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The effect of silica and carbonaceous matrices (charged mineral surfaces) in phytoplankton cells on the transfer
of singlet oxygen from irradiated phytodetritus to their attached bacteria was investigated under controlled
laboratory conditions. Our results indicate that a silica matrix (i.e. as in diatom frustules) inhibits the transfer
of singlet oxygen and limits the induced photodegradation of cis-vaccenic acid (a fatty acid generally considered
as specific to bacteria). In contrast, a carbonaceous matrix (i.e. as in coccoliths) does not seem to inhibit the
transfer probably due to the release of coccoliths upon cell death. As a consequence, bacteria associated with
phytodetritus from diatoms should be in a healthy state and biodegradation of organic matter associated with
these particles should be favoured. These results should contribute to a better understanding of photosensitized
degradation processes and to a better estimation of the balance between degradation and preservation of organic
material during sedimentation in seawater.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Particulate organicmatter (POM) consistingmainly of phytodetritus
in the euphotic layer of oceans is recycled in surface waters within
the food web and the microbial loop. Only a small part is exported
by particles which fall to the deep ocean and thus serve as the prima-
ry vehicle by which carbon is exported to the deep ocean and
seafloor (Boyd and Trull, 2006; Thunell et al., 2007). It is thus very
important to understand themechanisms bywhich this organic mat-
ter (OM) is degraded. Although the importance of photooxidative
and autoxidative processes (abiotic processes) of POM degradation
in the marine environment has been experimentally demonstrated
(Rontani et al., 2011), there is a paucity of data concerning these pro-
cesses. Indeed, most assessments of POM export from the euphotic
layer to the deep ocean only consider biotic degradation processes
including zooplankton grazing and enzymatic degradation by at-
tached and free living heterotrophic bacteria (Goutx et al., 2007;
Sempéré et al., 2000; Tamburini et al., 2009; Turley and Mackie,
1994). Ghiglione et al. (2007) previously showed that the contribu-
tion of attached bacteria to total bacterial activity can reach up to

83% under mesotrophic conditions. We could recently confirm
these results in a culture of the haptophyte Emiliania huxleyi in late
stationary phase (Petit et al., 2015). Indeed, quantitative PCR
analyses allowed us to demonstrate that more than 90% of bacteria
were attached to E. huxleyi cells.

During the senescence of phototrophic organisms, visible light
and UV-induced photosensitized degradation processes act inten-
sively due to the presence of a very efficient photosensitizer:
chlorophyll (Foote, 1976; Knox and Dodge, 1985). These processes
mainly involve singlet oxygen (1O2) and act on most of the
unsaturated lipid components (including sterols, unsaturated fatty
acids, and the chlorophyll phytyl side chain) of these organisms,
producing allylic hydroperoxides (Christodoulou et al., 2010;
Rontani, 2001).

The effects of photooxidation, however, are not limited to
chloroplasts; indeed, during the natural senescence of higher plants,
1O2 can migrate outside the chloroplasts and chemically react with
unsaturated components of cuticular waxes (Rontani et al., 2005).
In the case of senescent phytoplanktonic cells, 1O2 can induce the
degradation of heterotrophic bacteria attached to particles. Indeed,
recent results demonstrated that singlet oxygen has a much larger
intracellular sphere of activity than previously thought (Ogilby,
2010). Most of the calculated values of the radius of singlet oxygen's
sphere of activity from its point of production (ranging from 155 to
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340 nm; Baier et al., 2005; Ogilby, 2010; Skovsen et al., 2005;
Wilkinson et al., 1995) are sufficiently large to allow singlet oxygen,
if produced near the cell membrane, to be able to cross over into
the extracellular environment (Ogilby, 2010) and thus reach any
attached bacteria. Cellular damage resulting from the transfer of sub-
stantial amounts of 1O2 from phytoplanktonic cells to their attached
heterotrophic bacteria may be substantial due to the lack of efficient
photoprotective and antioxidant systems in these microorganisms
(Garcia-Pichel, 1994) and this can affect their capability to degrade
POM. Such a transfer of 1O2 to bacteria has also been observed in
situ in several POM samples (Christodoulou et al., 2009; Marchand
and Rontani, 2001; Marchand et al., 2005; Rontani et al., 2011)
and may help to explain the relative recalcitrance of already
strongly abiotically degraded suspended POM towards further
biotic degradation (Rontani et al., 2011).

The lifetime of 1O2 in hydrophobic environments is longer, and its
potential diffusive distance greater, than under hydrophilic condi-
tions (Suwa et al., 1977). Charged mineral surfaces including silica
matrices (e.g. diatom frustules) or carbonate matrices (e.g.
coccoliths) could reduce the lifetime of 1O2 and inhibit its migration
to bacterial biomass. Indeed, if the transfer of 1O2 is strongly
favoured between two lipophilic membranes (such as those of phy-
toplankton and associated bacteria; Petit et al., 2013), this excited
form of oxygen might be quickly deactivated if the two membranes
are separated by a polar structure. Thus charged mineral surfaces,
such as frustules or coccoliths, may allow for enhanced bacterial
growth and biodegradation of phytodetritus by inhibition of 1O2

transfer. It may be noted that transparent exopolymer particles
(TEP), which are mainly composed of polysaccharides (Smith et al.,
1995) and act as the glue for particle aggregation (Gärdes et al.,
2011), may also (due to their polar character) inhibit 1O2 transfer
to bacteria.

Diatoms and coccolithophorids are twomajor groups in present-day
marine phytoplankton. Diatoms are ubiquitous photosynthetic eukary-
otes that are responsible for about 35% of the primary production of the
oligotrophic oceans and 75% in the coastal zone and other nutrient-rich
systems (Nelson et al., 1995). These cells build a rigid cell wall made of
amorphous silica (frustules) that cause them to sink rapidly when the
cells die or during senescence, carrying fixed organic carbon to the
deep ocean. Thalassiosira weissflogii is a centric diatom occurring in
coastal waters in the Atlantic and Pacific Oceans, as well as brackish
and freshwater environments. Coccolithophorids, belonging to the
algal class Prymnesiophyceae, are able to produce scales made of
calcium carbonate called coccoliths. E. huxleyi is the most ubiquitous
living coccolithophorid species in the ocean (Westbroek et al., 1984)
and occurs in most of the oceanic subsurface (Honjo and Okada, 1974;
Okada and Honjo, 1973) from polar to equatorial areas. This species is
often present in high density (5 × 103 cell L−1) and can form large
blooms particularly in temperate and subarctic latitudes (Brown and
Yoder, 1994). Consequently E. huxleyi plays an important part in the
oceanic carbon cycle as a primary producer, contributing to the organic
matter stock in marine sediments (Marlowe et al., 1990). Dunaliella
tertiolecta (Chlorophyceae) is a naked cell (lack of a rigid cell wall)
ranked among the most photophilic algae (Richardson et al., 1983).
This species thrives in hypersaline, marine and freshwater habitats
(Ben-Amotz and Avron, 1992).

In this study, we (i) compared the 1O2 transfer from senescent
diatom cells, coccolithophorid cells and free rigid wall chlorophyte
cells to their attached bacteria, and (ii) monitored the effect of the
biogenic silica concentration of the diatom frustules on 1O2 transfer.
For this purpose, the photooxidation of cis-vaccenic acid (C18:1Δ11;
a fatty acid typical of Gram-negative bacteria; Sicre et al., 1988;
Keweloh and Heipieper, 1996) in non-axenic senescent cultures of the
haptophyte E. huxleyi, diatoms T. weissflogii, Navicula sp. cf. jeffreyi and
Skeletonema sp. cf. costatum and the green alga D. tertiolecta was
investigated under controlled laboratory conditions.

2. Methods

2.1. Photodegradation experiments

Two kinds of photodegradation experiments were conducted. The
aim of the first onewas to compare the effect of thematrices ofNavicula
cf. jeffreyi type, E. huxleyi, D. tertiolecta and Skeletonema cf. costatum on
photodegradation where samples (one replicate for each point) were
directly irradiated by artificial lightwith anAtlas Suntest solar simulator
under an irradiance of 500 W m−2 in the 280–700 nm wavelength
range. The second experiment was conducted to investigate the effect
of biogenic silica (bSi) concentration of T. weissflogii where 5 triplicate
samples taken during 3 weeks of growth (at days 0, 6, 13, 15 and 20)
were stored at−20 °C (freezing/thawing cycles do not significantly af-
fect the frustule of T. weissflogii; Bidle and Azam, 2001) until irradiated
(for 4 h). In both experiments, Pyrex flasks (that limited irradiations
to UVA + PAR, i.e. λ N 300 nm) containing culture samples were
irradiated by artificial light with an Atlas Suntest solar simulator under
an irradiance of 500 W m−2 in the 280–700 nm wavelength range.
The flasks were maintained at 17 °C by submersion in a water bath
connected to a cryothermostat. Flasks were also kept under darkness
at 17 °C as controls over the time course experiment (one replicate
per point).

2.2. Production of algal material

E. huxleyi strain RCC1215 (with coccoliths, carbonaceous matrix)
from Roscoff marine station culture collection, Skeletonema cf. costatum
(silica matrix) strain RCC70 (Roscoff), D. tertiolecta (no matrix) strain
RCC6 (Roscoff) and Navicula cf. jeffreyi (silica matrix) strain CS513
from the CSIRO Algal Culture Collection were grown in 500 mL of
f/2 medium under non-axenic conditions at 17 °C, in a constant
environmentally controlled cabinet under an irradiance of 36 W m−2

(Osram, Fluora, 12:12 hour light:dark cycle), until stationary phase.
Senescence was induced by transfer of the cells (after centrifugation
at 3500 rpm for 5 min) to 500 mL of old natural seawater (collected
several months previously) followed by incubation for 4 days. The
cells employed during the experiments were senescent, except in the
case of D. tertiolecta which were dead. Indeed, it was not possible to
induce senescence in this alga by transfer in seawater, incubation
under darkness or freezing–thawing cycles so it was killed with
mercuric chloride (final concentration 2.5 × 10−4 M).

In parallel, synchronous growth of T. weissflogii (silica matrix)
strain AC813 from Caen Culture Collection was obtained by removing
silicate from the medium which is well known to stop the cell cycle
(Hildebrand et al., 2007). First 2 L of starter culture was grown in f/2
medium (with silicate) under the conditions above described, until
stationary phase. Then 200 mL of this starter culture was centrifuged
(3500 rpm for 5 min), cells were washed with 10 mL of filtered sea
water and transferred in 2 L of silica-free f/2 medium in a Nalgene
flask. After 24 h under these growth conditions, 0.5 mL of NaSiO3

solution was added (final concentration 200 μmol L−1) and diatom
growth followed over time for 3 weeks.

It may be noted that during the different experiments the produc-
tion of TEPwas not favoured by the presence of EDTA in the f/2medium
(Decho, 1990), the lack of nutrient limitation (Malejl and Harris, 1993)
and the shaking (Thornton, 2002). Moreover, the strain employed
during the study of the effect of biogenic silica concentration on the
transfer of singlet oxygen (T. weissflogii) does not aggregate (Kiørboe
and Hansen, 1993).

2.3. Biogenic silica and dissolved silica concentration

The particulate biogenic silica (bSi) concentration for the
T. weissflogii photodegradation experiment was determined using
a variation of the method of Ragueneau and Tréguer (1994). As no
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lithogenic silica was present in the algal cultures, the second digestion
step using hydrofluoric acid was not necessary. Triplicate samples of
bSi were collected by filtration of 20 mL of culture on a polycarbonate
(PC) membrane (0.4 μm porosity, 47 mm diameter). PC membranes
were submitted to alkaline digestion with 10 mL of 0.2 mol L−1 NaOH
in a 15 mL Eppendorf tube (previously washed with 10% HCl solution)
at 95 °C for 4 h to ensure the dissolution of all bSi in Si(OH)4 (dSi).
After cooling, 2.5 mL of 1 mol L−1 HCl was added to stop the digestion
by neutralizing the pH before analysis of the Si(OH)4 concentration.
Dissolved silica (dSi) was determined by analysing the filtrate
from the bSi sample; bSi and dSi concentrations were estimated by
the acid/molybdate colorimetric method described by Aminot and
Kérouel (2004).

2.4. Flow cytometer analysis

For the T. weissflogii photodegradation experiment, 2 mL samples
were taken each hour during the first day of Si replenishment then
daily at the same hour of replenishment (days 0, 1, 3, 7, 8, 9, 10, 13,
14, 15, 16, 18, 20 and 21) during the culture growth until stationary
phase (Fig. 1). These samples were fixed with 20 μL of glutaraldehyde
solution (final concentration 1%) then placed in liquid nitrogen
until flow cytometer analysis for cell abundance and cycle phase
determination.

Samples were analysed using a FACSCalibur (BD Biosciences®),
equipped with a blue (488 nm) air-cooled argon laser. In the present
study, the red fluorescence (653–669 nm, ChloroA) was used to
measure chlorophyll a. Phytoplankton cells were characterised by 3
other optical signals: forward scatter (FSC) related to cell size, side
scatter (SSC) related to cell structure and orange fluorescence
(564–606 nm; PE) related to phycoerythrin. Data were collected
using CellQuest software (BD Biosciences®) and the analysis of
ultraphytoplankton groups was performed a posteriori using SUMMIT
v4.3 software (Beckman Coulter). TruCount beads (BD Biosciences®)
were added to the fixed samples to determine the volume analysed.
The 2 μm beads were used as internal standard and to discriminate be-
tween populations of picoplankton (b2 μm) and nanoplankton (N2 μm)
(both Fluoresbrite YG, Polyscience). To ensure an efficient synchronisa-
tion of the culture, 1.5 μL of PicoGreen® was added to each fixed
subsample (300 μL) to stain double stranded DNA and to quantify
it by flow cytometry. Cell cycle phases were optically resolved from
the red fluorescence versus PicoGreen® green fluorescence (530 nm)

by manual calculation. DNA amounts oscillated between n and 2n
reflecting cells in G1 or G2 + M phases (Veldhuis et al., 2001).

2.5. Chlorophyll a analysis

Samples (5mL)werefiltered through 25mmGF/Ffilters (previously
cleaned by refluxing in CH2Cl2/MeOH 2:1 v/v overnight) and then
the filters were transferred into a glass tube and stored at −20 °C.
After adding 5 mL of pure MeOH (Fisher Scientific, Loughborough,
UK), the tube was closed and the extraction was performed in darkness
at 4 °C for 30 min. The sample fluorescence was directly measuredwith
a Turner Designs fluorometer equipped with a F4T5 Blue lamp, a 5–60
(450 nm) excitation filter and a 2–64 (660 nm) high-pass emission
filter. The fluorometer was calibrated with pure chlorophyll a (Sigma
C5753, St. Louis, MO, USA) dissolved inMeOH (96%). The concentration
of this solutionwas determined by spectrophotometry using the specif-
ic absorption coefficient of 77 L g−1 cm−1 at 663 nm (Marker, 1972).
Correcting for phaeopigment interferences was performed using the
acidification method (Holm-Hansen et al., 1965), which required a
second fluorescence measurement after adding 50 μL of HCl (0.5 N) to
the extract.

2.6. Lipid analysis

After irradiation, a known volume of the irradiated culture was
filtered through 47 mm GF/F (Whatman, Maidstone, UK) filters for
lipid analysis. Lipid biomarkers and their oxidation products were
obtained after reduction with NaBH4 and subsequent saponification.
All post-irradiation manipulations were conducted using foil-covered
glassware to avoid photochemical artefacts. It is well known that
metal ions can induce homolytic cleavage of hydroperoxides, and con-
sequently promote free radical oxidation during procedures involving
hot saponification (Pokorny, 1987). The preliminary reduction of the
hydroperoxides ensured that such free radical oxidation artefacts
were avoided during the alkaline hydrolysis step. Due to the use of
NaBH4-reduction during the treatment, it was not possible to distin-
guish hydroperoxides from their ketonic and alcoholic degradation
products. Note that cis-vaccenic acid oxidation products were obtained
from the measurement of two groups of six isomeric hydroxyacids
resulting fromNaBH4 reduction of the corresponding hydroperoxyacids,
i.e., 11-hydroxyoctadec-trans-12-enoic, 12-hydroxyoctadec-trans-10-
enoic, 13-hydroxyoctadec-trans-11-enoic, 13-hydroxyoctadec-cis-11-
enoic, 10-hydroxyoctadec-trans-11-enoic, and 10-hydroxyoctadec-cis-
11-enoic acids for cis-vaccenic acid (Marchand and Rontani, 2001).
Photoproducts of palmitoleic acid (C16:1Δ9), which is also present in
several bacteria (Blumer et al., 1969; Keweloh and Heipieper, 1996;
Rontani et al., 2003), were also produced during the experiments.
However, due to the lack of specificity of this acid (production by several
phytoplanktonic species; Viso andMarty, 1993), its photoproducts were
not further investigated.

2.6.1. Reduction of hydroperoxides
The hydroperoxides were reduced to alcohols in MeOH (25 mL) by

adding excess NaBH4 (10 mg per sample) using manual stirring
(30min at 20 °C) (Marchand and Rontani, 2003). During this treatment,
ketones are also reduced to their corresponding alcohols and the
possibility of some ester cleavage cannot be totally excluded.

2.6.2. Alkaline hydrolysis
Saponification was carried out on reduced samples (Marchand and

Rontani, 2001; Marchand et al., 2005). After NaBH4 reduction, 25 mL
of water and 2.8 g of potassium hydroxide were added and the mixture
wasdirectly saponifiedby refluxing for 2 h. The aqueous phasewas then
acidified with HCl (final pH = 1) and subsequently extracted three
times with dichloromethane (DCM). The combined DCM extracts

Fig. 1. Cell abundance (cell mL−1, determined by flux cytometer analysis) during the
growth of T. weissflogii in f/2 medium under an irradiance of 36 W m−2 (12:12 hour
light:dark cycle).
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were dried over anhydrous Na2SO4, filtered and concentrated by rotary
evaporation at 40 °C to give the saponified fraction.

2.6.3. Derivatization
The residues were taken up in 300 μL of a pyridine and

bis(trimethylsilyl)trifluoroacetamide (BSTFA, Supelco, Bellefonte,
PA, USA) mixture (2:1, v/v) and silylated at 50 °C for 1 h (Pierce,
1982). After evaporation to dryness under nitrogen, the residues
were taken up in a suitable volume of a mixture (1:1, v/v) of ethyl
acetate and BSTFA (to avoid desilylation of easily silylated compounds)
and analysed by gas chromatography–electron impact mass
spectrometry (GC–EIMS).

2.7. Identification and quantification of lipid biomarkers and their
degradation products by gas chromatography–electron impact mass
spectrometry (GC–EIMS)

Analyseswere carried outwith anAgilent 7890A gas chromatograph
connected to an Agilent 7000B triple quadrupole mass spectrometer
working in electron impact (EI) mode. The following operating
conditions were employed: 30 m × 0.25 mm (i.d.) fused silica capillary
column coated with HP-5MS (Agilent; film thickness: 0.25 μm); oven
temperature programmed from 70 to 130 °C at 20 °C min−1, from 130
to 250 °C at 5 °C min−1 and then from 250 to 300 °C at 3 °C min−1;
carrier gas (He), 1.1 bar; injector (pulsed splitless) temperature,
280 °C; 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;
collision energy, ranging from 4 to 15 eV according to the selected
transitions. Oxidation products of vaccenic acid were identified accord-
ing to previously described procedures (Marchand and Rontani, 2001).

3. Results and discussion

3.1. Singlet oxygen transfer efficiency

Petit et al. (2013) previously showed that the photodegradation
state of attached bacteria was well correlated with the degradation of
chlorophyll a in phytodetritus. If chlorophyll a constitutes the main
inducer of type II photosensitized oxidation in phytodetritus (Nelson,
1993), CDOM, which is produced increasingly during irradiation
(Coelho et al., 2011; Cory et al., 2008, 2010; Dalrymple et al., 2010)
can induce the production of singlet oxygen in the aqueous phase
(Sandvik et al., 2000) and thus impact bacteria (Glaeser et al., 2010).
Furthermore the initial degradation of carotenoids (which act as singlet
oxygen quenchers) in senescent cells (Louda et al., 1998) in conjunction
with the degradation of chlorophyll a could amplify the photooxidative
damages to bacteria. However, it may be noted that during a previous
photodegradative experiment with non-axenic E. huxleyi (strain
RCC1215) cells, the amounts of cis-vaccenic photoproducts in free
bacteria (recovered in the filtrate after GF/F filtration) appeared to
be less than the detection limit (i.e. b4 × 10−9 ng cell−1), while
they reached 7 × 10−7 ng cell−1 in attached bacteria (recovered on
the GF/F filters) (Petit et al., 2013). Probably due to: (i) the higher
diffusive distance in lipophilic membranes than in water (Suwa et al.,
1977) and (ii) the high concentrations of sensitizer (chlorophyll) in
chloroplasts, the transfer of singlet oxygen is thus much more
efficient from phytodetritus to attached bacteria than from water
to free bacteria.

Singlet oxygen-mediated photooxidation of monounsaturated fatty
acids leads to the formation of hydroperoxides at each carbon of
the original double bond (Frimer, 1979). Thus, photooxidation of
cis-vaccenic acid in attached bacteria (Fig. 2) produces a mixture of
11- and 12-hydroperoxides with an allylic trans-double bond (Frankel,
1998), affording 13-trans and 10-trans hydroperoxides respectively,
after stereoselective radical allylic rearrangement (Porter et al., 1995).

In contrast, free radical oxidation processes primarily involve allylic hy-
drogen abstraction and yieldmixtures of six cis and trans isomeric allylic
hydroperoxides (Frankel, 1998; Porter et al., 1995). Consequently the
efficiency of the transfer of 1O2 (Transfer Efficiency, TE1O2

) from
phytodetritus to attached bacteria is expressed according to Eq. (1),
as the ratio of the sum of 11-trans, 12-trans, 13-trans and 10-trans hydro-
peroxides (after subtraction of the amounts of these compounds arising
from autoxidation processes) versus the amount of photodegraded
chlorophyll awhich is linked to the amount of singlet oxygen produced
and is calculated as the concentration of degraded chlorophyll a
during light exposure (corresponding to photo- and biodegradation)
minus the degraded chlorophyll a in the control (corresponding to
biodegradation). It may be noted that biodegraded chlorophyll a
concentrations in the control samples (unirradiated samples) were
negligible compared to irradiated samples.

TE1O2 ¼ cis‐vaccenic acid photoproducts½ #
photodegraded chlorophyll a½ # : ð1Þ

The results (Fig. 3) showed that the TE1O2
for the diatomsNavicula cf.

jeffreyi strain CS513 and Skeletonema cf. costatum strain RCC70 reached
a maximum of 0.06 and 0.10 respectively (average TE1O2

of 0.00 ± 0.04
for 15,390 kJm−2 of PAR+UV irradiations received and 0.08±0.02 for
14,400 kJ m−2 respectively. Averages were calculated on the 5 samples
of each photodegradation experiment). The TE1O2

of E. huxleyi strain
RCC1215 reached a maximum of 0.87 and decreased slightly to 0.54
while the TE1O2

of D. tertiolecta strain RCC6 reached a maximum of
0.53 and decreased strongly to 0.10. The lowest TE1O2

values observed
in the case of senescent Skeletonema cf. costatum and Navicula cf. jeffreyi
type cells strongly suggest a limitation of 1O2 transfer from senescent
phytoplankton cells to the attached bacteria, which could be explained
by the polar properties of the silica matrix (charged mineral surface).
Although the carbonaceous matrix constituted by coccoliths is also a
charged mineral surface, the highest TE1O2

was observed in the case of
E. huxleyi. This observation could be explained by the release of
coccoliths upon cell senescence (Moore et al., 2012; Paasche, 2002)
allowing the transfer of 1O2. This assumption is well supported by
the high TE1O2

also observed in the case of D. tertiolecta. Indeed, this
unicellular, eukaryotic and photosynthetic microorganism lacks a rigid
cell wall, so the cellular contents are enclosed by an elastic plasma
membrane (Ben-Amotz and Avron, 1980).

The limitation of 1O2 transfer in the marine diatom frustules may be
attributed not only to the polar character of silica itself, but also to the
presence of mycosporine-like amino acids (MAAs) in diatom frustules
(Ingalls et al., 2010). Indeed, these compounds protect cells from reac-
tive oxygen species (i.e. 1O2, superoxide anions, hydroperoxyl radicals
and hydroxyl radicals) (Suh et al., 2003) and can also be found in
D. tertiolecta (as mycosporine–glycine; Carreto and Carignan, 2011).
However, the induction of mycosporine–glycine is produced by irradi-
ance in the UVB range (maximum absorbance at 310 nm; Whitehead
and Vernet, 2000) and due to the use of Pyrex materials during our
experiments (which exclude UVB transmission) this hypothesis seems
very unlikely. The decrease of TE1O2

observed at the end of irradiation
in the case of E. huxleyi andD. tertiolecta (Fig. 3)was attributed to homo-
lytic cleavage of hydroperoxides (Fig. 2) by UV radiation (Horspool and
Armesto, 1992) and/or metal ions (Pokorny, 1987; Schaich, 1992).

In the case of D. tertiolecta, it is very likely that HgCl2 (used in order
to induce cell death) may have strongly catalysed homolytic cleavage
of photochemically produced hydroperoxides. Indeed, metal ions
undergoing one-electron transfers such asmercury, cobalt, iron, copper,
manganese, magnesium and vanadium appear to be very active
catalysts of hydroperoxide homolysis. This assumption is supported
by: (i) the strong decrease of the TE1O2

observed (Fig. 3) and (ii) the
high proportion (Fig. 4) of 13-hydroxyoctadec-cis-11-enoic (13-cis
hydroperoxide) and 10-hydroxyoctadec-cis-11-enoic acids (10-cis
hydroperoxide), which are specific tracers of autoxidative processes
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(Marchand and Rontani, 2001). Comparison of the results obtainedwith
this strain with those of the other algae is not straightforward. Indeed,
mercuric chloride would have also induced the death of bacteria and
favoured the involvement of autoxidative processes. However, the
results obtained at the beginning of irradiation (i.e. when autoxidation
was not effective), clearly show that TE observed in the case of naked
phytoplanktonic cells are higher than for the diatoms.

It is important to note that even when HgCl2 is absent, homolytic
cleavage of hydroperoxides resulting from the reaction of 1O2 with
unsaturated components of the outer lipopolysaccharide membrane
of Gram-negative bacteria (the dominant bacteria in the ocean) leads
to the formation of reactive secondary products, such as peroxyl
radicals, which may in turn accelerate cell death (Dahl et al., 1989) and
regenerate 1O2 by the Russell mechanism (Miyamoto et al., 2003). Con-
sequently, both autoxidation and photooxidation appear to be strongly
favoured during the abiotic degradation of bacterial organic matter.

3.2. Effect of biogenic silica concentration on the transfer of singlet oxygen

3.2.1. Growth synchronisation and biogenic silica content
Results from flow cytometry indicated that during the first 7 h

after the reintroduction of dSi in the medium, the cell cycle of

T. weissflogii was not restarted and all cells were in G2 + M phase
(gap time + mitosis, before cell division; Figs. 5 and 6). After two
days of growth, synchrony was not fully reached and two pools of
cells were detected including one in theG1 phase (gap time, cell growth
and expansion) and the other in the G2 + M phase (Fig. 6). This result
indicates a clear synchrony at the beginning of the growth periodwhich
was lost after two days and confirms that the growth of synchronised
diatoms in batch culture is not maintained after three complete cell
cycles. Nevertheless, this methodology was useful in reproducing
environmental conditions experienced by diatom cells in the water
column and enabled us to vary biogenic silica content per cell. The
non-homogenous cell population after two days of growth and the re-
duction of the cell size during growth due to asexual reproduction
(Fig. 5) could bias the estimation of the bSi content per cell and lead
to a different average bSi content per cell due to different cell size.
However, this cell size reduction was very weak during the 21 days of
growth as indicated by flow cytometry results (data not shown) leading
to an accurate estimation of the bSi content per cell.

The content of bSi of T. weissflogii (Fig. 7) varied considerably over
the time course experiment as previously observed by Vrieling et al.
(1999) during growth of a culture of T. weissflogii under controlled
conditions. Just after the inoculation with NaSiO3 solution, the bSi

Fig. 2. Hydroperoxides resulting from autoxidation and 1O2-mediated photooxidation of octadec-11-enoic acid in attached bacteria.
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concentration increased from 24.0 ± 2.3 μmol L−1 to 146.2 ±
1.5 μmol L−1 in 20 days, while the concentration of bSi per cell signif-
icantly decreased (ANOVA and Tukey HSD test, p b 0.05) from 2.0 ±
0.2 pmol cell−1 to 0.5 ± 0.0 pmol cell−1.

3.2.2. Effect of the biogenic silica concentration on singlet oxygen transfer
We could not quantify free and attached bacteria during this study,

however the high values of the ratio cis-vaccenic acid (bacterial
tracer)/palmitoleic acid (main fatty acid of T. weissflogii) observed
after GF/F filtration (close to 0.30) confirm the presence of high
amounts of bacteria attached to diatom cells. Interestingly, it may be
also noted that the amounts of cis-vaccenic acid did not change signifi-
cantly during the growth of T. weissflogii, attesting to a relative stability
of the proportion of attached bacteria.

We assume that chlorophyll a is the main source of 1O2 responsible
for photooxidation in our experiment, so data were normalized to
the average content of chlorophyll a per cell of T. weissflogii. The per-
centage of photooxidation products of cis-vaccenic acid (bacterialmark-
er) adjusted to the concentration of chlorophyll a per T. weissflogii cell
decreased from 10.0 ± 0.3% to 0.8 ± 0.4% (and from 1.3% to 0.0% for
the control), while bSi concentration increased from 0.5 ± 0.0 to
2.0 ± 0.2 pmol cell−1 (Fig. 8). The percentage of cis-vaccenic acid
photooxidation thus appears to be inversely correlated with the
biogenic silica concentration. Note that since the lowest biogenic silica
values correspond to oldest cells, there is a possibility that the increase
of cis-vaccenic acid oxidation could simply be due to the increasing
senescent state of the cells. However, we previously showed that the
oxidation of the bacterial cis-vaccenic acid is well correlated with the
photodegradation state of phytoplanktonic chlorophyll (Petit et al.,
2013). The increase in chlorophyll/cell values observed between the
beginning and the end of the growth of T. weissflogii (from 0.9 10−6 to
1.9 10−6 μg chlorophyll a cell−1) clearly shows that cells exhibiting
the lowest silica content were not in an advanced stage of senescence.
This result confirms that bSi may efficiently inhibit the transfer of 1O2

from senescent diatom cells to their attached bacteria. In the future, it
will be interesting to check the effects of TEP on this transfer. Indeed,
due to the polar character of polysaccharides, such compounds could
also contribute to the limitation of 1O2 transfer to attached bacteria in
fast sinking aggregates.

Interestingly the relationship between the % of cis-vaccenic acid
photooxidation (adjusted to the concentration of chlorophyll a per
T. weissflogii cell) and the bSi per cell is nonlinear (Fig. 8). This suggests
the existence of a bSi threshold (close to 0.8 pmol cell−1) during

Fig. 3. Singlet oxygen transfer efficiency (TE1O2
) during PAR + UV irradiation (kJ m−2) of

senescent cells ofNavicula cf. jeffreyi type (silicamatrix), E. huxleyi (carbonaceousmatrix),
D. tertiolecta (no matrix) and Skeletonema cf. costatum (silica matrix).

Fig. 4. Percentage of cis-vaccenic photooxidation and autoxidation products of
D. tertiolecta produced during the photodegradation experiment.

Fig. 5. Asexual reproduction of diatom cells (redrawn from Hildebrand et al., 2007).
Different stages in the cell cycle are represented: G1 phase = gap time, cell growth and
expansion, S phase = two daughter-cell protoplasts in the mother cell, and G2 + M
phase = gap time + mitosis, before cell division.

Fig. 6. Percentage composition of the G1 and G2 + M division phases during the growth
of T. weissflogii.
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inhibition of 1O2 transfer. Furthermore, we note that the hypothesis of
silica matrix inhibition of singlet oxygen transfer is well supported by
the low percentages of cis-vaccenic photooxidation products (relative
to the parent compound) observed during the time course experiment
(from 0.8% ± 0.4 to 1.7% ± 0.6) (Table 1).

4. Conclusions

Photodegradation processes were investigated in different
non-axenic senescent cultures of 4 phytoplankton species. Specific
attention was devoted to the effect of the silica matrix and carbona-
ceous matrix on the transfer of 1O2 from the phytodetritus to the
attached bacteria. Cis-vaccenic acid (a specific and abundant
component of Gram-negative bacteria) was employed to monitor
the effects of the photodegradation processes in bacteria.

The first experiment showed that the silica matrix strongly inhibits
the transfer of 1O2 from phytodetritus to attached bacteria compared
to a carbonaceous matrix. The strong limitation of 1O2 transfer by the
silica matrix could be attributed either to the polar character of the
charged mineral surface of the frustule, which can decrease the lifetime
of 1O2, and/or to the presence of mycosporine-like amino acids in the
frustule of diatoms, which can act as a quencher of 1O2. In contrast,
the shedding of coccoliths during the senescence of E. huxleyi cells
may allow an efficient 1O2 transfer to occur.

The second experiment supported the hypothesis that a silicamatrix
inhibited 1O2 transfer. Indeed, we could clearly show that the inhibition
of the transfer of 1O2 to the attached bacteria is directly linked to the
concentration of biogenic silica concentration in diatoms cells and
could thus favour biodegradation of phytodetritus resulting from
these organisms. These results provide support for the hypothesis
proposed by Rontani et al. (2011), who explained the unexpectedly
intense biotic degradation of sinking particulate organic particles previ-
ously observed in the equatorial Pacific Ocean (Sheridan et al., 2002).
Indeed, in this zone significant photodegradation and autoxidation of
lipids associated with both suspended and sinking particles was
observed but the biodegradation was more intense in sinking particles
than in suspended particles. These authors thus attributed this degrada-
tion to the abundance of charged mineral surfaces such as siliceous
diatom frustules or carbonaceous coccoliths in sinking particles,
whose presence reduces the lifetime of 1O2 and allows for enhanced

Fig. 7. Evolution of the biogenic silica (bSi) concentration (μmol L−1) and bSi content per cell (pmol cell−1) during the growth of T. weissflogii.

Fig. 8. Evolution of the percentage of cis-vaccenic acid photooxidation products adjusted
to concentration of chlorophyll a per T. weissflogii cell according to the concentration of
biogenic silica (pmol cell−1).

Table 1
Percentage of cis-vaccenic acid photooxidation products in dead samples of a non-axenic
culture of T. weissflogii over the time course irradiation experiment.

Samples Irradiation dose
received (kJ m−2)

% cis-vaccenic photooxidation
products

T1 7200 0.8 ± 0.4
T2 7200 0.4 ± 0.2
T3 7200 3.7 ± 1.5
T4 7200 4.8 ± 0.1
T5 7200 1.7 ± 0.6
T1 control 0 0.0
T2 control 0 0.0
T3 control 0 0.0
T4 control 0 0.6
T5 control 0 0.2
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bacterial growth and biodegradation in sinking particles compared
to suspended particles. Our results are in good agreement with some
previous observations made by Gowing and Silver (1983) and Karl
and Knauer (1984) in the northeast Pacific Ocean that sinking particles
(often composed of aggregated diatoms) contain a much more active
bacterial community than suspended particles.

It is interesting to note that although the irradiance employedduring
this work (500Wm−2) corresponds to surface conditions in summer in
thewesternMediterranean Sea, this does not imply that photooxidation
processes are limited to high irradiances. Indeed, it was recently
observed in the Arctic that, despite the very low irradiance measured,
diatoms were strongly photooxidized at the bottom of sea ice
(Rontani et al., 2014). It is very important to understand that in
phytoplanktonic cells this is the same energywhich is employed during
photosynthesis and photooxidation. Consequently, when there is a
sufficient irradiance for the growth of phytoplankton (as at the deep
chlorophyll maximum), this is sufficient for its photodegradation.
In the marine medium, the solar light spectrum changes with depth,
the first wavelengths absorbed are the longer, less energetic wave-
lengths in the red region of the spectrum; the blue wavelengths
responsible for one of the two absorption maxima of chlorophyll
(at 430 and 662 nm) penetrate the farthest into the water allowing
chlorophyll-induced photosensitized oxidation processes to act
throughout the euphotic layer. Recent results (Amiraux, R., unpublished
results), which are still under investigation, seem to indicate that low
irradiances and low temperatures both favour photodegradation
of phytoplanktonic components. This paradoxical effect could be
attributed to a slowing down of the rates of photodegradation of
chlorophyll and/or of the diffusion of singlet oxygen in membranes
increasing the efficiency of the photosensitizing processes.

It is now clear that it is not possible to discuss the fate of
phytodetritus simply in terms of biodegradation. Indeed, abiotic
processes (photooxidation and autoxidation) also act intensively
on this material (Rontani et al., 2012). A precise estimation of the
balance between degradation and preservation of organic material
during sedimentation needs not only to take into account the
relative importance of each of these processes but also to elucidate
all of their interactions.
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