés bactériennes associées. Contrairement au
matériel d’origine terrestre, les algues sympagiques ayant échappé au broutage du
zooplancton semblent bien préservées de toute forme de dégradation biotique dans les
sédiments arctiques. La réduction annoncée du couvert de glace de mer, résultant du
réchauffement global, devrait entrainer un shift dans la contribution relative des algues

sympagique vs pélagique aux fonds marins, modifiant ainsi fortement le cycle du carbone.
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Abstract:

Based on the strong aggregation of sympagic (ice-associated) algae and the high
mortality or inactivity of bacteria attached to them, it was previously hypothesized that
sympagic algae should be significant contributors to the export of carbon to Arctic
sediments. In the present work, the lipid content of 30 sediment samples collected in the
Canadian Arctic was investigated to test this hypothesis. The detection of high proportions
of trans vaccenic fatty acid (resulting from cis-trans isomerase (CTI) activity of bacteria
under hypersaline conditions) and 10S-hydroxyhexadec-8(trans)-enoic acid (resulting
from 10S-DOX bacterial detoxification activity in the presence of deleterious free
palmitoleic acid) confirmed: (i) the strong contribution of sympagic material to some
Arctic sediments, and (ii) the impaired physiological status of its associated bacterial
communities. Unlike terrestrial material, sympagic algae that had escaped zooplanktonic
grazing appeared relatively preserved from biotic degradation in Arctic sediments. The
expected reduction of sea ice cover resulting from global warming should cause a shift in
the relative contributions of ice-associated vs. pelagic algae to the seafloor, and thus to a

strong modification of the carbon cycle.
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1. Introduction

In the Canadian Arctic, primary production is supported by sympagic (ice-associated)
algae dominated by pennate diatoms and more specifically by the Naviculaceae, (Poulin
etal, 2011) or by the centric diatom Melosira arctica (Boetius et al, 2013) during the ice-
covered period, and then by phytoplankton in open waters (Gosselin et al, 1997,
Wassmann et al,, 2011). The contribution of sympagic algae to total primary production
varies widely depending on the season and the region (Loose et al, 2011, Ferndndez-
Mendéz et al, 2015). Because of global warming (causing a decrease in sea ice extent and
duration), we are currently witnessing a reduced primary production of the sympagic
algae and an increase in that of pelagic phytoplankton. Sympagic algae are assumed to be
a main source of organic matter reaching the seafloor (Boetius et al, 2013, Amiraux et al,
2017, Rontani et al, 2018, Yunda-Guarin et al, 2020). It is therefore feared that in the
future, the biological pump would have a positive feedback effect on global warming. The
high contribution of sympagic algae to Arctic sediments was previously attributed to: (i)
their strong aggregation resulting from the high concentrations of extracellular polymeric
substances (EPSs) produced by these organisms in the ice, which protects biogenic silica
of diatom frustules from dissolution (Moriceau et al,, 2007) and induces quick settling in
the water column (100-500 m d-1; Riebesell et al, 1991), (ii) the fact that aggregated
microalgae are not favored prey particles for grazers (Liirling et al, 1996), and (iii) the
poor physiological status of their associated bacterial communities (inducing weak
mineralization (Amiraux et al,, 2017) and biogenic silica dissolution (Bidle et al,, 2003) in
the water column and surface sediments). These bacterial communities are damaged by:
(i) intense osmotic stress induced by changes in salinity in brine channels during the early
stage of ice melting (Amiraux et al, 2017), and (ii) the production of bactericidal free fatty
acids (FFAs) by sympagic algae latter in the season under the effect of light stress
(Amiraux et al, 2020). It is well-known that bacteria colonize nearly all types of
particulate organic matter (POM) (e.g. phytodetritus, zooplanktonic fecal pellets,
aggregated sympagic algae, and EPS particles, Rieck et al,, 2015).

Attachment of bacteria to particles may be favored by the presence of EPSs, which can
act as biological glue (Alldredge et al, 1988, Riedel et al, 2006). In sea ice, more than 50%
of the bacterial community were found to be associated with particles (Junge et al, 2004),

while the contribution of attached bacteria to the total bacterial production was found to
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be highly variable in POM (ranging from 0 to 98% in the Beaufort Sea, Garneau et al, 2009,
Ortega-Retuerta et al, 2012). Particle attachment is very important for the sinking export
of bacteria, since the sinking velocities of attached bacteria are significantly higher than
those of free-living bacteria (Lapoussiére et al, 2011). This partly explains the
overwhelming proportion of bacteria attached to particles in marine sediments (Meyer-
Reil, 1984).

To survive under hypersaline conditions, bacteria have developed various strategies
such as (i) implementation of active Na+ and K+ ion transport systems (Thompson &
MacLeod, 1971), (ii) accumulation of osmocompatible compounds such as glycine betaine
or proline (Piuri et al, 2003) or (iii) production of EPSs, which can act as a diffusion
barrier (Kim et al, 2017). Another major adaptive response of bacteria of the
Pseudomonas and Vibrio genera is to maintain their membrane fluidity by conversion of
cis to trans unsaturated fatty acids through the activity of cis-trans isomerases (CTIs)
(Loffeld et al, 1996, Heipieper et al, 2003). Guckert et al. (1986), have proposed a
trans/cis ratio > 0.1 as an indicator of bacterial stress. A relatively strong CTI activity was
previously observed in sea ice and sinking particles collected at the beginning of the
melting period in western Baffin Bay (trans/cis ratio and trans-vaccenic flux ranging at 25
m from 0.12 to 0.50 and 0 to 4.0 pg d-1 m2, respectively, Amiraux et al, 2017, Rontani et
al, 2018) and was attributed to the flush of bacteria associated with sympagic algae from
internal hypersaline ice brines (Amiraux et al, 2020). The relative stability of trans/cis
ratios with depth suggested that bacterial communities associated with sinking sympagic
algae were non-growing and thus inactive. Indeed, in the absence of osmotic stress (as is
the case in the water column), the trans/cis ratio of bacteria should decrease to a base
level (Fischer et al, 2010), requiring de novo synthesis of cis fatty acids (Eberlein et al,
2018) and thus bacterial growth. The similarity of these ratios observed in the water
column and in sediments of western Baffin Bay (mean value 0.22 and 0.23, respectively
Amiraux et al, 2017) is also indicative of a weak colonization of sinking particles and
sediments by unstressed pelagic and benthic bacteria.

FFAs damage bacterial cellular membranes (Greenway et al,, 1979, Chamberlain et al,
1991). These compounds can also inhibit some enzyme activity, disrupt electron
transport chains, and uncouple oxidative phosphorylation (Desbois & Smith, 2010).
Bacteria attached to sympagic diatoms are particularly sensitive to the antibacterial
activity of free palmitoleic acid produced by these algae under increasing light intensity

(Hu et al, 2008). To detoxify this acid, some bacteria of the Pseudomonas,
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Pseudoalteromonas, and Shewanella genera (Guerrero et al, 1997, Shoja Chaghervand,
2019) present in Arctic sea ice (Amiraux et al, 2021) use a 10-dioxygenase (10S-DOX)
able to convert palmitoleic acid to 10(S)-hydroperoxyhexadec-8(trans)-enoic acid. The
flux of this enzymatic oxidation product previously measured in western Baffin Bay at 25
m ranged from 0 to 93 pg d-! m2 (Amiraux et al, 2017). Despite this detoxification
strategy, most of the bacteria associated with sinking sympagic algae (up to 70%) at the
end of ice melting (when osmotic stress ceased) have disrupted membranes and may thus
be considered dead (Amiraux et al, 2020). However, importantly, 10S-DOX may also be
utilized by bacteria to detoxify FFAs released by wounded pelagic diatoms in the presence
of copepods (Rontani et al, 2021).

Given that: (i) only bacteria attached to particles (such as aggregated phytodetritus)
possess sufficient sinking rates to reach the seafloor and (ii) in the Arctic, sea ice is the
largest source of salinity stress (owing to its extent and brine contents), previous
observation of high proportions of trans monounsaturated fatty acids in some Arctic
sediment samples (Amiraux et al, 2017, Rontani et al, 2018, 2012) was attributed to the
presence of sea ice biota in this material.

To confirm this expected strong contribution of sympagic material to the seafloor, we
examined the lipid content of 30 sediment samples collected in the Canadian Arctic
(Figure 4.1). Despite the recent development of several indices based on the relative
proportions of highly branched isoprenoids (HBIs; P25 and tri-unsaturated HBIs) to
estimate relative proportions of sympagic vs. pelagic production (Belt et al, 2019, Smik et
al, 2016, Brown et al,, 2014, 2016), some uncertainties remain about the nature of POM
reaching the seafloor. In particular, processes affecting the sinking organic matter and its
lipid content through the water column down to the seafloor (such as degradation and
remineralization) need further investigation. The aim of this work was thus to use new
indicators of the osmotic and chemical stress status of bacteria associated with sympagic
material (trans-vaccenic acid and 10S-hydroxyhexadec-8(trans)-enoic acid, respectively)
to estimate: (i) the contribution of the sympagic material to the investigated sediments
and (ii) the status of the bacteria associated with it. Ratios of stanols (widespread bacterial
biohydrogenation products of sterols, Wakeham, 1989, De Leeuw & Baas, 1986) to their
parent sterols were also used to confirm the impaired ability of stressed bacteria to

degrade sympagic material.
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2. Material and methods

2.1. Sediment sampling

Two contrasting regions were selected, namely the Canadian Beaufort Shelf and Baffin
Bay. The Beaufort Shelf is a perennially stratified interior shelf influenced by Pacific-
derived waters supplied via the Beaufort Gyre and the Alaskan coastal current (Bergeron
& Tremblay, 2014). Sediments of this seasonally ice-covered shelf are strongly influenced
by the Mackenzie River (Rachold et al, 2004), the largest river draining into the Arctic in
terms of sediment and POM (MacDonald et al, 1998). The Mackenzie shelf functions as a
vast estuary receiving inputs of both terrestrial and marine sources of organic matter
(Magen et al, 2010). By contrast, Baffin Bay is characterized by a strong spatial sea ice
variability resulting from the inflow of the West Greenland Current (WGC) composed of
the relatively warm Atlantic Irminger Current (IC), which restricts sea ice extent in its
eastern part (Myers et al, 2007). The sedimentation rates appeared to be relatively
similar in the two zones investigated ranging from 0.04 to 0.20 cm yr-! in the Beaufort
Shelf (Richerol et al,, 2008, Kuzyk et al,, 2013) and from 0.06 to 0.11 cm yr-! in Baffin Bay
(Kuzyk et al, 2013). Depths of the different sampling stations (ranging from 7 to 2017 m)

are given in Table S4.2.

Figure 4.1: Map of the
station investigated in the

Beaufort Sea and Baffin Bay.
The pie charts show the
percentage of residual
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Sediment samples were collected from a broad range of locations (Figure 4.1) within
the Canadian Arctic using an USNEL box corer (50x50x40 cm3) on board the CCGS
Amundsen in 2005 (ArcticNet survey), 2008 (IPY-CFL), 2009 (Malina campaign) and
2015, and 2016 (GreenEdge campaigns). Although a significant decrease in ice
concentration under the effect of global warming between 2005 and 2016 was logically to
be expected (Comiso & Hall, 2014), vertical particulate organic carbon (POC) exports
recorded in the Mackenzie Shelf from 1987 to 2006 (ranging from 1.6 to 1.8 g C m-2 yr-!
(O’Brien et al, 2006, Forest, 2007, Lalande et al, 2009) seemed relatively unaffected.
Moreover, similar values were measured in the Amundsen Gulf (ranging from 2.4 and 6.8
g Cm=2yr1, Lalande et al, 2009, Forest et al, 2010) and in Baffin Bay (ranging from 1.1 to
6.7 g Cm-2yrl, Lalande et al, 2009, Hargrave et al, 2002) justifying a comparative study
of the different sediment samples investigated. From each box core, one sample of ca. 50
cm? was collected from intact sediment surface (0-1 cm) and frozen immediately at -80°C

for later analysis.

2.2. Lipid analysis

Samples were reduced with excess NaBH4 after addition of MeOH (25 mL; 30 min) to
reduce labile hydroperoxides to alcohols, which are more amenable to analysis using gas
chromatography-mass spectrometry (GC-MS). Water (25 mL) and KOH (2.8 g) were then
added and the resulting mixture saponified (to break complex lipids down into their
consitutent fatty acids) by refluxing (2 h). After cooling, the mixture was acidified (HCI,
2 N) to pH 1 and extracted with dichloromethane (DCM, 3 x 20 mL). The combined DCM
extracts were dried over anhydrous Na2SOs, filtered, and concentrated by rotary
evaporation at 40 °C to give total lipid extracts (TLEs). Aliquots of TLEs were either
silylated and analyzed by gas chromatography-electron impact quadrupole time-of-flight
mass spectrometry (GC-QTOF) for monounsaturated fatty acid oxidation product
quantification, or methylated, treated with dimethyldisulfide (DMDS) and analyzed by GC-
MS/MS to determine double bond stereochemistry. Cis and trans isomers of
monounsaturated fatty acid methyl esters react stereospecifically with DMDS to form
threo and erythro adducts, which exhibit similar mass spectra but are well-separated by
gas chromatography, allowing unambiguous double bond stereochemistry determination

(Buser et al, 1983).
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2.3. Derivatization

The derivatization method used was silylation allowing the replacement of the active
hydrogen atom of carboxylic and alcoholic groups of acids and hydroxyacids by a
trimethylsilyl group in one step. TLEs were silylated by dissolving them in 300 pL of a
mixture of pyridine and BSTFA (N,O-Bis(trimethylsilyl)trifluoroacetamide; Supelco; 2:1,
v/v) and heating to 50°C (1 h). After evaporation to dryness under a stream of Nz, the
derivatized residue was dissolved in a mixture of hexane and BSTFA (to avoid

desilylation) and analyzed by GC-MS/MS or GC-QTOF.

2.4. Determination of double bond stereochemistry

TLEs were dissolved in 2 mL of BF3/methanol (10%) (Sigma-Aldrichn St Louis, MO,

USA) and heated at 80 °C (1 h) in a screw cap flask to obtain fatty acid methyl esters
(FAMESs). After cooling, an excess of water was added and FAMEs were extracted three
times with hexane, dried over anhydrous Na2SO04, filtered on Whatman cellulose filters
(diameter 90 mm, porosity 11 pm), concentrated using rotary evaporation and
transferred to screw cap flasks. After solvent removal (Nz), 200 pL. of DMDS (Sigma-
Aldrich) and 50 pL of iodine solution (60 pg puL-1 in diethyl ether) were added. The
mixtures were shaken and heated at 50 °C (48 h), excess iodine was removed by adding 2
ml of a 5% Na2S203 solution, and lipids were extracted three times with 1 mL of hexane.
The extracts were then dried with anhydrous Na2SO0s, filtered, and concentrated prior to

analysis by GC-MS/MS.

2.5.10S-DOX degradation estimate

Taking into account the production of equal amounts of 9-trans and 10-trans oxidation
products during the photooxidation of the A monounsaturated fatty acid (Frankel, 1998,
Marchand & Rontani, 2001) and their specific allylic rearrangement to 11-trans and 8-
trans isomers, respectively (Porter et al, 1995), the contribution of the 10S-DOX
degradation was obtained by the difference between the (10-trans + 8-trans) and (9-trans

+ 11-trans) oxidation products (Galeron et al, 2018).

2.6. Gas chromatography/tandem mass spectrometry

GC-MS and GC-MS/MS analyses were performed using an Agilent 7890A/7000A

tandem quadrupole gas chromatograph system (Agilent Technologies, Parc Technopolis -
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ZA Courtaboeuf, Les Ulis, France). A cross-linked 5% phenyl-methylpolysiloxane (Agilent;
HP-5MS, Parc Technopolis - ZA Courtaboeuf, Les Ulis, France 30 m x 0.25 mm, film
thickness 0.25 um) capillary column was used. Analyses were performed with an injector
operating in pulsed splitless mode set at 270 °C and the oven temperature was
programmed from 70 °C to 130 °C at 20 °C min-1, then to 250 °C at 5 °C min-! and, finally
to 300 °C at 3 °C min-L. The pressure of the carrier gas (He) was maintained at 0.69 x
105 Pa until the end of the temperature program and then programmed from 0.69 x 10> Pa
to 1.49 x 10> Pa at 0.04 x 10> Pa min-1. The mass spectrometric conditions were: electron
energy, 70 eV; source temperature, 230 °C; quadrupole 1 temperature, 150 °C; quadrupole
2 temperature, 150°C; collision gas (Nz) flow, 1.5 mL min1; quench gas (He) flow,
2.25 mL min-1; mass range, 50-700 Daltons; cycle time, 313 ms. Quantification was carried
out with external standards in multiple reaction monitoring (MRM) mode. Precursor ions
were selected from the more intense ions (and specific fragmentations) observed in

electron ionization (EI) mass spectra.

2.7. Gas chromatography-EI quadrupole time-of-flight mass spectrometry

Accurate mass measurements were carried out in full scan mode using an Agilent
7890B/7200 GC-QTOF System (Agilent Technologies, Parc Technopolis - ZA Courtaboeuf,
Les Ulis, France). A cross-linked 5% phenyl-methylpolysiloxane (Agilent; HP-5MS ultra
inert) (30 m x 0.25 mm, 0.25pum film thickness) capillary column was used. Analyses were
performed with an injector operating in pulsed splitless mode set at 270°C and the oven
temperature was programmed from 70 °C to 130 °C at 20 °C min-! and then to 300 °C at 5
°C minl. The pressure of the carrier gas (He) was maintained at 0.69 x 10> Pa until the
end of the temperature program. Instrument temperatures were 300 °C for the transfer
line and 230 °C for the ion source. Nitrogen (1.5 mL min-1) was used as a collision gas.
Accurate mass spectra were recorded across the range m/z 50-700 at 4 GHz with the
collision gas opened. The QTOF-MS instrument provided a typical resolution ranging from
8009 to 12.252 from m/z 68.9955 to 501.9706. Perfluorotributylamine (PFTBA) was used
for daily MS calibration. Compounds were identified by comparing their TOF mass
spectra, accurate masses and retention times with those of standards. Each compound
was quantified by extraction of specific accurate fragment ions, peak integration, and
determination of individual response factors using external standards and Mass Hunter

software (Agilent Technologies, Parc Technopolis — ZA Courtaboeuf, Les Ulis, France).
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2.8. Statistical analysis

The variable investigated being non-parametric, Spearman correlations were
performed to determine the correlation between the depth and the trans/cis ratio or 10S-
DOX degradation percentage. Mann-Whitney-Wilcoxon tests were performed to identify
any significant differences in (i) trans/cis ratio and 10S-DOX degradation percentage
between Baffin Bay and the Beaufort Sea and (ii) sterol:stanol ratio percentage between

sitosterol and brassicasterol.

3. Results and discussion

3.1. Contribution of sympagic material to Arctic sediments

The main fatty acids detected in the TLEs of the different sediments examined were
C14:0, C16:0, C18:0, C16:107 (palmitoleic), Cis:1w9 (oleic), and Cis:107 (vaccenic) acids. These
results are in close agreement with previous observations in surface sediments from the
Beaufort Sea (Belicka et al, 2004) and the Baffin Bay (Amiraux, unpublished data).
Concentrations of palmitoleic acid (well-known to be the main fatty acid component of
diatoms, Fahl & Kattner, 1993, Falk-Petersen et al,, 1998) and vaccenic acid (typically of
bacterial origin, Desbois & Smith, 2012, Hu et al, 2008) were highly variable ranging from
0.2t0 1220 pg gland 0.5 to 149 pg g1, respectively (Table S4.1). As previously observed
(Rontani et al, 2018, Belicka et al, 2004), sediments of the Beaufort Shelf, which are under
the influence of the Mackenzie River, had high contents of classical tracers of terrestrial
higher plants (e.g. betulin, amyrins, dehydroabietic acid and cutin components,
Kolattukudy & Cutin, 1980, Otto & Simoneit, 2001).

Trans/cis ratios of vaccenic acid were measured after DMDS treatment in the different
surface sediment samples investigated (Figure 4.2). The results obtained (Figure 4.1,
Table 4.1 and Table S4.2) showed significantly higher values in the Beaufort Sea than in
Baffin Bay (mean * SE = 0.20 + 0.03 and 0.06 * 0.02, respectively; W= 210, p <0.01). The
efficiency of sympagic-benthic coupling should logically be better in shallower zones. This
assumption is well supported by the good anticorrelation observed between trans/cis

ratio and depth of the different stations (Spearman’s rho = -0.67, p < 0.01).
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Table 4.1: Percentage of 10S-DOX degradation of palmitoleic acid and trans/cis ratio of vaccenic acid
observed in sediment samples collected in the Canadian Arctic during the ArcticNet, Malina and GreenEdge
expeditions.

Beaufort Sea Baffin Bay Overall
Mean + SE Mean + SE Mean + SE
[range] [range] [range]
Trans/cis ratio 0.20 £0.037 0.06 = 0.02° 0.14 £0.02¢
[0.46 - 0.07] [0.23 - 0.01] [0.46 - 0.01]
105-DOX (%) 1434 £1.83 13.56 = 2.91 1401 £1.61
[29.00 - 2.20] [29.70 - 0] [29.70 - 0.00]
an=17
bpn=13
cn=30

d Relative to the residual palmitoleic acid and its abiotic degradation products.

A strong contribution sympagic material to the sediments of the Beaufort Sea is well
supported by the high ratios previously measured in surface sediments of other stations
in this zone (0.65 * 0.15, n = 6, Rontani et al, 2012). It was previously observed that
bacterial osmotic stress resulting from hypersaline conditions in brine channels occurred
only during the early stages of ice melting and not at the end of the melting season
(Amiraux et al, 2017, 2020). The sympagic material reaching the seafloor of the Beaufort
Sea thus seems to be discharged from sea ice at the beginning of melting. The high

trans/cis ratios observed (Figure 4.1, Table 4.1) ruled out a significant contribution of

sympagic algae released in the water column at the advanced stages of ice melting and

open water phytoplankton to the sediments.
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Figure 4.2: MRM chromatograms (m/z 390 — 245) of DMDS derivatives of vaccenic acid in
superficial bottom sediment (0-1 cm) collected at St. 428.
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A strong contribution of such material (exhibiting very low and no CTI activity,
respectively, Amiraux et al, 2020, Rontani et al,, 2012) to the sediment should strongly
lower the trans/cis ratios (by adding bacteria unstressed by salinity with trans/cis ratios
< 0.1). This assumption is firmly supported by the results of Morata et al. (2011), who
observed that inputs of sympagic algae to the sediment started to increase from
January/February in the Beaufort Sea, while sympagic algal bloom occurred between mid-
March and late May (Brown et al, 2011). Juul-Pedersen et al. (2008) also observed a
sinking export of sympagic algal material in the same zone during winter and early spring
(i.e. well before the onset of spring melt). The amount of diatoms exported to the seafloor
strongly depends on a match or mismatch between algal production and zooplankton
grazing (Nadai et al, 2021). It is generally considered that copepods do not feed at
chlorophyll concentrations < 1 pug L1 (Saunders et al, 2003). The very low chlorophyll
concentrations measured in POM between February and March in the Beaufort Sea
(0.002-0.003 pg L1, Morata et al,, 2011) should thus not favor zooplankton grazing on
sympagic algae during this period. We note that an increase in zooplankton fecal pellet
production was observed during this same period (Seuthe et al, 2007), but those authors
attributed it to the grazing of non-pigmented sources of food, such as microzooplankton.

Chlorophyll concentration increases strongly in surface waters in late spring and
summer at the end of ice melting and during open water diatom bloom (up to 5 pg L1,
Sherr et al, 2009) favoring grazing of sympagic (Michel et al, 1996) and pelagic algae by
copepods. Coprophagy can then reduce losses by sinking of the resulting fecal pellets at
only a few percent of the pellet production rate (Paffenhofer & Knowles, 1979). Bacterial
decomposition by non-stressed internal bacteria is another mechanism that could
prevent pellets sinking to the seafloor (Gowing & Silver, 1983, Smetacek, 1985). Forest et
al. (2011) previously estimated that 97 % of the primary-produced C was grazed or
degraded in the water column of the Amundsen Gulf. The remaining 3% reaching the
seafloor thus seem mainly composed of sympagic algae associated with bacteria stressed
by salinity and released during the early stages of ice melting. This view is well supported
by earlier observations of Morata and Renaud (2008). These authors analyzed
sedimentary pigments in the Beaufort Sea and concluded that in the spring, sympagic-
algal production largely influenced organic matter inputs to the benthos, while in the
summer grazing was responsible for inputs of degraded material.

Whereas a high CTI activity was previously observed in sea ice and sinking particles

during the early stages of ice melting and in sediments from a landfast ice station located
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at Qikiqtarjuaq near Broughton Island (western Baffin Bay, Amiraux et al, 2017), trans/cis
ratios were found to be particularly weak in middle and eastern Baffin Bay (Figure 4.1).
Interestingly, Yunda-Guarin et al. (2020) found more sea ice-derived particulate organic
carbon in surface sediments in the western side than in the eastern side of Baffin Bay.
These authors attributed this difference to the timing of sea ice retreat. Ice cover is greater
in the western part of Baffin Bay than in its eastern side, which is influenced by warmer
waters from the western streams of Greenland (Tang et al, 2004). Moreover, recently
calculated ecological network analysis indices reveal that the complex eastern Baffin Bay
food web favors the classical grazing chain, while the shorter western food web induces a
higher carbon export (Saint-Béat et al, 2020). Based on these results, the contrasting high
trans/cis ratio observed in sediments from Qikiqtarjuaq (Figure 4.1) may be due to a large
contribution of sympagic material containing bacteria stressed by salinity. This
hypothesis is supported by the similarity of trans/cis ratios previously observed at this
station in sinking particles and in surface sediments (Amiraux et al, 2017). The very low
ratios observed in the other samples from eastern Baffin Bay (Figure 4.1) are in close
agreement with the higher contributions of pelagic carbon observed by Yunda-Guarin et

al. (2020) in these zones.
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Figure 4.3: Partial ion chromatograms (at m/z 199.1518, 329.1968, 213.1675, and 343.2125) showing the
presence of biotic and abiotic palmitoleic oxidation product trimethylsilyl derivatives (including the 10S-

DOX degradation product, 10S-hydroxyhexadec-8(trans)-enoic acid) in superficial bottom sediment (0-1
cm) collected at Qikiqtarjuaq.
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10-Hydroxyhexadec-8(trans)-enoic acid arising from NaBHs reduction in the
corresponding hydroperoxide was detected in most of the sediments investigated (Figure

4.1, Figure 4.3; Table S4.2). The percentages of this hydroxyacid (relative to the parent

palmitoleic acid and its degradation products) observed in Baffin Bay and the Beaufort
Sea were not significatively different (mean * SE = 15.20 # 2.80 and 13.64 * 1.80%,
respectively; W=130.5, p = 0.69). The presence of this compound is indicative of bacterial
10S-DOX oxidation of palmitoleic acid (Martinez et al, 2010). This enzymatic activity
seems to be a detoxification strategy enabling sympagic bacteria to survive the production
of deleterious free palmitoleic acid (Desbois & Smith, 2010, Montfort et al, 2000) by
sympagic algae (Amiraux et al, 2020). We note that despite this detoxification strategy a
high mortality of attached bacteria could previously be observed in sea ice during the
sympagic bloom (Amiraux et al, 2020). It was recently observed that 10S-DOX could also
be employed by some pelagic bacteria to detoxify free palmitoleic acid released by
wounded diatoms in the presence of copepods (Rontani et al, 2021). The lack of
correlation observed between the percentage of 10S-hydroxyhexadec-8(trans)-enoic acid
and depth (Spearman’s rho =-0.22, p = 0.2465) suggests a mixed contribution of sympagic
and pelagic bacteria to the sedimentary 10S-DOX signal. Although 10S-hydroxyhexadec-
8(trans)-enoic acid is thus not sufficiently specific for use as a marker of the contribution
of sympagic material to Arctic sediments, it is indicative of the presence of bacteria whose
membranes are altered by FFAs. The bacterial communities present in Arctic sediments
are thus in part non-growing (i.e. stressed by salinity in brine channels of ice) or dead (i.e.
stressed by FFAs in ice or in the water column).

It is generally considered that the deposited algal aggregates are overgrown within a
few weeks to months by specific bacterial groups of the surrounding sediment (Rapp et
al, 2018), which are likely better adapted to deep-sea environment than surface-derived
bacteria (Tamburini et al, 2013). In the Arctic, these benthic bacteria are dominated by
members of the Roseobacter clade (i.e. the genera Neptunomonas, Arcobacter and
Sedimentitalea, Rapp et al, 2018), which all contain large proportions of cis-vaccenic acid
(Kimetal, 2012, Kim et al, 2016, Yang et al., 2014). The lack of dilution of trans/cis ratios
of this acid observed in surface sediments from the Beaufort Sea and northern and

western Baffin Bay (Figure 4.1, Table 4.1) is thus very surprising. In these zones,

sympagic-derived aggregates reaching the seafloor do not appear to be intensively

colonized by benthic bacteria. This absence of colonization may be attributed to the
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presence of bactericidal FFAs (notably palmitoleic acid) in these aggregates attested by
the 10S-DOX activity observed in most of them (Figure 4.1, Table S4.2).

3.2. Impact of stress state of bacteria on the degradation of sympagic material in

sediments

It is generally considered that the lifetime of organic compounds in marine sediments
depends on environmental conditions such as bioturbation, physical mixing, and the
presence or absence of oxygen and other electron acceptors (Wakeham & Canuel, 2006).
The benthic fauna inhabiting the seafloor is known to: (i) modify the vertical zonation of
respiration reactions, (ii) control microbial community assembly, (iii) change the
distribution of organic matter (OM), and (iv) influence rates of microbial OM
remineralization in surface sediments (Deng et al, 2020). Preservation/degradation of
OM also depends on its sources (Keaveney et al, 2020); terrestrial vascular debris
generally contain greater proportions of refractory organic carbon than algal material,
owing to their geochemical composition (Lacey et al, 2018). The non-growing or dead
state of bacteria associated with sympagic algae should strongly impact the degradation
conditions of this material in Arctic sediments. Since the conversion of A3-stenol to stanol
is generally considered as indicating an intense bacterial degradation (Nishimura, 1978,
Gagosian et al, 1980), we compared the stanol/A5-stenol ratios of 24-methylcholesta-
5,22-dien-3[-ol (brassicasterol) (common sterol of sympagic diatoms; Belt et al, 2018)
and 24-ethylcholest-5-en-3-ol (sitosterol) (sterol present in some diatoms but also
widely distributed in terrestrial vascular plants, Volkman, 2003) in sediment samples
from the Beaufort Sea where the highest bacterial stresses were observed (Table 4.1). We
note that in these sediments sitosterol is known to result mainly from terrigenous
material (Belicka et al, 2004, Goni et al, 2000). The stanol/A>-stenol ratios obtained for
the two sterols were significantly different (mean + SE = 18.2 + 1.9% and 52.8 + 5.9%, for
brassicasterol and sitosterol respectively; W = 36, p < 0.01, Table 4.2). In the case of
brassicasterol, the values observed were close to those found in healthy phototrophic
organisms (5-20%, Wakeham et al, 1997, Killops & Killops, 2013), attesting to the good
biotic preservation of the algal material. By contrast, the measured sitostanol/sitosterol
ratio reflects a strong biodegradation of this terrigenous sterol and supports the results
of Goni et al. (2005), who estimated that 65% of the old and fossil carbon is respired or

buried in the Mackenzie delta. On entering the sea, terrestrial organic matter thus seems
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to undergo strong bacterial remineralization. This could be attributed to the involvement
of “priming effects” (enhanced remineralization of terrestrial OM in the presence of fresh
substrates from pelagic algal sources; Bianchi, 2011, Bianchi et al, 2018, Bonin et al,
2019). By contrast, aggregated sympagic material sinking quickly through the water
column with bacteria of poor health status appears well-preserved in surface sediments.

Table 4.2: Stanol/stenol ratio of sitosterol and brassicasterol in sediment samples collected in the Canadian
Arctic.

Sitosterol Brassicasterol
Mean = SE Mean * SE
[range] [range]
Stanol/stenol ratio (%) 52.8+5.92 182+19=
[B4.6 - 14.3] [35.8 - 5.5]

an=17

Under warmer conditions, the Arctic carbon cycle, which is mostly driven by the
primary production (sympagic and pelagic algae) and the riverine inputs (including
permafrost, Zimov et al., 2006), will be impacted. Although the contributions of these
sources to the exported carbon have recently been estimated (Boetius et al, 2013, Zimov
et al, 2006), their burial efficiency, impacting Arctic COz storage remains uncertain. Here,
we monitored their biotic behavior with specific lipid tracers in several surface sediment
samples collected in the Canadian Arctic. We show that in the Beaufort Sea and northern
and western Baffin Bay, unlike phytoplankton and permafrost, sympagic algae organic
matter released during the early stages of ice melt by brine drainage contributes
significantly to the exported and buried carbon, owing to: (i) the weak zooplanktonic
grazing activity during this period, (ii) its strong aggregation enhancing rates of sinking
to the seafloor and (iii) its recalcitrance to demineralizing processes. This particular
resistance to biodegradation results from the non-growing (inactive) and dead state of
bacteria associated with this sympagic material (Figure 4.4).

We note that Koch et al. (2020) previously estimated fluxes of sympagic diatoms in
northern Bering and Chukchi Seas with HBI tracers and observed the highest fluxes in July
(i.e., at the end and not in the early stages of ice melting). These observations contrasting
with ours may be attributed to the particularly strong pelagic-benthic coupling of

northern Bering and Chukchi Seas resulting from low grazing pressure due to temporal
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mismatch between zooplankton and sympagic algae production (Kitamura et al, 2017)
and the shallowness of these zones (Grembier et al, 1988). Match or mismatch of
zooplanktonic grazing with sympagic algae fluxes seems to be a true key factor controlling
the export of sympagic material to the seafloor (Figure 4.4). In the future, it will be of
interest to analyze several Arctic sediments to determine whether the conclusions of this
work can be extended to other Arctic zones. During these comparative studies, it will be

necessary to use the same research protocol (i.e., the same tracers).
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Figure 4.4: Conceptual scheme summarizing bacterial stress and its consequences on sympagic algae export
in the Beaufort Sea and northern and western Baffin Bay during the sea ice melting stages: brine drainage,
snowmelt and open water.
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4.2.3 Informations supplémentaires

Table S4.1: Concentrations (pg g!) of the main lipids of interest? in the different surface sediments

investigated.

Station  Brassicasterol 24-Methylene  Sitosterol Palmitoleic Vaccenic
Cholesterol acid acid*
719 0.16 0.11 0.07 3.20 0.68
600 1.09 0.62 0.89 1.82 0.74
605 0.65 0.37 0.44 547 0.91
615 1.06 0.43 0.69 3.47 0.91
713 0.09 0.06 0.08 1.93 2.93
707 1.66 0.87 0.89 .11 1.73
Qik 0.11 0.11 0.08 57.07 26.98
403 0.36 0.28 0.27 0.30 0.18
409 1.07 0.46 0.47 2.39 1.40
418 2.37 0.75 0.38 2.76 0.53
680 0.50 0.30 1.10 122085 149.06
110 3.00 1.50 6.20 30.70 80.49
3 0.12 0.03 0.07 6.87 1.89
4 0.28 0.45 0.37 3036 1.76
NOW 0.02 tr 0.23 6.90 1.14
111 0.76 0.40 0.23 65.87 11.20
115 0.20 0.21 0.08 16.28 5.29
&) 1.20 0.86 1.11 18.54 1.11
7 0.03 0.04 0.03 0.32 0.99
314 0.11 0.15 0.13 1.99 3.04
1000 0.02 0.01 0.02 5.88 1.49
405b trb tr 0.14 3.37 1.13
408 tr tr 0.01 2.62 1.72
12 0.04 0.06 0.09 1.65 1.70
1116 0.01 0.01 0.02 6.94 2.33
1122 0.01 0.01 0.10 13.55 1.00
434 0.70 0.33 0.49 426.67 34.89
1214 0.02 0.02 0.03 0.24 0.82
428 0.05 0.03 0.06 65.33 3.83
1800 0.16 0.16 0.17 436 6.06

a Unspecific lipids (such as saturated fatty acids, oleic acid and cholesterol) were not quantified.
b tr = traces (concentrations < 0.01 pg g'1).
¢ Total (cis + trans)
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Table S4.2: Depth, coordinates, trans-vaccenic acid/cis-vaccenic acid ratio and percentage of 10S-DOX
product of the different surface sediments investigated.

Station  Depth Latitude Longitude Trans-vaccenic acid/cis- 105-DOX
(m) ("N (°E) vaccenic acid (%08
719 1948 62.51 -63.23 0.02 1.0
600 2106 70.51 -62.01 0.02 5.6
605 2017 7049 -61.58 0.02 6.4
615 617 70.50 -58.47 0.01 3.0
713 1892 69.50 -61.58 0.01 0
707 1419 59.51 -59.81 0.05 12.4
Qik 360 67.47 -63.79 0.23 26.8
403 1672 68.03 -60.40 0.06 6.2
409 1404 68.10 -38.00 0.06 20.0
418 380 68.11 -56.23 0.02 22.1
680 115 69.61 -138.21 0.22 5.2
110 385 7170 -126.48 0.46 2.2
3 811 7448 -79.75 0.12 22.8
4 347 7427 -01.77 0.15 20.0
NOW 703 77.84 -74.68 0.16 29.7
111 608 76.30 -73.11 0.04 18.3
115 615 76,30 -71.67 0.13 24.8
& 61 69.18 -100.70 0.20 0.4
7 112 69.00 -106.57 0.22 26.2
314 93 69.07 -106.57 0.18 13.9
1000 362 70.60 -120.92 0.11 15.0
405b 513 70.57 -123.00 0.12 6.3
408 168 71.32 -127.65 0.12 17.0
12 219 69.92 -122.98 0.35 18.3
1116 184 70.05 -126.29 0.24 17.5
1122 15 70.48 -127.59 0.20 10.0
434 7 70,17 -133.59 0.07 10.0
1214 223 70.73 -127.36 0.12 6.6
428 43 70.79 -133.74 0.36 14.0
1800 352 72.20 -127.82 0.09 20.5

a Percentage of 10S-hydroxyhexadec-8(trans)-enoic acid relative to residuel palmitoleic acid and its
abiotic oxidation products.
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Chapitre V

Induction d’altération des
bactéries associées aux
phytodétritus par I'oxygene
singulet : effet de I'irradiance et
de la pigmentation bactérienne
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5.1 Avant-propos

Les chapitres précédents se sont focalisés sur les stress (osmotique et chimique)
pouvant affecter les bactéries associées aux algues de glace et expliquer leur faible activité
de biodégradation. Il a été démontré précédemment que les bactéries associées a des
cellules phytoplanctoniques sénescentes pouvaient également subir des réactions
d’oxydation photosensibilisées de Type II (faisant intervenir 1''02) (Rontani et al., 2003).
Dans ce dernier chapitre, nous nous sommes donc intéressés a ce stress photooxydatif en
se focalisant sur I'impact de l'intensité de l'irradiance lumineuse et de la présence de
pigmentation chez les bactéries sur 'efficacité de ces phénoménes de photooxydation
sensibilisés de Type II).

La production d''0z par les organismes photosynthétiques sénescents
particulierement en fin de bloom pourrait étre a l'origine de la forte abondance des
bactéries du clade Roseobacter dans les communautés de bactérioplancton. En effet, on
retrouve chez ces dernieres de nombreuses especes pigmentées possédant entre autres
des caroténoides aux fortes propriétés antioxydantes. Nous avons donc induit la
production d’102 a I'aide de cellules sénescentes d'une diatomée (Thalassiosira) sous des
intensités lumineuses bien contrastées et étudié 'impact de I''0O2 sur l'oxydation des
lipides membranaires et I'activation des génes de réparation de 'ADN de deux souches
bactériennes : Pseudomonas stutzeri (bactérie Gram - non-pigmentée) et Dinoroseobacter
shibae (bactérie Gram - pigmentée). Notre étude s’est appuyée d’une part sur I'analyse de
nombreux échantillons de glace et de articules en sédimentation collectés dans I’Arctique
canadien (Baie de Baffin et mer de Beaufort) sous des conditions d’irradiance lumineuse
contrastées, et d’autre part sur I'analyse des produits d’oxydation photosensibilisée de
type II (faisant intervenir 1'’02) de I'acide vaccénique (acide gras membranaire insaturé
typiquement bactérien) ainsi que la mesure de I'expression de genes impliqués dans la
réparation de I’ADN et la régulation des systemes de défense cellulaires.

L’analyse des échantillons collectés in situ a montré une photooxydation tres intense
des bactéries associées aux algues de glace dans la banquise, que nous avons attribué a
I'intensité de l'irradiance solaire dans ce biotope. Cette hypothese a pu ensuite étre
confirmée in vitro. En effet les résultats obtenus démontrent clairement l'effet de
I'intensité de l'irradiance sur le transfert de 1''O2 chez P. stutzeri. Sous de faibles
irradiances, ''02 est produit lentement, favorisant I'oxydation des lipides insaturés algaux

(effet photodynamique) et limitant son transfert aux bactéries attachées. En revanche, de
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fortes irradiances induisent une production rapide et intense d’102, qui diffuse hors des
chloroplastes et atteint facilement les bactéries attachées oxydant efficacement leurs
composants membranaires insaturés. Si la présence de caroténoides chez D. shibae lui
confére une protection efficace contre le rayonnement UV, il semble inefficace dans le cas
de I'102.

Concernant l'impact de I''0; sur I'expression des génes de réparation de '’ADN et de
régulation des mécanismes de défense, il semblerait que les effets observés chez P. stutzeri
soient dis a l'action délétére du rayonnent UV. En effet sur-expression des genes de
réparation et de régulation observée dans les contrdles effectués sans algue montrent
clairement que la présence de phytodétritus n’influence pas l'activité de ces genes. Dans
le cas de D. shibae, nous n’avons pas observé d’effets de l'intensité de l'irradiance sur
'activité des genes de réparation et de régulation de 'ADN. Toutefois, la présence de
caroténoides dans cette souche semble lui conférer une résistance particuliere au
rayonnement UV.

Ces observations ne confortent pas notre hypothése de départ, a savoir que
I'abondance de bactéries du clade Roseobacter observée lors de périodes post-bloom doit
résulter de la présence de caroténoides dans leurs membranes leur permettant de résister
aux dommages oxydatifs induits par 1''O2 produit lors de la sénescence algale. Ces
composants leur permettent toutefois de résister efficacement aux dommages oxydatifs

induits par le rayonnement UV dans les eaux de surface.

e Contribution personnelle

Ce dernier chapitre fortement pluridisciplinaire, encore en préparation, a fait
intervenir de nombreuses techniques. Ma contribution personnelle a tout d’abord
consisté en la mise en culture, au suivi de la croissance et au comptage de souches
bactériennes (sélectionnées au préalable). Une fois les cinétiques de croissance établies
et les cellules algales comptées et lysées, j'ai réalisé de nombreux tests de mise au point
(en faisant varier la durée d’incubation, I'intensité de la lumiére et le ratio cellules algales :
bactéries). J'ai également réalisé le clonage et la mise au point des différentes gammes
étalons des genes d’intéréts (sélectionnés au préalable) pour la quantification des niveaux
d’expression de ces derniers. J'ai par la suite réalisé les expérimentations dans les
différentes conditions retenues, extrait les lipides et analysé les produits d’oxydation de

ces derniers. J’ai également contribué aux extractions d’ARN, a I'obtention des ADNc et a
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leur amplification par RTqPCR. Enfin, j'ai fortement participé a la rédaction de ce dernier

chapitre.

5.2.2 Article

Singlet oxygen-induced alteration of
bacteria associated to phytodetritus: effect

of irradiance and bacteria pigmentation

Burot Christopher, Bonin Patricia, Simon Gwénola, Casalot Laurie, Valette

Corinne, Rontani Jean-Francois

Article en preparation
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1. Introduction

In marine ecosystems, microscopic photosynthetic organisms (phytoplankton) such as
diatoms, dinoflagellates or cocolithophores are the main primary producers, capable of
producing organic matter through light energy and inorganic nutrients. This organic
matter is heavily processed by bacteria, mineralizing approximately 50% of the ocean
primary production (PP) (Cole et al.,, 1988, Ducklow et al., 1993). The remaining half of
the PP enters either the marine food web or is buried into the seafloor sediments through
a process called the ‘biological pump’ (Eppley & Peterson, 1979). Hence, bacterial activity
in the oceans is highly correlated with the abundance of primary producers (Cole et al.,
1988). It has indeed been shown that bacterial activity in the oceans (called secondary
production) varies accordingly with phytoplankton blooms in large or small scales (Azam
& Malfatti, 2007).

Phytoplankton-bacteria interactions are highly intricate, so that changes in the
compositions of the phytoplankton blooms (in terms of abundance and species
assemblages) leads to corresponding changes in bacterial community composition
(Telling et al., 2012; Riemann et al., 2000; Pinhassi et al, 2004). As this microbial
secondary production is a key process to better understand the functioning of marine
ecosystem, the phylogenetic composition of bacterioplankton communities (i.e free living
planktonic bacteria in marine ecosystems) has been extensively studied. If it is still
complicate to generalize bacterioplankton community structures, some important
bacterial groups such as Bacteroidetes and Proteobacteria have been found to be typically
abundant during bloom events, regardless of the phytoplankton species (Pinhassi et al.,
2004; Fandino et al., 2001; Rink et al., 2007). Amongst them, Roseobacter, genus belonging
to the Alphaproteobacterial class, are often the dominant class among marine
phytoplankton-associated bacterial communities (Alavi et al., 2001; Buchan et al., 2005;
Gonzalez et al., 2000; Jasti et al, 2005; Riger & Hofle, 1992). Many studies have
investigated this repartition and given some explanations to this apparent domination.
Indeed, several well-known physiological characteristics of strains belonging to
Roseobacter genus such as their high colonization capabilities (Dang & Lovell, 2000), their

production of quorum sensing molecules (Wagner-Ddobler et al., 2005) or antimicrobial
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compounds (Long & Azam 2001) could explain why they are so efficient at colonizing
phytoplankton. Another physiological characteristic of Roseobacter species that could
explain their high abundance in bacterioplankton assemblages could be the occurrence of
the particular Aerobic Anoxygenic Phototrophy (AAP) metabolism among this clade
(Allgaier et al., 2003). AAP bacteria are capable of photoheterotrophy, a metabolic
pathway allowing them to produce energy from light using photosynthetic reaction
centers composed of bacteriochlorophyll-a (BChl a, Yurkov & Csotonyi, 2009). They are
known to contain high amounts of pigments, such as carotenoids (Petit et al., 2015), which
can protect these organisms against oxidative damage, such as type Il photooxidation, a
process that may happen during late bloom phases (Rontani et al., 2012).

Type II photooxidation processes are light-induced indirect degradation reactions,
involving the action of a photosensitizer molecule (typically pigments or aromatic
compounds) in its triplet state (Gollnick, 1968). In the oceans and more specifically in
photosynthetic cells, chlorophyll, which is an efficient photosensitizer (Foote, 1976) can
trigger type II photooxidation processes, especially in late bloom phases, when
phytoplankton cells are senescent. Indeed, when senescent algal cells are exposed to light,
the energy is no longer used for the photosynthetic pathway, and thus leads to the
production of chlorophyll in its triplet state (3Chl, Knox & Dodge, 1985). This produced
3Chl induces the accumulation of deleterious Reactive Oxygen Species (ROS), such as
singlet oxygen (102, Nelson, 1993). Given the lifetime and the diffusion capacity of 10y, it
is very likely that its deleterious effects do not only harm algal cells but also their
neighboring attached bacteria (Rontani et al., 2003; Christodoulou et al., 2010, Petit et al.,
2013, 2015). If it was previously demonstrated that low solar irradiance favors a slow
production and diffusion of 102 through the membranes, thus increasing photooxidative
damage of the unsaturated algal lipids (Amiraux et al., 2016), the effects of the intensity
of solar irradiance on the photooxidation of the bacteria attached to phytodetritus are
totally unknown

102 reacts with a broad range of cellular molecules, mostly unsaturated lipidic
compounds such as sterols and unsaturated fatty acids (Rontani & Belt, 2020, membranes,
proteins (Morgan et al., 2004), or DNA (Agnez-Lima et al., 1999; Ravanat et al., 2000).
When a 102 molecule encounters an unsaturated fatty acid, it generates what is called an
“ene addition” (Frimer, 1979), which means the addition of the 102 on the end of the
double bond and the concerted migration of the latter. This leads to the formation of allylic

hydroperoxides at each end of the original double bond (Frankel et al., 1979). In the case
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of bacterial Cis:107 (vaccenic) acid, these processes afford 11- and 12- hydroperoxides
with an allylic Trans double bond, which then undergo stereospecific allylic
rearrangement to 13-Trans and 10-Trans hydroperoxides, respectively (Petit et al., 2013).
The corresponding hydroxyacids constitute good tracers of type II photooxidation of
bacteria in natural samples (Rontani et al., 2003). In nucleic acids, guanine reacts with 102
to form 8-0x0-7,8dihydro2’-deoxyguanosine (8-oxodG), or °G (Cadet et al., 2006, 2010),
resulting in various mutations (Menck et al, 1993). Bacteria respond to adverse
conditions by activating gene-expression pathways that increase their chances of survival.
They have different strategies to protect themselves against the toxicity of 102. Such a
pathway — the aptly named SOS response — is induced by genome damage or disruption
of DNA replication, and results in the synthesis of DNA repair enzymes and the inhibition
of bacterial cell division. Bacterial cells have different strategies to protect themselves
against the toxicity of 102, these strategies usually involves “preventive” detoxication
enzymes such as Super Oxide Dismutase (SOD) or Catalase (CAT) (Glaeser et al,, 2011;
Kim et al.,, 2002), an efficient “Go system” of three detoxication proteins : MutM, MutT and
MutY (Michaels & Miller, 1992) assigned to DNA repair, or the quenching of 102 with
antioxidant compounds such as carotenoid pigments (Conn et al., 1991).

Hence, it has already been hypothesized that bacteria with high amounts of pigments
such as carotenoids may tolerate exposition to 102 (Dahl et al.,, 1988; Glaeser et al., 2010;
Petit et al., 2015). This resistance to oxidative stress could explain why the Roseobacter
genus constitute one of the most highly represented bacterial family among
bacterioplankton communities during late bloom phases, when phytoplankton cells are
senescent. If the effect of pure 102 on Gram-negative and Gram-positive bacteria has
already been investigated by Dahl et al. (1987, 1988), the transfer of 102 from senescent
phytoplankton to their attached bacteria has been only demonstrated by Rontani et al. in
2003. Further studies could demonstrate: (i) the good correlation between the
photodegradation state of bacteria attached to phytodetritus and the photooxidation state
of phytoplanktonic chlorophyll (Petit et al., 2013), and (ii) the inhibition of the transfer of
102 by the silica matrix of diatom frustules (Petit et al., 2015a). To our knowledge there is
no study in the literature where the photooxidation states of pigmented and unpigmented
bacteria associated with phytodetritus were compared.

In this study, we thus intended: (i) to determine the effect of solar irradiance intensity

on the efficiency of 102 transfer from phytodetritus to their attached bacteria, and (ii) to
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compare the effect of photo-produced 102 on the lipids and DNA of two Gram-negative
unpigmented (Pseudomonas stutzeri) and pigmented bacteria (Dinoroseobacter shibae).
The first task involves analyses of several particulate matter and sea ice samples collected
in the Arctic under contrasted irradiance regimes and incubation of senescent
Thalassiosira sp. cells contaminated with P. stutzeri and D. shibae under two contrasted
artificial light conditions. In the second, the damage induced by 102 photoproduced from
senescent Thalassiosira sp. on the lipids and DNA of D. shibae and P. stutzeri were
compared. For the first time, the impact of 102 produced during algal senescence on the

physiology of associated bacteria at the membrane-lipid and DNA levels was studied.

2. Materials and methods

2.1 Collection of in situ samples

Detailed descriptions (e.g., sampling dates, depths, volumes, etc) of the collection of
samples of Arctic marine particulate matter and sea ice were described previously
(Rontani et al,, 2012, 2016; Amiraux et al., 2020). Briefly, sinking particles were collected
in Resolute Passage under ice at 5 and 30 m with Hydro-Bios multi-sediment traps MS12
(Rontani et al., 2016) and at 100 m with Technicap PPS traps in the Amundsen Gulf and
on the Mackenzie Shelf (Rontani et al., 2012). Sea-ice samples were collected at a landfast
ice station located near Broughton Island in Davis Strait using a Kovacs Mark V 14-cm
diameter corer and focusing on the bottommost 10 cm of sea ice.

2.2 Algal material production

The nonaxenic diatom Thalassiosira sp. RCC1714 was obtained from the Roscoff
Marine station culture collection. Note that the amount of vaccenic acid (which oxidation
products were used to monitor photooxidation of attached bacteria) resulting to the weak
bacterial contamination of this strain was negligible relative to that present in P. stutzeri
(1/30) and D. shibae (1/15) aliquots. Diatoms were grown in F/2 medium at 17°C in a
constant environment-controlled cabinet under an irradiance of 18 W.m2 (Osram,
Lumilux 12:12h light/dark cycles). After two months of growth, cell density was measured
by counting under microscope, and death of the algal cells was induced by sonication.
Thalassiosira sp. cells were sonicated on ice using a Branson Sonifier 450 ultrasound
generator equipped with a Branson S450A cell disruptor probe, at 240 W for 10 minutes
(duty cycle 50%). The sonicated cells were then aliquoted in 50 mL falcon tubes and

stored at -20°C for later photooxidation experiments.
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2.3 Bacterial strains and culture conditions

P. stutzeri ATCC 14405 and D. shibae DFL 17 were grown aerobically on a rotary shaker
overnight in the dark at 17°C on marine broth medium (US Biologocal ™) diluted to the
tenth with sterilized artificial sea water (Kester et al., 1967) to prevent the addition of
large amounts of easily assimilated organic matter from the inoculum. The media were
inoculated with the aerobic pre-culture at a ratio of 1:5 in the early exponential phase
(DO620nm, £ 0.020).

At the end of the incubation cells were counted by the technique of epifluorescence in
the presence of fluorochrome (4P,6-diamidine-2P-phenylindole dihydrochloride, DAPI)
as previously described in Otto (1990).

2.4 Photooxidation and transfer of 102 to the attached bacteria

In order to test the effect of irradiance on the efficiency of the transfer of 102 from
phytodetritus to the attached bacteria, these experiments were conducted under two
artificial light conditions, one using an Altas Suntest CPS + solar simulator with a Xenon
NXE 1500 (500 W.m2) (producing a high solar irradiance in the range 300-800 nm close
to this generally observed at the surface of Mediterranean Sea, Sarra et al.,, 2019) and one
using a Binder incubator with Osram, Lumilux lamps producing Photosynthetically
Available Radiations (PAR) in the range 400-750 nm, with a power of 18 W.m-2 (producing
a low photosynthetically available radiations (PAR) irradiance in the range 400-750 nm,

close to this observed at 50m depth in the Mediterranean Sea, Mararén et al., 2020).

e High irradiance experiments

Experiments were conducted in 100 mL sterilized quartz (exposing the cells to all the
solar light spectrum) ad Pyrex (exposing the cells to radiations > 300 nm and thus
excluding UV radiations) tubes. Phytodetritus and bacteria were mixed (1:5) in K medium
(Keller et al, 1987) (K 25x diluted with sterilized artificial sea water) at a final volume of
100 mL, and immediately exposed to light in the solar simulator. Tubes were maintained
at 17°C by submersion in a water bath connected to a cryothermostat. Four sampling
times were defined: 0.5, 2, 3.5 and 5 h. At each sampling time, 15 and 10 mL were collected
in triplicate, for q-RT PCR and lipids analysis, respectively. The 15 mL samples were
filtered (under sterile conditions) on polycarbonate 0,8 pum filters (to collect attached

bacteria on particles and not free living) and stored at -80°C for further RNA extraction,
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while the 10 mL samples were filtered (under sterile conditions) on 0,8 um glass fiber
filters (GF/F) and stored at -20°C for further lipid extraction. Each experiments was
conducted in 4 separate tubes prepared simultaneously in the same conditions. For each
sampling time, a single tube was sacrificed.

Control experiments were conducted with no phytodetritus. Bacteria were mixed with
sterilized artificial sea water complemented with 1 g.L-1 of lactate/acetate (50:50) as a
carbon source, placed in 100 mL sterilized quartz tubes and immediately exposed to light
in the solar simulator. Three sampling times were defined: 0, 2 and 5 h. At each sampling
time, 15 mL were filtered (under sterile conditions) on 0.2 um polycarbonate filters (to
recover bacteria which are free-living in the lack of algal cells) and stored at -80°C for
further RNA extraction. For the lipid analysis, 50 mL were sampled (under sterile
conditions) and centrifugated with a Beckman & Coulter Allegra X-22 centrifuge at
20,000g for 30 minutes and pelleted. The bacterial cells were then stored at -20°C. Here
again, the 3 sampling were conducted in separate control tubes prepared in the same

conditions.

e Low irradiance experiments

Experiments were conducted in 2 L sterile Erlenmeyer flasks. Phytodetritus and
bacteria were mixed (1:5) in K medium (K 25x diluted with sterilized synthetical sea
water) in a final volume of 400 mL and immediately exposed to light in the incubator on
a VWR analog shaker rotatory stirring plate. Four sampling times were defined: 0.5, 5, 8
and 24h. At each time, 15 mL and 10 mL were collected in triplicate. The 15 mL samples
were filtered (under sterile conditions) on polycarbonate 0.8 um filters and stored at -
80°C for further RNA extraction, while the 10 mL samples were filtered (under sterile
conditions) on 0.8 pym GF/F and stored a -20°C for further lipid extraction. In this
condition, all 4 samplings were conducted in a single Erlenmeyer.

Control experiments were conducted with no phytodetritus. Bacteria were mixed with
sterilized artificial sea water complemented with 1 g.L-1 of lactate/acetate (50:50) as a
carbon source, in a final volume of 200 mL and immediately exposed to light in the
incubator on a VWR analog shaker rotatory stirring plate. Two sampling times were
defined: 0 and 8 h. At each sampling time, 15 mL were filtered (under sterile conditions)
on 0.2 pm polycarbonate filters and stored at -80°C for further RNA extraction. For the

lipid analysis, 50 mL were sampled (under sterile conditions) and centrifugated with a
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Beckman & Coulter Allegra X-22 centrifuge and pelleted. The bacterial cells were then

stored at -20°C. The 2 sampling times were conducted in a single Erlenmeyer flask.

2.5 Lipid analysis

Lipid extraction

Samples (GF/F filters) were reduced with excess NaBH4 after adding MeOH (25 mL, 30
min) to reduce labile hydroperoxides (resulting from photo- or autoxidation) to alcohols,
which are more amenable to analysis using gas chromatography-mass spectrometry (GC-
MS). Water (25 mL) and KOH (2.8 g) were then added and the resulting mixture saponified
by refluxing (2 h). After cooling, the mixture was acidified (HCl, 2 N) to pH 1 and extracted
with dichloromethane (DCM; 3 x 20 mL). The combined DCM extracts were dried over
anhydrous NazS0s, filtered and concentrated by rotary evaporation at 40°C to give total
lipid extracts (TLEs).

Silylation

Dry TLEs were derivatized by dissolving them in 300 pL of a mixture of pyridine/bis-
(trimethylsilyl)trifluoroacetamide (BSTFA; Supelco; 2:1, v/v) and silylated in a heating
block (50°C, 1 h). After evaporation to dryness under a stream of Nz, the derivatized
residue was dissolved in ethyl acetate/BSTFA (to avoid desilylation) and analyzed by GC-
MS/MS.

Gas chromatography-tandem mass spectrometry (GC-MS/MS)

GC-MS and GC-MS/MS analyses were performed using an Agilent 7890A/7010A
tandem quadrupole gas chromatograph system (Agilent Technologies, Parc Technopolis -
ZA Courtaboeuf, Les Ulis, France). A cross-linked 5% phenyl-methylpolysiloxane (Agilent;
HP-5MS ultra inert, 30 m x 0.25 mm, 0.25 pm film thickness) capillary column was used.
Analyses were performed with an injector operating in pulsed splitless mode set at 270°C.
Oven temperature was ramped from 70°C to 130°C at 20°C min-1, then to 250°C at 5°C
min-! and then to 300°C at 3°C min-1. The pressure of the carrier gas (He) was maintained
at 0.69 x 10> Pa until the end of the temperature program and then ramped from 0.69 x
105 Pato 1.49 x 105 Pa at 0.04 x 10> Pa min-L. The following mass spectrometer conditions
were used: electron energy 70 eV, source temperature 230°C, quadrupole 1 temperature
150°C, quadrupole 2 temperature 150°C, collision gas (N2) flow 1.5 mL.min"1, quench gas
(He) flow 2.25 mL.min-1, mass range 50-700 Dalton, cycle time 313 ms. Vaccenic acid

photooxidation products were quantified in multiple reaction monitoring (MRM) mode
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using the transitions m/z 339 — 131 for the parent vaccenic acid and m/z 199 - 129, m/z
213 ->129,m/z357 - 129 and m/z 371 — 129 for its oxidation products (Rontani, 2021).
Precursor ions were selected from the most intense ions (and specific fragmentations)
observed in electron ionization (EI) mass spectra. Collision-induced dissociation (CID)
was optimized by using collision energies at 5, 10, 15 and 20 eV. Quantification involved
peak integration and determination of individual response factors using standards and
Mass Hunter (Agilent Technologies, Parc Technopolis - ZA Courtaboeuf, Les Ulis, France)
software.
Gas chromatography-EI quadrupole time-of-flight mass spectrometry

Accurate mass measurements were made in full scan mode using an Agilent
7890B/7200 GC/QTOF system (Agilent Technologies, Parc Technopolis - ZA Courtaboeuf,
Les Ulis, France). A cross-linked 5% phenyl-methylpolysiloxane (Macherey-Nagel;
OPTIMA-5MS Accent, 30 m x 0.25 mm, 0.25 pm film thickness) capillary column was used.
Analyses were performed with an injector operating in pulsed splitless mode set at 270°C.
Oven temperature was ramped from 70°C to 130°C at 20°C.min! and then to 300°C at
5°C.min-1. The pressure of the carrier gas (He) was maintained at 0.69 x 10> Pa until the
end of the temperature program. Instrument temperatures were 300°C for transfer line
and 230°C for the ion source. Nitrogen (1.5 mL.min"1) was used as collision gas. Accurate
mass spectra were recorded across the range m/z 50-700 at 4 GHz with the collision gas
opened. The QTOF-MS instrument provided a typical resolution ranging from 8009 to
12252 from m/z 68.9955 to 501.9706. Perfluorotributylamine (PFTBA) was used for daily
MS calibration. Compounds were identified by comparing their TOF mass spectra,
accurate masses and retention times with those of standards. Quantification of each
compound involved extraction of specific accurate fragment ions, peak integration and

determination of individual response factors using external standards.

Standard compounds
Vaccenic and palmitoleic acids and phytol were obtained from Sigma-Aldrich. Vaccenic
acid oxidation was achieved using Fe2*/ascorbate (Loidl-Stahlhofen and Spiteller, 1994).
Subsequent reduction of the resulting hydroperoxides in methanol with excess NaBH4

afforded the corresponding hydroxyacids.

2.6 Quantitative RT-PCR

RNA extractions were performed with the High Pure RNA Isolation Kit (Roche Applied

Science, United States) according to the supplier’'s recommendations. After RNA
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extraction, quantification and ratios 260/230 and 260/280 were measured on the extract
by spectrophotometry (NanoDrop 2000c, Thermo Scientific). The absence of DNA
contamination in RNA extracts was verified by qPCR targeting 16s rDNA without reverse
transcription step following the protocol of Aigle et al. (2017). The cDNAs were
synthesized from the total extracted RNAs using random primers and the PrimeScript™
RT reagent Kit (TaKaRa) according to the supplier’s recommendations. For each sample,
the amount of RNAs, added to the reaction mixture, was adjusted so that the amount of
RNAs was identical for each sample. Thus, despite the difference in cell density, the same
quantity of RNAs from the different samples was used for the reverse transcription.

The primers were designed according to the bibliography and modified according to
the sequence of our strain or were newly designed with the help of a primer-designing
tool (Primer3). For standard curve elaboration, the fragments of genes were amplified
and cloned into pGEMT-easy vectors (Promega) following the supplier’s instructions.

Primer used for the amplification and cloning of the targeted genes for P. stutzeri and

D. shibae are presented in the Table 5.1 and Table 5.2. The PCR reactions (20pl) contained

5 ng of genomic DNA from P. stutzeri or D. shibae, 1,25 uM of each primer and 10 pl of
GoTaq® (Promega). The PCR program consisted in an initial denaturation step of 2 min at
98°C, to activate the polymerase, the cycle (35 repetitions) then started with 10 s of
denaturation at 98°C, 20 s of hybridization at the appropriate temperature for the pair of
primer used, and an elongation phase of 20 s at 72°C.

The cloned DNA fragments were checked by sequencing. After purification, the plasmid
concentrations were determined by spectrophotometry and used for constituting the
standard curves for qPCR allowing the quantification of the synthetized cDNAs. The
quantity of the various target cDNAs was quantified by qPCR (qPCR Master Mix, Promega)
according to the supplier’s recommendations. Experiences were made using the CFX Opus
Bio-Rad and the associated software. The starting quantity (SQ) was determined using the
Bio-Rad CFX manager 2.1 software and transformed into copies per milliliter of culture
according to the sample dilution. The quantification of the level of expression of the
housekeeping gene (rpoD) encoding for a 670 subunit of the RNA polymerase was used to
normalize the gene expression. Each extracted RNAs were analyzed through six technical

replicates (two independent reverse transcriptions and three qPCR analyses per cDNAs).
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Table 5.1: Sequences and hybridization temperatures (°C) of primers used for the cloning and
amplification of targeted genes in P. stutzeri

PCR
Fragment
Target Genes Primer Names Primer sequence 5’ = 3’ ] hybridization
size
Temperatures
PS_16S-F AGC-TAG-TTG-GTG-AGG-TAA-AGG 49.7°C
16s 291 pb
PS_16S-R GTA-TTA-CCG-CGG-CTG-CTG-GCA 53.1°C
PS_mutT-F GGT-ACT-GAT-CCG-CAT-CCC-G 62°C
mutT 192 pb
PS_mutT-R TTC-TCC-ATG-AAG-CCT-GCC-G 60°C
PS_mutM-F AAG-TCG-AAA-CCA-CCC-GCC 58°C
mutM 114 pb
PS_mutM-R GCA-CGT-CGA-GAT-CCT-CCG 60°C
PS_mutY-F GGC-TAC-TTC-GAC-CGC-TTC-AT 62°C
mutY 74 pb
PS_mutY-R AGC-ACT-TCA-TCT-TCC-TCG-GC 62°C
PS_rpoH-F GGT-CTG-ATG-AAG-GCG-GTC-AA 60°C
rpoH 209 pb
PS_rpoH-R ACC-TCA-TCG-TTG-TTC-AGC-CA 62°C
PS_rpoE-F TAC-ATG-ACT-CCC-ACG-AAG-CTC
rpoE 200 pb 49.2°C
PS_rpoE-R GTA-GAA-CTC-GGC-ATC-CTC-AGA
PS_chrR-F CGA-GTT-GGA-ATT-ACG-TCG-CG 62°C
chrR 109 pb
PS_chrR-R CGG-CTC-GAT-CAG-TTC-CTT-GT 62°C
PS_rpoD-F CAG-TCC-CGC-CTC-AAA-GAG-TT 62°C
rpoD 148 pb
PS_rpoD-R CGT-TGA-TGC-CCA-TGT-CGT-TG 62°C

Table 5.2: Sequences and hybridization temperatures (°C) of primers used for cloning and amplification of
the target genes in D. shibae

PCR
Fragment
Target Genes Primer Names Primer sequence 5° > 3’ ] hybridization
size
Temperatures
Rhodo 240F GGC-CCG-CGT-TGG-ATF-AGR-TA 62°C
16s 276 pb
Univ 516R GTD-TTA-CCG-CGG-CKG-CTGy-RCA 62°C
DS_mutT-F GCA-ATT-TCC-CGG-TGG-CAA-G 60°C
mutT 186 pb
DS-mutT-R ATA-CCC-TGC-CAT-TCC-CGA-CA 60°C
DS_mutM-F CGC-AGA-CCC-TCA-TCA-TCC-AT 62°C
mutM 88 pb
DS_mutM-R GGC-AAA-GCG-TGA-TGA-AAT-GC 60°C
DS_mutY-F GGC-TCT-CCG-AGG-TGA-TGC-TG 66°C
mutY 179 pb
DS_mutY-R CGC-GCA-TTT-CAG-CAG-GTT-G 60°C
DS_rpoH-F ATA-TAC-CAA-TCT-TCC-GGC-CCC-C 51.6°C
rpoH 106 pb
DS_rpoH-R GGC-CAG-CAT-GTA-TTC-CTC-TTC-G 51.6°C
DS_chrR-F AGC-TGC-CCA-AAT-CCA-TGA-CA 60°C
chrR 97 pb
DS_chrR-R TTC-ACA-TCC-TCC-ACA-TCG-CC 62°C
DS_rpoD-F GCA-AGA-CCG-ATG-ACC-AGG-AC 64°C
rpoD 150 pb
DS_rpoD-R TCT-GTT-CCG-AGC-TGA-CCT-GA 62°C
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3. Results & discussion

3.1 Effects of irradiation on the efficiency of 102 transfer to bacteria

To investigate further the effect of irradiance on the efficiency of the photooxidation
processes on bacteria attached to phytoplankton cells, we analyzed a variety (n = 46) of
sinking particulate matter and sea ice samples collected in Arctic. Sinking particulate
matter samples were collected: (i) at 100 m in summer in open water Beaufort Sea
(Rontani et al., 2012) and (ii) at 5 and 30 m in spring in ice-covered Resolute Passage
(Rontani et al, 2016). Sea ice samples (0-10 cm) were collected in spring during the
GreenEdge campaign at Qikiqtarjuaq (Baffin Bay, Arctic Ocean, Amiraux et al., 2020). To
compare the efficiency of Type II photooxidation processes in algal and the bacterial
material, we used the ratio vaccenic acid photooxidation % / palmitoleic acid
photooxidation %. Indeed, vaccenic acid is generally considered to be specific to bacteria
(Lambert & Moss, 1983; Sicre et al., 1988), while palmitoleic acid is the main fatty acid
component of sympagic diatoms (Fahl & Kattner, 1993; Falk-Petersen et al, 1998; Leu et
al., 2010). Although palmitoleic acid is also present in several bacteria (e.g., de Carvalho &
Caramujo, 2014), the contribution of bacteria to this acid in the samples analyzed
(dominated by diatoms) can be considered as negligible relative to this of sympagic algae.

The obtained results (Figure 5.1) show higher vaccenic acid photooxidation %/
palmitoleic photooxidation % ratios in sinking particles collected in open water Beaufort
Sean than in these collected in ice-covered Resolute Passage. This difference may be
attributed to the mean PAR (Photosynthetically Available Radiations) irradiance in the
surface mixed layer, which is considerably higher in open water than in ice-covered zones
(365 + 62 and 10.9 + 2.7umol photons m-2.s'1, respectively, Alou-Font et al., 2016).

The decrease of the ratio observed between 5 and 30 m in the Resolute Passage (Figure
5.1) results likely from the decrease of solar irradiance with depth. These results suggest
that photooxidation of bacteria attached to senescent algal cells is enhanced at high
irradiances. This assumption is well supported by the very high ratios measured in the
bottommost 10 cm of sea ice collected at the GreenEdge ice camp in 2016 (Figure 5.1).
Under 75 cm of sea ice, irradiance can reach 105.9 umol photons m-2.s-1 without snow
cover and decrease to 51.9 pmol photons m-2.s'1 with a snow cover of 1 cm (Lund-Hansen

et al, 2021). In this solid habitat, the association bacteria-sympagic algae may thus be
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maintained at relatively high irradiances during long periods, these conditions strongly
favoring the photooxidation of bacteria.
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Figure 5.1: Values of the ratio vaccenic acid photooxidation %/palmitoleic acid photooxidation % in
particulate matter and sea ice samples collected in Arctic under different irradiance conditions.

It was previously demonstrated that during the early stages of ice melt sympagic
bacteria undergo an intense osmotic stress in hypersaline ice brines (Amiraux et al., 2017)
and are affected latter in the season by the release of bactericidal free palmitoleic acid by
sympagic algae under the effect of light stress (Amiraux et al., 2020). Our results show
that these organisms may also undergo a strong photooxidation stress in the ice resulting

from a very efficient transfer of 102 from senescent sympagic algae.

To confirm this effect of solar irradiance on the efficiency of the transfer of 102 from
phytodetritus to their attached bacteria, we incubated senescent Thalassiosira sp. cells
cinoculated with P. stutzeri under low PAR, high PAR and UV+PAR irradiances. We used
the concentration of photooxidation products of vaccenic acid (nmol L) to monitor
oxidative damage in attached cells of P. stutzeri. Indeed, vaccenic acid is found in high
proportions in P. stutzeri (Rainey et al., 1994) and is only present in trace amounts in the

non-axenic strain of Thalassiosira sp. employed.

Interestingly, we failed to detect vaccenic acid photooxidation products in the different
controls carried out without algae. As previously observed (Rontani et al, 2003)

photooxidation of heterotrophic bacterial membranes needs the presence of senescent
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phytoplankton cells. Our results showed a strong effect of the intensity of the irradiance
on the photooxidation of the bacterial membranes (Figure 5.2). Indeed, under high PAR
irradiance the concentration of vaccenic acid photooxidation products reached 2.74
nm/L1 at the first sampling time (0.5 h), whereas at a slightly higher light dose under low
irradiance (8 h), the concentration was only of 0.43 nmol.L-1 (Figure 5.2).
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The highest oxidation of vaccenic acid observed under high UV+PAR irradiance (Figure
5.2) may be attributed to the presence of additional UV radiations. This assumption is
well-supported by the profile of photooxidation products obtained under these conditions
showing the presence of a high proportion of allylic 11- and 12-hydroxyacids with a cis
double bond typical of the UV-induced photooxidation of MUFAs (Christodoulou et al.,
2010).

It has been shown by Amiraux et al, (2016) in senescent diatom cells that low
irradiances induce a slow but long production of 102 that strongly oxidizes algal
unsaturated lipids, through a process called “photodynamic effect” (Knox & Dodge, 1985;
Skovsen et al., 2005). On the other hand, under high irradiances, the production of 102 is
stronger but shorter, inducing a strong photooxidation of the sensitizer (Chl a) called
“photobleaching” and only a weak photodynamic effect (Amiraux et al., 2016; Rontani et
al, 2021). This effect of the intensity of solar irradiance on the efficiency of the
photodynamic effect in senescent phytoplankton cells was then confirmed in situ (Rontani
etal, 2021).

The effect of irradiance on the efficiency of photooxidation of attached bacteria thus
appears to be exactly the opposite of phytoplankton. Under low irradiance, the low flux of
102 produced reacts with the unsaturated membrane components of phytodetritus and is
thus quenched before to reach attached bacteria. In contrast, under strong irradiance, a
higher proportion of 102 is efficiently transferred to the attached bacteria, strongly

oxidizing their unsaturated lipids (Figure 5.8).

3.2 Effect of pigmentation on the protection of bacteria against 102 and UV radiations

One other aim of this work was to demonstrate the role of bacterial pigmentation as a
protective agent against the harmful effects of 102. To do so, we compared the effects of
102 on the photooxidation of the lipids and the activation of the DNA reparation genes in
two bacterial strains, P. stutzeri (a classical heterotrophic bacteria without carotenoids)
and D. shibae (an AAP containing a high proportion of vaccenic acid and of a carotenoid,
(spheroidenone)) (Biebl et al., 2005).

The results obtained in the case of D. shibae (Figure 5.3) allow to confirm the
enhancement of the efficiency of 102 transfer from phytodetritus to their attached bacteria
under high irradiance observed above with P. stutzeri (Figure 5.3). However, the similarity

of the concentrations of vaccenic acid photooxidation products obtained with the two
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strains (Figure 5.2 and Figure 5.3) also shows that the presence of spheroidenone in the
membranes of D. shibae does not protect it against 102 damage.

Carotenoids located at the surface of a bacterial membrane can efficiently protect
against 102-mediated bacterial killing (Tatsuzawa et al, 2000). Those containing two
polar hydroxy groups (e.g. zeaxanthin), lie across the monolayer membrane (Ourisson &
Nakatani, 1989). In contrast, carotenoids lacking hydroxy groups, such as spheroidenone
(dominant in D. shibae), may be completely embedded in the lipid layer of the membrane
(Strzalka & Gruszecki, 1994). This embedment reduces their likelihood to react with 10z,
which can thus rapidly affect unsaturated molecules in its vicinity. Consequently, in the
future, it will be very important to check the effects of 10z2-production by senescent
phytoplanktonic cells on bacteria containing more polar carotenoids

In contrasts, the results presented in the Figure 5.3 also show that the presence of
additional UV radiations has practically no effect on the unsaturated lipids of D. shibae. If
spheroidenone does not seem to protect efficiently the membranes of this strain against
the damage of 102 transferred from phytodetritus, it seems to play an important role in
photoprotection of D. shibae against the deleterious effects of UV radiations. Indeed, due
to its strong absorption between 300 and 400 nm (Niedzwiedzki et al, 2016), this

compound can absorb harmful UV radiations.

3.3 Effect of 102 on the activation of the DNA repair system genes

The other aim of this work was to monitor the response of the DNA repair system of
pigmented and non-pigmented bacteria to 102. Indeed, 10z is known to react with a lot of
cellular compounds such as lipids, proteins, and DNA (Morgan et al., 2004, Agnez-Lima et
al., 1999; Ravanat et al., 2000). Among nucleic acids, 102 preferentially reacts with
guanine, due to its low redox potential (Cadet & Teoule, 1978, Steenken & Jovanovic,
1997), leading to the formation of 8-0xo0-7,8-dihydro-20-deoxyguanosine (8-oxodG)
(Ravanat et al,, 2004). 8-0Oxo-dG has a high mutagenic potential, as it can mispair with
adenine, leading to G — T transversion (Shibutani et al, 1991), which are the main
mutation observed. G = C transversions may also occur in 102-damaged bacteria (Agnez-

Lima et al., 1999, 2001).
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Figure 5.4: Schematized representation of the « GO system”. The MutT protein hydrolyzes 8-0xodGTP into
8-0x0dGMP, preventing its misincorporation into DNA. If 8-oxodG still incorporates into the DNA matrix,
the repair system may follow two pathways: the MutM protein removes 8-oxodG when paired with a
cytosine while the MutY protein removes the adenine mispaired with 8-oxodG. The MutM protein then
removes the 8-o0xodG paired with cytosine.

To monitor the activation of the DNA repair system to 102 exposure, we measured the
relative expression of several genes related to DNA repair after 102-related damages and
their respective sigma factors. We studied the relative expression of three genes coding
for the three detoxifying proteins of the “Go system”: mutM (or fpG), mutY and mutT. The
MutM and MutY proteins are glycosylases, that respectively removes 8-oxodG paired with
cytosine or adenine paired with 8-oxodG (Tchou et al., 1991, Boiteux et al., 1992, Agnez-
Limaetal, 2012). MutT is a nucleotide triphosphatase, that detoxifies the nucleotide pool,
hydrolyzing 8-0xodGTP into 8-oxodGMP (Costa et al., 2003). The functioning of the “GO
system” is presented in the Figure 5.4.

102 is also able to induce the expression of genes involved with bacterial SOS response
to oxidative stress. In microorganisms, knowledge of the 10: specific regulatory
mechanisms is based on only few model systems, including the anoxygenic bacterium

Rhodobacter sphaeroides and several heterotrophic species with Escherichia coli. In R.
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shpaeroides, stress response involves regulation genes by alternative sigma factors RpoS,
RpoE and RpoH (Anthony et al, 2004, 2005; Glaeser et al, 2011). The sigma factor RpoE
is maintained in an inactive state by forming complex with its cognate anti-sigma factor
ChrR (Glaeser et al., 2011). Recent studies revealed that under exposure to 102, RpoH is
activated due to the rapid proteolysis of the RpoE:ChrR complex. RpoH (032) is the
primary sigma factor controlling the heat shock response but it is also known to be
induced by other conditions (for a review see Yura, 2019). See Figure 5.5 for a schematic

representation of the regulatory network of the response to photooxidative stress.
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Figure 5.5: Sensing of 102 and regulation of the photooxidative stress response. When 102 is sensed
by cellular sensors, it activates the dissociation of the RpoE:ChrR complex. RpoE then activates the
two RpoHi and rpoHun sigma factors. These two being involved in various cell defense mechanisms.
(Glaeser etal, 2011)

The results presented in Figure 5.6 and Figure 5.7 show the relative expression of

mutM, mutY, mutT, chrR and rpoH genes in D. shibae and P. stutzeri after exposure to high
or low irradiance in the presence of senescent Thalassiosira cells. The expression level of
the investigated genes was normalized to that of the rpoD gene and expressed as the Log2
of the relative expression compared to the TO controls (without algal cells).

Concerning the genes of the “GO system” in D. shibae, we observed a significant effect
of Thalassiosira cells on the expression of mutY under high or low irradiances (P < 0.0001,

a = 0.05) with a maximum of 2.83 + 0.12 and 2.85 * 0.79-fold increase after 30min under
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low irradiance and 5h under high irradiance conditions, respectively (Figure 5.6). There
is also a significant over-expression of mutT under high and low irradiances (P = 4.9. 10-4
and P = 2.6. 104, respectively, a = 0.05), especially after 5 h under high irradiance and 30
min under low irradiance, with a 1.22 + 0.6 and 1.45 * 0.63-fold increase, respectively.
Our results also show that there is a significant overall under-expression of mutM
compared to the controls in D. shibae in all conditions (P < 0.0001, a = 0.05), especially
after 30 min under high irradiance conditions with a 2.78 + 0.68-fold under-expression
and after 30 min under low irradiance conditions with a 2.48 * 0.25-fold under-
expression, respectively (Figure 5.6). For P. stutzeri, we can see a strong over-expression
of mutY under high irradiance conditions, with a maximum 4.42 + 0.89-fold and 4.27 +
1.11 increase after 2 and 3.5 h respectively (Figure 5.7). There is however no significant
effect of the presence of Thalassiosira sp. cells on the expression level of mutY under high
irradiances (P = 0.072, a = 0.05), as it is also over-expressed in the controls (without algal
cells). Indeed, we can see a 3.11 + 1.39 and 2.5 * 1.49-fold increase in the 2 and 5 h
controls, respectively (Figure 5.7). The other genes of the “GO system” (mutT and mutM)
were not detected in P. stutzeri.

Concerning the regulation genes, we observed in D. shibae significant effects of
senescent Thalassiosira sp. cells on the expression level of chrR in all conditions (P <
0.0001, a = 0.05), with a maximum 2.6 * 0.15-fold increase after 30min under high
irradiance conditions (Figure 5.6). It appears that rpoH is not impacted by our
experiments, as the expression levels of this gene is not highly over or under-expressed
in D. shibae (Figure 5.6). For P. Stutzeri, we observed a strong over-expression of rpoH
under high irradiance conditions, with an over-expression of 4.6 * 0.53 and 4.95 * 0.60-
fold increase after 2 and 3.5 h, respectively (Figure 5.7). There is however no significant
effect of the presence of Thalassiosira sp. cells on the expression level of rpoH under high
irradiances (P = 0.167, a = 0.05), as it is also over-expressed in the controls. Indeed, we
can see a 2.99 * 0.76 and 1.65 *+ 1.61-fold increase in the 2 and 5 h controls under high
irradiances, respectively (Figure 5.7). For chrR, we observed a consequent strong under-
expression after 5 h under high irradiance (3.17 + 0.46-fold decrease) and a 3.69 * 0.16-
fold increase in the 24 h control under low irradiance (Figure 5.7).

It has been hypothesized by Dahl et al., (1987, 1988, 1989) that 102 generated outside

the cell could induce cytotoxicity but could not react with double stranded DNA and
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trigger any mutations in various bacteria cells, as it first reacts with other cellular

compounds such as proteins or membrane’s fatty acids.
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[t happens that the mutagenesis markers that these authors have been monitoring

(such as uvrB, recA, xth and nth) may be bypassed by other DNA repair pathways (Czeczot

248



etal, 1991, Tudeketal., 1993, Agnez et al., 1996), thus the impact of 102 generated outside

the cell on DNA is possible.
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It appears that the activity of the “GO system” in D. shibae is sufficient to prevent any

strong DNA damage. Indeed, the activity of mutT in D. shibae actively detoxifies the

nucleotide pool, while mutY removes the adenine mispaired with 8-oxodG. The apparent

under-expression of mutM may be surprising at first, as this gene is a part of the “GO

system” and reacts to the exposure to 102 (Tchou et al., 1991, Boiteux et al., 1992), at least

in heterotrophic bacteria. It appeared to Cavalcante et al, (2002), that mutM deficient E.

coli cells mutants were less sensitive to cytotoxicity induced by 102 than mutY deficient

mutants, this could be indicating that mutM is less important than mutY in the “GO

system”, or that all the mutations happening in the cells of D. shibae were G —» T

transversions (which is the main mutation observed). Due to the reaction of 102 with
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unsaturated membranes’ lipids of D. shibae (Figure 5.3) strongly limiting its transfer
inside the cells and the spheroidenone photoprotection, it appears that the impact of 102
and UV on the DNA of D. shibae is limited. Indeed, the absence of overall over expression
of the rpoH gene indicates that there is no activation of the 102-related stress response. It
has been previously observed in R. sphaeroides (a model organism for AAP bacteria) and
in D. shibae, that exposure to 102 rapidly triggers the activation of rpoH and the
subsequent stress response genes (Nam et al.,, 2013, Nuss et al, 2009, Tomasch et al,
2011). In R. sphaeroides, the activation of the rpoH (especially RpoHi) gene leads to the
activation of a variety of genes, involved mainly in establishing and maintaining the
respiratory chain (Nuss et al, 2010) or in maintaining a quinone pool, limiting the
accumulation of toxic 102 byproducts (Sgballe & Poole, 2000). It is important to note that
the effect observed on mutY in D. shibae may also be due to the indirect action of 102 on
cellular components. Indeed, 102 can reacts with cellular compounds to form other
oxidative agents, which may damage DNA and induce G = T and G — C transversions in
the same way as 102 does (Cadet et al., 1997, Devasagayam et al., 1991, Kasai et al., 1986,
Retel et al., 1993). Moreover, regardless of the gene and the over or under expression,
there no to little effect of the intensity of the irradiance on the expression of mutM, mutY
and mutT in D. shibae (P = 0.23, 0.37 and 0.21, respectively, a = 0.05). under both
irradiance regimes, it seems that the very weak damage induced by 102 on the DNA are
repaired.

In P. stutzeri, the effects observed on the expression of “GO system” and stress response
regulation genes under high irradiances cannot be attributed to 102, as we see an over
expression of rpoH and mutY also in the controls without algal cells (Figure 5.7). The
effects thus observed are likely due to UV radiations. Wich can explain the absence of
expression of the mutT and mutM. Indeed, as P. stutzeri cells are already in a poor
physiological state under high irradiances (i.e. damaged membranes), the defense
mechanism induced by the expression of rpoH may lead to other stress response
pathways (for a review see Goosen & Moolenaar, 2008). Moreover, it has already been
shown that UV-light may also activate the mutY gene (Tajiri et al., 1995), as UV can induce
DNA mutation the same way 102 does (Douki et al., 1999).
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4. Conclusion

In this work, we studied the impact of type II photooxidation processes (involving a
triplet state sensitizer and the production of 102) on bacteria attached to senescent
phytoplanktonic cells, with a focus on the photooxidation of the membrane lipids and the
activation of the DNA repair system. We intended to: (i) test the effect of irradiance on the
efficiency of the transfer of 102 from the senescent algal cells to their attached bacteria,
and (ii) determine if the presence of carotenoids may actively protect bacteria against the
harmful effects of 102

High irradiances strongly favor the photooxidation of the unsaturated components of
bacterial membranes. Under these conditions, 102 produced in high quantities reacts
weakly with membranes components of algal chloroplasts and is thus efficiently
transferred to their attached bacteria inducing strong oxidative damage (Figure 5.8). Note
that high irradiances induce a strong but short production of 102, as the latter also
damages the triplet state sensitizer in the algal cell (here 3Chl).

On the other hand, low irradiances favor the photooxidation of the unsaturated algal
lipids. Indeed, in these conditions, the weak amounts of 102 generated react with
unsaturated lipids of the algal cells and are thus quenched before to reach bacterial
membranes (Figure 5.8). These results were also confirmed in situ, where we observed
the same tendencies in a variety of environmental samples. The transfer of 102 from
senescent algae to their attached bacteria appeared to be particularly efficient in sea ice
where the association sympagic algae-bacteria is maintained at relatively high irradiances
during long periods.

The other aim of this work was to test if the presence of carotenoids in the membranes
of bacteria could act as a protective agent against 102. Comparison of the results obtained
with the bacteria D. shibae and P. stutzeri showed that under high irradiance conditions
(where the transfer of 102 to the bacterial cells is highly favored), the presence of the
carotenoid spheroidenone in D. shibae does not prevent 102-induced oxidative alterations
of its unsaturated membrane lipids. However, these conclusions cannot be extended to
the whole of carotenoids since the antioxidant properties of these compounds are
structurally-depend. In contrast, spheroidenone appeared to protect efficiently D. shibae
against UV damage.

Finally, in this work we studied the activation of the DNA repair system and its

regulation after exposure to 10z. Our results showed first that DNA damage induced by
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102 generated outside the cell is possible. In the case of D. shibae the efficient detoxifying
activity of mutT and mutY is indicative of a limited impact of 102 on the DNA of this strain
(Figure 5.9). This limited impact (resulting likely from the scavenging of 102 in the
membranes and the protection against UV radiations, Figure 5.9) is supported by the
apparent inactivity of rpoH gene, responsible of oxidative stress response in
photoheterotrophic bacteria. In P. stutzeri, 102 reacts first with unsaturated lipids, while
the effects we observed on DNA are most likely due to UV radiations. As P. stutzeri cells
are in a poor physiological state (unsaturated membrane’s lipids damaged), it appears

that the activity of the rpoH gene may trigger other critical stress response mechanisms.
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Figure 5.8: Conceptual scheme of the effect of 102 on bacteria attached to senescent phytoplankton cells
under low or high irradiance

On the basis of these results, the dominance of Roseobacter clade among
bacterioplankton communities associated to algal blooms cannot be attributed to the

protective action of their carotenoids against 102-damages.
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Figure 5.9: Conceptual scheme representing the effect of 102 on DNA of P. stutzeri and D. shibae under high
irradiances. In P. stutzeri, 102 is quenched by unsaturated membrane lipids. The damage observed on DNA
is thus attributed to UV. In D. shibae, the carotenoids found in its membrane protect its unsaturated lipids
from 102 but not from UV radiations, that induces DNA damage. It appears that mutY and mutT in D. shibae
actively detoxify the nucleotide pool and remove the adenine mispaired with UV-damaged guanine and thus
protects DNA.
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6.1 Conclusions

Ces travaux de these portent sur l'étude des interactions entre algues de glace et
bactéries associées, et plus particulierement sur I'impact de 1'état physiologique de ces
derniéres sur leur activité de biodégradation du matériel algal. Les organismes
photosynthétiques sympagiques et d’eau libre jouent un rdle primordial dans le
fonctionnement des écosystemes arctiques, tant par leur qualité de producteur primaire
que par leur habilité a exporter le carbone atmosphérique vers les fonds océaniques. Si
des études ont souligné la faible activité et le mauvais état physiologique apparent des
bactéries dans ces milieux, il est capital de comprendre comment les différents stress
subis par ces derniéres influencent la préservation des algues tout au long de leur chute
dans la colonne d’eau. Afin de mieux appréhender les différents processus a I’ceuvre dans
ces conditions particulieres, cette thése a fait intervenir : (i) une approche In situ, basée
sur I'analyse de nombreux échantillons de glace, de particules en suspension ou en
sédimentation et de sédiments, collectés lors de diverses campagnes dans I'Arctique
Canadien ; (ii) ainsi qu'une approche In vitro, visant a comprendre en détail et investiguer

I'impact du stress photo-oxydatif subit par les bactéries.

Les premiers résultats de cette thése, reportés dans le chapitre II, ont montré
I'importance relative des stress halin et chimique, grace a I'analyse d’échantillons de glace
et particules en sédimentation collectés lors de la saison de fonte de 2016 au camp de
glace du projet GreenEdge. Si la salinité élevée dans les canaux de saumure de la glace est
un facteur de stress important pour les bactéries sympagiques, nos résultats n’ont indiqué
qu'un stress halin limité (rapport trans/cis de l'acide vaccénique faible) dans les
échantillons analysés. Ces résultats sont toutefois cohérents avec la salinité relativement
faible mesurée lors de la période d’échantillonnage, comparé aux valeurs extrémes qu'’il
est possible de mesurer dans la glace. Des valeurs de ce rapport trans/cis indiquant un
véritable état de stress des bactéries (> 0.1) n’ont été observées qu’au début de la période
de fonte.

L’utilisation du PMA sur les échantillons d’ADN récoltés lors de cette campagne a
permis d’estimer la mortalité des bactéries associées aux algues de glace. Les résultats,
indiquant jusqu’a 75% de mortalité des bactéries associées en fin de fonte, suggerent donc
I'importance d’un facteur de stress bactérien autre que la salinité. Ce stress a été attribué
a la présence de FFAs (acides gras libres) bactéricides. En effet, les algues de glace sont

connues pour produire ces molécules hautement bactéricides, notamment en cas de stress
268



lumineux ou en fin de bloom. Ainsi, ce premier chapitre montre que le stress halin n’a un
faible impact sur la préservation du matériel algal qu'en début de fonte, alors que la
production de FFAs bactéricide par les algues sympagiques en fin de bloom induit un
stress chimique important. Ainsi, en raison de la propension des algues de glace a former
des agrégats (augmentant alors leur vitesse de chute dans la colonne d’eau) et du mauvais
état physiologique des bactéries qui leur sont associées, les algues sympagiques devraient

fortement contribuer a 'export de carbone atmosphérique vers les sédiments arctiques.

Le chapitre Il de cette these, complémentaire au second, s’est intéressé a des
échantillons de particules en suspension collectés en baie de Baffin lors de la saison de
fonte de 2016, sur un transect allant de la glace a I'’eau libre. Cet échantillonnage a ainsi
permis de suivre les interactions algues de glace/bactéries associées lors de la transition
du mode de vie sympagique a pélagique.

Un fort signal de stress halin a été observé dans les échantillons de particules en
suspension collectées sous la glace, méme a des profondeurs importantes (rapport
trans/cis de I'acide vaccénique de 0.95 a 80m), ce qui a mis en évidence des interactions
trophiques plus complexes dans la glace. En effet, ces forts signaux de stress halin ont été
attribués a la présence de microzooplancton bactérivore (ciliés) ayant consommeé des
bactéries stressées par la salinité dans la glace en incorporant sans les altérer les acides
gras de leurs proies avant d’étre relargués dans la colonne d’eau.

Ici encore, le pourcentage de mortalité des bactéries associées a été estimé via
I'utilisation du PMA. Les résultats ont indiqué une forte mortalité des bactéries dans la
glace (jusqu’a 88.7%) ainsi qu’en eau libre (67.5%). Dans la glace, la mortalité observée
est encore une fois attribuée aux FFAs bactéricides, secrétés par les algues de glace en fin
de bloom, confirmant I'importance de ce stress sur l'activité des bactéries associées. Dans
les échantillons de particules récoltés en eaux libres, un fort signal de stress halin subit
par les bactéries a été observé (rapport trans/cis de 'acide vaccénique de 0.45 dans les
échantillons de surface). Etant donné la capacité des bactéries a synthétiser de novo des
acides gras cis lorsque le stress halin cesse, les ratios trans/cis élevés mesurés en eau libre
révelent donc la présence de bactéries en mauvais état physiologique incapables de
synthétises de nouveaux acides gras. Il s’est avéré que ce signal de stress halin provient
ici de bactéries associées a des particules d’EPS flottantes issues de la glace, donc

fortement stressées par la salinité. Le contenu lipidique de ces échantillons a également

269



démontré la forte présence de grandes quantités de copépodes, broutant efficacement le
matériel sympagique. Si 'importance des stress halin et chimique (lié aux FFAs) sur les
bactéries sympagiques a été confirmée lors de cette étude, I'intégrité du matériel algal
reste étroitement liée a I'activité de broutage du du micro- et macrozooplancton. Les
interactions trophiques au sein de la glace restent donc complexes et méritent d’étre

étudiées plus en détail.

Ces deux premiers chapitres ont mis en évidence le role joué par les stress osmotiques
et chimiques sur I'état physiologique des bactéries associées aux algues de glace en
Arctique. Dans le chapitre suivant, nous avons voulu déterminer quel était le réel impact
de ces stress sur la préservation du matériel algal sympagique dans les sédiments. Pour
ce faire de nombreux échantillons de sédiments de surface collectés en mer de Beaufort
et en baie de Baffin ont été analysés, et un focus sur les traceurs de stress halin (rapport
trans/cis des acides gras bactériens), de stress chimique (activité bactérienne 10S-DOX
détoxifiant les FFAs) et de dégradation de la matiére organique (rapport stanol/ AS-
stenol) a été réalisé.

Les résultats obtenus confirmé la présence de bactéries stressées par la salinité, avec
des valeurs de ratio trans/cis élevées, plus particulierement dans les sédiments de surface
de la mer de Beaufort et la partie ouest de la Baie de Baffin. Dans ces zones, le matériel
algal relargué en début de fonte (quand le stress halin est le plus important) associé a des
bactéries fortement stressées contribue donc a I'export de matériel sympagique vers les
sédiments. Cet export est favorisé par la faible activité de broutage zooplanctonique
observée a ce stade de la fonte. Cependant, ce broutage est généralement beaucoup plus
intense au moment de relargage massif des algues sympagiques en fin de fonte limitant
ainsi fortement 'export de matériel sympagique.

La présence de rapports trans/cis élevés dans les sédiments indique que les bactéries
présentes sont originaires de la glace (ou la salinité est élevée), et que les particules ne
sont pas colonisées par des bactéries en bon état physiologique (avec un rapport trans/cis
< 0,1) qui viendraient alors diluer ce signal. La présence d’acide 10-hydroxyhexadec-
8(trans)-énoique, résultant de la détoxification de I'acide palmitoléique libre par la 10S-
DOX bactérienne atteste de la présence de quantités elevées de FFAs dans certains
échantillons analysés. L’absence de colonisation des phytodétritus sympagiques par es
bactéries pélagiques et benthiques pourraient donc étre attribuée a la présence de FFAs

bactéricides. En effet, les particules originaires de la surface sont généralement
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rapidement colonisées par les bactéries des milieux profonds lorsqu’elles atteignent les
sédiments, ces derniéres étant mieux adaptées aux conditions des fonds marins.

La récalcitrance du matériel sympagique aux processus de biodégradation a été
confirmée en analysant les rapports stanol/A>-stenol de deux stérols typiques : le
sitostérol (marqueur de M.O d’origine terrestre) et le brassicastérol (stérol commun
retrouvé dans les algues sympagiques). Les résultats obtenus ont montré que si le
matériel d’origine terrestre est intensément biodégradé par les bactéries benthiques, la
M.O d’origine sympagique est bien préservée dans les sédiments de surface.

Ces résultats confirment le réle clef joué par I'état de stress des bactéries associées aux
algues sympagiques et le timing du broutage zooplanctonique dans la préservation de ce
matériel. Au début du cycle de fonte, contrairement au matériel d’origine terrestre, les
algues sympagiques relarguées dans la colonne d’eau contribuent grandement a I’'export
de carbone vers les sédiments, en raison : (i) du mauvais état physiologique des bactéries
qui leur sont associées (stress halin et chimique), (ii) de la faible activité de broutage
zooplanctonique au début de la fonte, et (iii) de la récalcitrance de ce matériel a la
biodégradation.

En raison des perturbations liées au changement climatique, le cycle du carbone
arctique sera inévitablement perturbé, notamment par le changement de la contribution
sympagique/pélagique a la production primaire. Si les contributions relatives de ces deux
compartiments a la P.P ont déja été investiguées, de grandes incertitudes demeurent en
ce qui concerne la préservation de ce matériel le long de sa chute vers les sédiments.
L’analyse de matériel particulaire en sédimentation et de sédiments de surface de
différentes zones arctiques lors de séries a long terme serait un bon moyen de gommer

ces incertitudes.

Lors du dernier chapitre nous nous sommes intéressés a l'impact du stress
photochimique, et plus particulierement les réactions photo-sensibilisées de type I,
faisant intervenir une molécule photo-sensibilisatrice (ici la chlorophylle) et des espéces
réactives de I'oxygene (102) sur les bactéries attachées aux cellules algales.

En effet, en fin de bloom, les cellules photosynthétiques sénescentes sont I'objet de
réactions de photo-oxydation de type Il résultant en la production d’102. Cette espece tres
réactive de I'oxygene ayant de grandes affinités avec les composés cellulaires insaturés
comme les lipides ou I'ADN (plus particulierement la guanine). L’objectif de ce chapitre

était d’induire la production d’102 dans des cellules de Thalassiosira sp. sénescentes en
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présence de deux souches bactériennes spécifiques: Pseudomonas stutzeri (bactérie
ubiquiste non-pigmentée) et Dinoroseobacter shibae (bactérie AAP pigmentée), afin
d’attester ou non de 'avantage physiologique des bactéries pigmentées face a ce stress.
Des conditions d’irradiance contrastées ont également été testée (forte et faible),
représentant respectivement l'intensité lumineuse recue par des cellules en surface et a
50 m en mer Méditerranée.

Nous avons pu observer que sous de fortes irradiances, 1''10O2 est produit en grandes
quantités et est transmis efficacement aux bactéries associées, alors que sous de faibles
irradiances favorisant l'oxydation des lipides algaux, (effet photodynamique) il est
désactivé avant d’atteindre ces dernieres. En utilisant les produits d’oxydation spécifiques
de 'acide vaccénique et en étudiant I'expression des génes de réparation de I’ADN liés a
I'impact de I''02, nous avons pu mettre en évidence I'avantage des bactéries pigmentées.
En effet les analyses lipidiques ont montré une oxydation deux fois plus importante chez
P. stutzeri que chez D. shibae sous forte irradiance. Toutefois, les caroténoides présents
dans les membranes de cette derniére ne la protégent pas contre les effets déléteres de
1'’02 mais contre ceux des UV. Si les résultats produits dans ce chapitre ne démontrent pas
d’effet de 'Oz sur I’ADN mais celui des rayonnements UV, ces derniers ne sont pas moins
intéressants, et mettent en avant le réel avantage écologique des bactéries pigmentées
vis-a-vis de ce stress dans le milieu naturel. En effet, en raison de ses membranes
fortement détériorées par la photooxydation, P. stutzeri (et les bactéries non-pigmentées)
subit un stress photochimique bien plus important que D. shibae (et les bactéries
pigmentées). Ces résultats permettent d’'un peu mieux comprend les dynamiques des

communautés de bactérioplancton lors d'un bloom.

6.2 Perspectives

Les résultats obtenus tout au long de cette these ont permi de mieux comprendre les
interactions complexes entre algues de glace, bactéries associées et I'environnement si
particulier qu’est celui de I'Océan Arctique. Ces résultats donnent ainsi une meilleure vue
de l'activité de dégradation du matériel sympagique par les bactéries arctiques, et
permettront d'intégrer les facteurs mis en avant lors de ce travail (stress halin, chimique,
photochimique) dans les différents modeles des flux de carbone dans ces régions. Ces
travaux de thése ont également ouvert la voie a de nouvelles études plus poussées sur les
facteurs de stress influengant I'activité de dégradation du bacterioplancton arctique. En

effet, I'utilisation des différents marqueurs de stress utilisés dans cette these (rapport
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trans/cis, présence de FFAs, activité de la 10S-DOX bactérienne, rapport de
biodégradation des stérols, PMA...) pourrait étre étendue et proposée lors des futures
campagnes d’échantillonnage en zone arctique. L’utilisation de ces traceurs de stress
bactériens donnerait alors une vision plus générale et permettrait potentiellement de
vérifier si ces phénomenes sont récurrents au sein de la glace. Comme il a été suggéré dans
le chapitre IV, 'analyse poussée des traceurs exposés ci-dessus dans des sédiments
arctiques pourrait étre une source importante concernant I'état de préservation et
'origine du matériel alimentant les fonds marins.

L’évolution des nouvelles technologies de bio-informatique associée aux nombreuses
données collectées lors de campagnes d’échantillonnage internationales serait également
un outil puissant, permettant d’avoir des informations précises et rapides sur la présence
de certains genes et protéines associées en Arctique. Initialement prévue dans le cadre de
cette thése, mais n’ayant pu étre réalisée faute de temps, une des taches du projet
BACSTRESS (CNRS-EC2CO microbien) visait a suivre 'expression de différents genes
marqueurs de stress halin, chimique et photochimique dans de nombreux échantillons
issus des chapitres II et Il en utilisant des techniques novatrices de RTqPCR a haut débit.
Pour mener a bien ce projet, I'outil Ocean Gene Atlas (OGA), mis au point récemment par
Villard et al, (2018), permettrait, a partir d’'une séquence nucléotidique ou du numéro
d’identification PFAM d’une protéine, d’obtenir son abondance, sa localisation et sa
distribution taxonomique. Ceci permettrait de designer les meilleurs couples d’amorces
spécifiques pour des échantillons environnementaux. Cet outil est encore plus intéressant
dans le contexte de cette these, depuis que les nombreuses données collectées lors de la
mission Tara Arctic ont été implémentées a OGA, ce qui permettrait alors de rechercher
I'abondance et la distribution taxonomique des genes liés a la réponse bactérienne aux

stress halin, chimique ou photochimique.

L’étude de I'Arctique, quelle que soit la discipline, doit tenir compte des conséquences
du réchauffement global sur son fonctionnement. Ainsi, comme il a été abordé lors de cette
these, les interactions entre les algues de glace et leurs bactéries associées sont
inévitablement destinées a étre perturbées. L’augmentation de température, la
diminution de la quantité de glace en mer et sa fonte accélérée vont grandement perturber
les milieux arctiques, plus particulierement la production primaire, secondaire et a terme

tout le cycle du carbone. Il est donc capital d’étudier I'évolution de I'impact des stress
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halin, chimique et photochimique sur l'activité de dégradation du bactérioplancton
arctique dans le contexte du réchauffement climatique. La diminution de la quantité de
glace va également perturber la contribution sympagique / pélagique de la production
primaire, ainsi que le timing de broutage zooplanctonique, le tout impactant
inévitablement sa migration et la préservation de ce matériel lors de sa chute vers les

sédiments.
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