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Abstract

Diatoms in general, and Thalassiosira weissflogii (T. weissflogii) in particular, are
among the most ubiquitous phytoplanktonic species while, phosphorus (P) is an
essential nutrient that limits productivity in many oceanic regimes. To investigate how
T. weissflogii cultures grown under different P regimes are chemically altered before
and during their prokaryotic degradation, T. weissflogii cells were cultivated under two
contrasting P conditions, “P-stress” and “P-replete”. Biodegradation experiments were
conducted in natural seawater comprising a natural prokaryotic community. The
particulate fraction was monitored for 3 weeks for organic carbon (POC), nitrogen
(PON), biogenic silica (bSiO,), total carbohydrates (PCHO) and individual
monosaccharides, including prokaryotic counting. Our results indicated that P-stress
induced changes in the chemical composition of the T. weissflogii cells, causing a
decrease to the Si/N (1.1 to 0.46) and Si/C (0.17 to 0.08) ratios. The “P-stress T.
weissflogii” cells were characterized by high amounts of galactose (23% of PCHO),
xylose (21%), and glucose (19%) compared to the “P-replete T. weissflogii” cells, which
were dominated by ribose (20% of PCHO), further indicating the exhaustion of ribose-
rich molecules (e.g., ATP) in T. weissflogii under “P-stress” conditions. The
degradation experiments showed that bSiO, produced under “P-stress” conditions
dissolved more rapidly than bSiO, formed under “P-replete” conditions, whereas POC
and PON exhibited higher degradation rate constants in the “P-replete T. weissflogii”
than in the “P-stress T. weissflogii” experiment. Overall, these observations show that T.
weissflogii submitted to P-limitation, results in changes in its initial biochemical
composition, increases frustule dissolution rate, and decreases the degradation of T.

weissflogii-organic matter by marine prokaryotes.
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1. Introduction

Nitrogen (N) and phosphorus (P) are among the most important nutrients in
terrestrial and aquatic ecosystems. The former is mainly involved in the production of
plant and animal tissues (protein synthesis), whereas the latter is fundamental in many
biological processes as well as in structural components of cells (e.g., RNA and DNA,
energy transactions via ATP; Lehninger et al., 1993; Berg et al., 2002; Karl and
Bjorkman, 2015). Although N and P belong to the same group of elements on the
periodic table and they both contribute to eutrophication phenomena (i.e., act as
fertilizers; Ryther and Dunstan, 1971; Gruber and Galloway, 2008; Némery and
Garnier, 2016), they exhibit different oxidation states, have different uptake pathways
(e.g., N can be retrieved from the atmosphere by diazotrophs), and their N/P ratio may
span from < 16 to > 100 (Vitousek and Howarth, 1991; Downing, 1997; Paytan and
McLaughlin, 2007; Godwin and Cotner, 2015; Karl and Bjérkman, 2015). Although the
N and P cycles are closely linked to one another, P appears to be more critical as a
limiting element (Trommer et al., 2013). This is not only because of its low proportions
compared to N, but also because it cannot be found in the atmosphere in a gaseous state
(Paytan and McLaughlin, 2007; Karl and Bjoérkman, 2015). Therefore, the availability
of P is critical for cell growth in marine ecosystems, especially for phytoplankton
(Redfield et al., 1963; Jackson and Williams, 1985; Thingstad et al., 2005; Paytan and

McLaughlin, 2007).
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Despite the fact that P sources in seawater are numerous, whether in inorganic or
organic forms (Karl and Bjorkman, 2015), phytoplanktonic organisms very often cannot
grow and eventually turn over as a result of P-stress. P-stress conditions have been
observed in different parts of the ocean, including the China Sea (Harrison et al.,
1990a), the northwestern Mediterranean Sea (Thingstad et al., 2005), and the western
North Atlantic Ocean (Wu et al., 2000). Several studies have assessed the impact of P-
starvation stress in phytoplankton in terms of cellular growth; P-competition with other
species, including bacteria; the extracellular release of organic compounds; and the
biosynthesis of intracellular organic compounds (Urbani et al., 2005; Zohary et al.,
2005; Moore et al., 2008; Tanaka et al., 2011; Sebastian et al., 2016). Furthermore,
other studies showed that the phytoplankton in the ocean uses non-phosphorus lipids in
response to P scarcity stress (Van Mooy et al., 2009; Obata et al., 2013; Brembu et al.,
2017). All these studies show the importance of P on structuring the ocean
phytoplankton community and on the metabolism of microalgae cells. Despite this
wealth of information on P-stress on phytoplankton species, the subsequent degradation
of phytoplankton grown under P-stress is a research topic that has not been thoroughly
examined until now in the scientific literature. Thus, despite the fact that several studies
have focused on the degradation of phytoplankton and sinking marine particles by
following their bulk individual components (e.g., proteins, carbohydrates, lipids, etc.;
Harvey et al., 1995; Harvey and Macko, 1997; Panagiotopoulos et al., 2002; Goutx et
al., 2007; Engel et al., 2009) for 2-3 weeks, very little is known on the chemical
alteration of frustules, including the silica dissolution and decomposition rates of P-
stress grown diatoms that further impact the export of photosynthetic carbon. Indeed,

biogeochemical models predict a future increase in nutrient limitation across most of the
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ocean (Bopp et al., 2005). Consequently, it is important to study whether P-stress grown
diatoms have the potential to be rapidly mineralized or accumulated within the
dissolved organic matter pool or marine sediments, which further determines the time
scale at which mineralized diatom carbon will reach the atmosphere.

The present study aims to examine the prokaryotic degradation and the frustule
dissolution, and thus, the fate of marine diatoms that are previously grown under
different P-conditions (“P-replete” and “P-stress”). In this study we followed the
changes in the chemical composition of a very well-known diatom species,
Thalassiosira weissflogii, by monitoring particulate organic carbon (POC), organic
nitrogen (PON), biogenic silica (bSiO,), and total carbohydrates (PCHO) over a period
of 3 weeks. In contrast to previous investigations that estimated degradation rates on 3-
day to 1-week experiments (Goutx et al., 2007; Wetz et al., 2008; Piontek et al., 2009),
we chose this unusual long-term degradation experiment recognizing that dead diatoms
may reside for a long period of time in the ocean and especially in the bathypelagic
layers (Agusti et al., 2015). It is important to note that a 3-week degradation experiment
requires that the starting conditions must contain a high amount of diatom cells in order
to follow their different pools (i.e., POC, PON, PCHO, and bSiO;), which is only
feasible using a dense diatom culture (Sun et al., 1993; Suroy et al., 2015). At the
molecular level, the effect of P-stress on the degradation rate constants of the individual
monosaccharides was also evaluated. The results are compared and discussed along

with the bulk degradation features of the POC, PON, bSiO, and PCHO.

2. Materials and Methods

2.1. Experimental design
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The experimental protocol used in this study has been set up to follow the
impact of P-stress on the degradation of the different pools of organic and inorganic
matter (POC, PON, and bSiO,), including the PCHO in dead diatoms, for 3 weeks. We
used T. weissflogii as a model diatom as this ubiquitous species has extensively been
studied in terms of transparent polymer production (Chen et al., 2015), aggregation and
sedimentation (Seebah et al., 2014), growth rates under N- and Si- starvation (De La
Rocha et al., 2010; Suroy et al., 2015), and photosynthetic efficiency under P-stress (Liu
etal., 2011). A schematic view of the experimental protocol employed in this study is
presented in Fig. 1. Briefly, T. weissflogii cells were grown under two different
conditions, namely, “P-replete T. weissflogii” (control condition) and “P-stress T.
weissflogii”. Thalassiosira weissflogii cells were then killed and inoculated in 0.7 pm
filtered seawater containing its natural prokaryotic community, to monitor the net

degradation for 3 weeks.

2.1.1. Preparation of ““P-replete” and ““*P-stress™ T. weissflogii cultures

The marine ubiquitous diatom T. weissflogii (strain CCMP 1049) was obtained
from the IFREMER facility (Argenton station, France), and the initial culture in /2
medium was treated with a mix of antibiotics, including penicillin G, streptomycin, and
gentamycin, to remove bacteria (Guillard, 2005). The absence of bacteria was checked
by placing the inoculum on ZoBell agar plates (ZoBell, 1941). The PO, starvation
experiments were undertaken in a 10 L batch culture by switching the medium supply
from normal /2 to a PO4*-free f/2 medium (Guillard and Ryther, 1962; Fig. 1). As
such, two 10 L culture batches were prepared: one “P-stress T. weissflogii” batch and

one “P-replete T. weissflogii” batch. Both axenic cultures in batches were maintained
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for 1 week at 18 °C (£ 1 °C) under a light/dark cycle (16 h: 8 h) under a photon flux
density of 180 umol photons m™ s™. The impact of P-stress on T. weissflogii cells was
evaluated by monitoring the photosynthetic parameters using fluorescence (WATER/B
— PAM, Walz, Effeltrich, Germany; Schreiber et al., 1986) and Fourier-transform
infrared spectroscopy (Tensor 27 BRUKER; Beardall et al., 2001). The maximum
energy conversion efficiency or quantum efficiency of photosystem Il charge separation
(Fv/Fm) decreased from 0.6 to 0.3 on day 7. At this time, the maximum photosynthetic
electron transport rate (ETRmax) obtained from light curves relating the ETR to the
irradiance decreased from 2.9 to 0.013, indicating that “P-stress T. weissflogii” cells
were not able to maintain photosynthesis after 7 days (Soler, 2010). The FTIR spectra
of the entire cells also showed significant changes in the T. weissflogii cell structure
under P-stress conditions (Fig. S1). The T. weissflogii cell numbers obtained in the 10 L
batches after this treatment were approximately 1.8 x 10° cell L™ for both cultures (“P-
replete T. weissflogii” and “P-stress T. weissflogii”’). The T. weissflogii cultures were
then concentrated by centrifugation (20 min at 2000 rpm), the supernatant was

discarded, and the pellets were frozen at —80 °C for 24 h to kill T. weissflogii without

breaking their cells (Soler, 2010; Fig. 1).

2.1.2. Degradation experiment

The pellets of the T. weissflogii cells grown in the two different treatments (“P-
replete” and “P-stress™) were resuspended in 12 L degradation batches that were filled
with 0.7 pum filtered natural seawater sampled at a depth of 10 m in the Bay of Brest.
The final T. weissflogii cell concentration was similar in the two degradation batches

(Table 1) and large enough to ensure a clear signal for all the measured parameters until
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the end of the 3 week degradation experiment (see below). The nitrate, phosphate, and
silicate concentrations in seawater on the day of sampling were 0.33, 0.05, and 0.66
MM, respectively. The seawater temperature was 15.8 °C, which was almost identical to
that used for the incubation experiments (see below). The seawater was filtered at 0.7
pum GF/F (47 mm, Whatman; baked at 450 °C for 6 h) to remove phyto- and
zooplanktonic organisms while maintaining most of the natural prokaryotic community
(Duhamel et al., 2007; Suroy et al., 2015).

The prokaryotic inoculum concentrations were estimated before the addition of
T. weissflogii. Thalassiosira weissflogii cellular concentrations were estimated on day 1,
considering that 24 h are necessary for T. weissflogii cells to adapt to the new medium
(prokaryotes plus dead T. weissflogii cells), resulting in a homogenous mixture for
sampling. Hence, we considered that the degradation experiment started 24 h after the
setup of the degradation batches, assuming that there was little variability in the POC,
PON, bSiO,, and PCHO concentrations between day 0 and day 1 of the experiment.
Thus, the ratio of these parameters to the T. weissflogii cells did not change dramatically
in this time interval. The degradation batches were placed on an orbital shaker table at
16 °C in the dark, and punched caps were used to ensure gas exchange. The batches
were sampled daily for their biochemical parameters (POC, PON, bSiO,, and PCHO),
including the total counts of heterotrophic prokaryotes over 21 days. Replicate samples
(n = 2-3) were taken throughout the degradation experiments, mainly on days 2, 6, 9,
12, and 19, depending on the experiment (see also figure captions). Prior to each
sampling, the batches were gently shaken to ensure homogeneity. At the end of the
experiment, approximately 40% of the initial volume remained in the bottle to minimize

batch effects.
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2.2. Prokaryotic and T. weissflogii cell counts

Prokaryotes were counted on 5 mL samples at each time point by flow
cytometry using a FacsVerse flow cytometer (Becton Dickinson, San Jose, USA). Data
from the flow cytometer were processed using the BD FacSuite™ software, according
to previously described methods (Troussellier et al., 1993; Marie et al., 1997; Marie and
Partensky, 2006). The T. weissflogii cell numbers were also measured by flow
cytometry on the first day of the biodegradation experiment to obtain information about

the initial T. weissflogii concentrations.

2.3. POC and PON analysis

Each day, a 10 mL sample from each of the degradation batches (“P-replete” and
“P-stress”) was collected and filtered on 0.7 um precombusted GF/F filters (450 °C, 6
h) for POC and PON concentration measurements. The filters were dried overnight in
an oven at 50 °C. The POC and PON levels were measured on the same filter using a
Carlo Erba NA 2100 CN analyzer coupled with a Finnigan Delta S mass spectrometer
(Nieuwenhuize et al., 1994). The detection limits were 5 pg and 1 pg for POC and

PON, respectively, with a standard error of 2—-3%.

2.4. SiO, analysis

To monitor the bSiO, dissolution, each day 10 mL samples from each of the
degradation batches were filtered on 0.45 um polycarbonate filters. Filtrates were
directly analyzed for dissolved silica (dSi; see below), whereas filters were dried
overnight and used for bSiO, analysis using a variation of the method of Ragueneau and

Tréguer (1994). Following this protocol, the filters were digested in 0.2 N NaOH during
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4 h at 95 °C, then the solutions were cooled in ice, neutralized using 1 N HCI, and
centrifuged to remove remaining solids. As no lithogenic silica was present in the algal
culture, the second digestion step using HF was omitted. The overlying water was
analyzed for dSi using the molybdate blue spectrophotometric method adapted by
Gordon et al. (1993) for use in segmented flow colorimetry. Standards were made in
distilled water for bSiO, analysis and artificial seawater for dSi. The analysis was

performed on a Bran and Luebbe Technicon Autoanalyzer (< 1% precision).

2.5. PCHO analysis

Similar to the POC, PON, and bSiO, measurements, a 10 mL sample from each
of the degradation batches was collected and filtered on 0.7 um pre-combusted GF/F
filters (450 °C, 6 h) for the PCHO analysis using the procedure described by Suroy et al.
(2015). Briefly, filters were cut with clean scissors, transferred into glass tubes, and
hydrolyzed with 1.2 M H,SO, for 3 h at 100 °C (Panagiotopoulos and Wurl, 2009). The
samples were neutralized with pre-combusted CaCOj3 (450 °C for 6 h) and were
pipetted into scintillation vials for liquid chromatography analysis (Suroy et al., 2015).

A Dionex 1CS-3000 anion exchange chromatograph fitted with a pulsed
amperometric detector (HPAEC-PAD) was used for all PCHO analyses. Details of the
analytical procedure have been provided elsewhere (Panagiotopoulos et al., 2012; Suroy
et al., 2015). Ten individual monosaccharides were detected in the hydrolysates of the
particulate organic material, including deoxysugars (fucose and rhamnose), pentoses
(arabinose, ribose, and xylose), one amino sugar (glucosamine), hexoses (galactose,
glucose, and mannose), and one acidic sugar (galacturonic acid). The neutral and amino

sugars were separated with an isocratic 19 mM NaOH elution at 17 °C, whereas

10
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galacturonic acid was detected in a separate analysis using a gradient elution
(Panagiotopoulos et al., 2012). The flow rate was set at 0.7 mL min for neutral and
acidic sugar analyses. The data acquisition and processing procedures were performed
using the software Chromeleon®. The analytical errors calculated by the coefficients of
variation of the repeated injections of a standard solution of 50 nM/sugar were 5-10%
and 0.9-2.0% (n = 6) for the peak area and retention time, respectively. The total
particulate carbohydrate concentrations (UM) are given in C-equivalents and the relative
abundances (mol%) of their monomeric constituents (e.g., monosaccharides) are given

in Table 2.

2.6. Statistical analysis and estimation of kinetic parameters

The degradation of bulk organic matter (POC and PON), bSiO, dissolution,
PCHO, and individual monosaccharides were monitored using a statistical comparison
of three mechanistic models.

Model 1 is a simple first-order exponential rate equation (1) as described by
Greenwood et al. (2001), that has been used in many dissolution/degradation studies
(e.g., Kamatani and Riley, 1979; Kamatani et al., 1980; Kamatani, 1982):

C=C,.et™Y 1)
where:
Ct is the concentration (UM) estimated at time t (d),
Cy is the initial concentration, and
k is the dissolution/degradation rate constant (d™).
Model 2 is a second-order equation (2) that considers two pools of organic

matter with different reactivities. It is similar to the equation that was used by Westrich
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and Berner (1984) for carbon degradation, and more recently it has also been employed
for bSiO; dissolution (Moriceau et al., 2009; Boutorh et al., 2016):

Cy=C, e+, (2a)
where:
Ct is the concentration (uM) estimated at time t (d),
C, and C; are the initial concentrations (uM) of pools 1 and 2, respectively, and

k; and k; are their respective degradation rate constants (d™?).

As equation (2) uses more parameters, Model 2 always produces a better fit than Model
1. It was found that for most of the examined parameters (i.e., POC, PON, and PCHO),
the second degradation rate constant (i.e., k) was equal to zero. In this case, the model

only has 3 variables: C;, C, and k; (see equation 2b).

A -kq.
C(t) = Cl.e( 1

+C, (2b)
The best model was chosen using the Shapiro-Wilk and Constant Variance Test

statistical tests in Sigmaplot, which favors the goodness of fit and the lowest number of

parameters. Likewise, the bulk parameters (POC and PON) and PCHO were best

modeled using equation (2b), whereas individual monosaccharides and bSiO, were best

modeled using equations (1) and/or 2(b) (Tables 3, 4).

3. Results
3.1. Initial observations

At the beginning of the biodegradation experiment, the diatom cell
concentrations were 6.60 x 10" cell L™ in the “P-replete T. weissflogii” degradation

batch and 6.80 x 10 cells L™ in the “P-stress T. weissflogii” degradation batch (Table

12
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1). These concentrations are similar to those observed during a simulated T. weissflogii
bloom (Diekmann et al., 2009) but an order of magnitude higher than those generally
observed in “natural” bloom concentrations (Grattepanche et al., 2011; Smetacek,
1985).

The results indicated that the “P-stress T. weissflogii” growth conditions induced
increases of 29% (mol %) in the carbon and 44% (mol%) in nitrogen per cell compared
to the “P-replete T. weissflogii” conditions. On the other hand, bSiO, showed the
opposite trend as it was lower in the “P-stress T. weissflogii” degradation batches than
in the “P-replete T. weissflogii” degradation batches (Table 1).

In this study, POC and PON values (Table 1) were not corrected for prokaryotic
carbon and nitrogen because only free and not attached prokaryotes were counted.
Nevertheless, the POC and PON values presented here fall within the same order of
magnitude as those generally reported for T. weissflogii species (Waite et al., 1992; De
La Rocha et al., 2010) and agree well with the results of a previous study of the same
species in which corrections for prokaryotic carbon and nitrogen were made (Suroy et
al., 2015).

Prokaryotic concentrations were measured after 24 h in both the “P-replete T.
weissflogii” and “P-stress T. weissflogii” degradation batches. The results showed that
the prokaryotic concentrations were similar (5.6 and 7.0 x 10™ cell L™) for the “P-stress
T. weissflogii” and “P-replete T. weissflogii” batches at the beginning of the
experiments and that they peaked on day 1 (Table 1; Fig. 2). After day 1, prokaryotic
concentrations slowly decreased to reach their first plateau on day 5 (2.5 and 3.1 x 10*°
cell L™ for the “P-stress T. weissflogii” and “P-replete T. weissflogii” batches,

respectively) and a second plateau on day 12 (3.3 and 3.7 x 10 cell L™ for the “P-

13
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stress T. weissflogii” and “P-replete T. weissflogii” batches, respectively) until the end
of the experiment (Fig. 2). Such prokaryotic features observed during biodegradation
experiments agree with previous results performed in sinking marine particles
(Panagiotopoulos et al., 2002; Panagiotopoulos and Sempéré, 2007), Skeletonema
marinoi (Moriceau et al., 2009), Emiliania huxleyi calcium carbonate frustule (Engel et
al., 2009), and Si/N- stress T. weissflogii (Suroy et al., 2015), indicating that the
decrease in the particulate organic matter pool is the result of prokaryotic respiration
and growth.

The results of the degradation experiment in the “P-replete T. weissflogii” batch
show increases in POC and PON concentrations (of approximately 50% and 60% for
POC and PON, respectively), which were observed between T, and T, (Fig. 3). A
similar pattern has already been observed in other studies and is probably due to re-
aggregation of the < 0.7um pool related to the addition of the prokaryotic community,
which boosts the stickiness of the exopolymeric compounds (EPS) excreted by the T.
weissflogii (Géardes et al., 2010) as well as the heterogeneity in the batch (Suroy et al.,
2015). In addition, PCHO, glucose, and galactose, which are known to be the main
constituent of the EPS copiously secreted by diatoms (Magaletti et al. 2004; Urbani et
al. 2005), also increased between T, and T in the “P-replete T. weissflogii” batches,
which further reinforces the hypothesis of re-aggregation (Fig. 4b; Fig.5). After T, the
POC and PON concentrations decreased over time, which typically reflected the
decomposition patterns of T. weissflogii-POC and T. weissflogii-PON (Fig. 3). In
contrast to the “P-replete T. weissflogii” batch, the POC and PON concentrations in the

“P-stress T. weissflogii” batch began to decrease at Ty.
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Contrarily, as minute or no bSiO; is associated with the organic matter that re-
aggregates in the colloidal pool, the bSiO, concentrations remained rather stable in the
“P-replete T. weissflogii” batch during the first days of the experiment (Fig. 4a). Similar
to POC and PON, bSiO, concentrations also began to decrease at Ty in the “P-stress T.
weissflogii” batch (Fig. 4a). The degradation of all the biochemical compounds is
expressed in our study as its decrease relative to its highest concentration measured
before the degradation/dissolution started.

Similar to POC, the initial concentration of the PCHO-C in the “P-stress T.
weissflogii” degradation batch was higher than in the “P-replete T. weissflogii”
degradation experiment (169 vs. 110 uMC; Table 2). At T, PCHO represented 14 and
16% of POC for the “P-replete T. weissflogii” and “P-stress T. weissflogii” degradation
experiments, respectively, indicating the slight preferential allocation of photosynthetic
carbon into T. weissflogii cells under “P-stress” conditions (Table 2). As for POC and
PON, the PCHO-C concentrations also peaked at T, (Fig. 4b) for the “P-replete T.
weissflogii” experiment, supporting the previously mentioned hypothesis regarding
DOM aggregation.

Qualitatively, the sugar composition recorded in T. weissflogii comprised three
aldohexoses, three aldopentoses, two deoxysugars, one aminosugar, and one uronic acid
(see above; Table 2). Five monosaccharides generally dominated the T. weissflogii
carbohydrate composition namely, galactose, glucose, xylose, ribose, and mannose.
These monosaccharides accounted for 65% and 78% of PCHO in the “P-replete T.
weissflogii” and “P-stress T. weissflogii” degradation batches, respectively, at the

beginning of the biodegradation experiment. It is worth noting that the “P-replete” batch
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was particularly enriched with ribose (~20%) and galacturonic acid (2%) when

compared to the “P-stress” batch (Table 2).

3.2. Organic matter degradation
3.2.1. Bulk parameters (POC, PON, and bSiO,)

The POC and PON degradation followed similar patterns in both batches, with
an initial period of degradation (approximately 7-8 days from the beginning of the
experiment) in which the T. weissflogii-organic matter degraded faster, followed by a
second period in which the T. weissflogii-organic matter concentrations remained
constant (Fig. 3a). The best fits for the degradation of the POC and PON were obtained
using equation 2b.

The k; degradation rate constant of POC was two times higher in the “P-replete
T. weissflogii” batch than in the “P-stress T. weissflogii” batch (0.40 + 0.05 d™* vs. 0.19
+0.05 d'; Table 4). The results showed that after 7-8 days of degradation,
approximately 36% of the POC from the “P-replete” experiment was decomposed,
whereas this amount was slightly higher for the “P-stress” experiment (approximately
43%) over the same period (Fig. 3a). Then, POC concentrations remained stable and
reached a plateau accounting for approximately 60% of the initial POC in both batches
(Fig. 3a).

The degradation rate constant of PON was higher in the “P-replete” batch than in
the “P-stress” batch (0.27 + 0.02 d* vs. 0.17 + 0.03 d™*; Table 3). Similar to POC, after
7-8 days of degradation, PON concentrations reached a plateau that accounted for
approximately 40% of the initial PON in both batches (Fig. 3b). The bSiO, in the “P-

replete” and “P-stress” batches dissolved with the exponential decrease commonly
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observed in dissolution experiments and bSiO; dissolution rate constants were
calculated according to model 1. An opposite trend was observed when compared to
POC and PON degradation, with a faster bSiO, dissolution in the “P-stress T.
weissflogii” batches than in the “P-replete T. weissflogii” batches. Frustules from the
“P-stress” T. weissflogii batch were dissolved with a rate constant of 0.05 + 0.02 d™,
about twice the rate calculated in the “P-replete T. weissflogii” batch (0.02 + 0.01 d™*;
Table 3). After 3 weeks of dissolution, about 38% of the bSiO, has been dissolved in
the “P-replete T. weissflogii” batch while 64% of the bSiO, has been dissolved in the

“P-stress T. weissflogii” batch.

3.2.2. PCHO

In contrast to POC and PON, and alike bSiO,, the degradation rate constant for
the PCHO—C was higher in the “P-stress T. weissflogii” batch (0.92 + 0.18 d™*) than in
the “P-replete T. weissflogii” batch (0.15 + 0.08 d™%), indicating a rapid degradation of
carbohydrates from T. weissflogii grown under P-stress conditions (Fig. 4b; Table 3). At
the end of 20 days of degradation, approximately 60% of the initial PCHO-C pool
remained in the “P-replete T. weissflogii” batch, whereas PCHO-C represented 30% of
the initial PCHO-C pool in the “P-stress T. weissflogii” batch.

The degradation rate constants showed significant differences between the
monosaccharides in these two experiments. In general, higher values were recorded in
the “P—stress” experiment than in the “P-replete” experiment, which agrees with the
pattern that was observed for the total PCHO pool (Table 3). Xylose, followed by
glucose and galactose, were the monosaccharides that exhibited the highest degradation

rates in the “P-stress” experiment (k; = 0.80-1.52 d™*), whereas galacturonic acid,
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ribose, and galactose rates reached the highest values in the “P-replete” experiment (ky
=0.17-0.49 d*; Fig. 5). The degradation rate constants of the other monosaccharides
showed little (e.g., glucosamine and rhamnose) to no degradation (e.g., arabinose) in
both experiments (Table 4). The non-degradable pool (i.e., C,) comprised 29-83% and
17-61% of the “P-replete” and “P-stress” T. weissflogii batches, respectively (Fig. 5;

Table 4).

4. Discussion

4.1. Impact of P-stress on the initial biochemical composition of T. weissflogii

Previous investigations that assessed the impact of P-stress on diatoms observed
increases in their absolute carbon (pmol C cell™), probably attributed to the biosynthesis
of sulfolipids and betaine lipids (Obata et al., 2013; Brembu et al., 2017), and
occasionally in their nitrogen (pmol N cell™) content (Lynn et al., 2000; Chauton et al.,
2013). The results of this study agree with the general increase of C and N content and
confirm that a P-stress may strongly affect the carbon and nitrogen contents per cell of
T. weissflogii (Table 1). Our results also showed a decrease in the bSiO, content due to
P-stress, which was also reflected in the Si/C and Si/N ratios (Table 1). It is generally
admitted that a decrease in the growth rate due to nutrient stress other than Si-limitation
leads to an increase of the cellular bSiO, content (Martin-Jézéquel et al. 2000, Claquin
et al. 2002). However, low Si quotas have sometimes been measured for nutrient-
stressed diatoms in in situ or laboratory studies, which may partially be explained by the
simultaneous decrease of the T. weissflogii cellular volume (Bucciarelli et al. 2010;
Lasbleiz et al. 2014; Suroy et al., 2015; Boutorh et al., 2016). These results are contrary

to what has been measured for T. pseudonana (Claquin et al., 2002) but agree well with
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what has been observed for T. weissflogii (De La Rocha et al., 2010), emphasizing the
idea that diatoms of the same genus may have a different physiological response to
environmental stress.

The elemental ratios of the “P-replete” cells were similar to those reported in the
literature (Redfield et al., 1963; Brzezinski, 1985; Sarthou et al., 2005), with C/N of 6.7,
Si/N of 1.1, and Si/C of 0.17. P-stress induced a decrease of the Si/N and Si/C ratios
from 1.1 to 0.46, and from 0.17 to 0.08, respectively, which is similar to what has been
observed for N- and Si- limitations stress (Suroy et al., 2015). In our study, P-stress
induced a slight decrease in the C/N ratio from 6.7 to 6 (Table 1). Contrarily, most
previous studies observed an increase in C/N ratios under nutrient stress especially for
N- and Si- stress (Suroy et al., 2015; De La Rocha et al., 2010). However, a recent study
by Clark et al. (2014) illustrated very well the strong variability of C/N ratios under P-
limitation stress for T. weissflogii. The variability of this ratio may be explained by an
irregular excretion of polysaccharides to regulate the C/N ratios of diatom cells (Suroy
et al. 2015).

The PCHO concentrations in the “P-replete T. weissflogii” batch were lower
than those found in the “P-stress T. weissflogii” batch, accounting for 14% and 16% of
POC, respectively (Table 2). The carbohydrate data presented here agree with those of
previous investigations that assessed the impact of P-stress in T. pseudonana after
analyzing its carbohydrate and lipid components (Harrison et al., 1990b; Urbani et al.,
2005). Moreover, our results are consistent with the potential regulation of glycolysis
that has been observed in similar diatoms (e.g., T. pseudonana) that face strong

phosphate limitation (Dyhrman et al., 2012).
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At the molecular level, the carbon allocation towards the carbohydrate
component under “P-stress T. weissflogii” conditions was mainly reflected by the
largest proportions of glucose, galactose, and xylose (Table 2). Galactose and xylose are
generally found as parts of structural, extracellular heteropolysaccharides, whereas
glucose is derived from both structural and storage (5-1,3 glucan; e.g., chrysolaminarin)
compounds in diatoms (Haug and Myklestad, 1976; Hicks et al., 1994; Chiovitti et al.,
2003; Starseth et al., 2005). Although the carbohydrate analysis presented here does not
allow for the differentiation of the origin of glucose (i.e., storage vs. structural
monosaccharide), the high levels of glucose, galactose, and xylose most likely reflect
the excretion and rapid degradation of structural polysaccharides under P-stress
conditions (Magaletti et al., 2004; Ai et al., 2015). It is worth noting that high glucose
and xylose levels have also been reported under “N-stress” conditions for T. weissflogii
(Suroy et al., 2015). The most striking result of this study is the low relative abundance
of ribose in the “P-stress” experiment (4.3% of PCHO) compared to the “P-replete T.
weissflogii” experiment (19.5% of PCHO; Table 2), which further suggests the better
physiological status of T. weissflogii cells, and the presence of ribose—containing
molecules (e.g., DNA and ATP) under “P-replete T. weissflogii”” conditions. This result
is consistent with previous investigations that assessed N- and Si-stress in T. weissflogii

cells and showed low ribose levels (Suroy et al., 2015).

4.2. Effect of P-stress on the degradation of T. weissflogii organic matter, bSiO,

dissolution, and PCHO T. weissflogii dynamics

The kinetic calculations of the POC and PON degradation of T. weissflogii

grown under P-replete or P-stress conditions, suggest the presence of two pools of
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organic matter: one that exhibited high degradation during the first 7-8 days, and a
second, less degradable pool that showed no degradation (k, = 0 for model 2b) and left
behind a so-called “recalcitrant” component (Table 3; Fig. 3). Such a feature has already
been well-documented for different types of organic matter, including fresh
phytoplanktonic cultures (Westrich and Benner, 1984; Harvey et al., 1995; Sempéré et
al., 2000; Moriceau et al., 2009). In an earlier study on T. weissflogii degradation under
Si- and N-stress conditions (Suroy et al., 2015), it was observed that the second-order
degradation rate constant (i.e., k) was almost equal to zero (k; >> k, = 0), which agrees
with the data presented in Table 3. Moreover, and similarly to N-stressed T. weissflogii
(Suroy et al., 2015), the degradation rate constants for POC and PON were higher for
the T. weissflogii grown under “P-replete” conditions than those grown under “P-stress”
conditions, suggesting that nutrient growth conditions (herein the availability of P) also
impact the degradation of photosynthesized organic matter. Degradation rates of POC
and PON also indicated that N-containing organic molecules disappear more rapidly
when they are produced by T. weissflogii cells grown under the presence of P (Table 3).
Moreover, while the pool of degradable material was more rapidly utilized in the “P-
replete T. weissflogii” batch than in the “P-stress T. weissflogii” batch, the contribution
of the non-degradable pool to the global PON and POC was similar in both batches
(Fig. 3). Overall, the results showed that the diatom-organic matter resulting from a P-
stress environment might be less labile than the diatom-organic matter produced in
nutrient-replete surface layers. Therefore, if P limits diatom growth, diatom-organic
matter is less susceptible to degradation despite the fact that similar amount of total
PON and POC may reach the mesopelagic/bathypelagic layers after 21 days of

degradation (Fig. 3).
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In contrast to with POC and PON, which degraded less rapidly under “P-stress”
conditions, bSiO, showed a higher dissolution in the “P-stress” experiment (Table 3).
Indeed, we measured a dissolution rate constant twice faster in the “P-stress T.
weissflogii” batch than in the “P-replete T. weissflogii” batch. The FTIR spectra of the
frustule cleaned from the organic coating showed that more organic matter was
associated to the “P-replete” than to the “P—stress” frustule (Soler, 2010; Fig. S2). This
result strongly suggests that when silica frustules are closely associated with a high
amount of organic matter, bSiO, dissolution rate (as shown by FTIR spectra) is slowed
down which agrees with a similar study performed in our lab on Pseudonitzschia
delicatissima (Boutorh, 2014). Indeed, the bSiO; dissolution involves a reaction
between the silanol group of the frustules and a water molecule. Therefore, a high
amount of organic matter associated to the frustules may reduce the access to the
reactive silanol groups, which further decreases the bSiO, dissolution rate (Loucaides et
al. 2010). Overall, these results suggest that bSiO, produced under “P-stress” contains
less organic matter and is less resistant to dissolution. The ballast effect of the bSiO,
may, therefore be decreased initially because of the low Si/C ratios (Armstrong et al.,
2002; Armstrong et al., 2009; Tréguer et al., 2018; Table 1) resulted from “P-stress” and
secondly because bSiO; dissolves more rapidly in “P-stress” than in “P-replete” T.
weissflogii batches.

The rapid degradation of PCHO observed for the “P—stress T. weissflogii”
experiment (Table 3) implies an allocation of excess carbon toward highly energetic
molecules (i.e., carbohydrates), which can easily be assimilated after enzymatic
hydrolysis (Fig. 4b). At the molecular level, this finding was mainly reflected in the

contents of galactose, glucose, mannose, and xylose, which were among the most
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abundant compounds (Table 2). The elevated concentrations of galactose, accompanied
by xylose and glucose, and mannose, in the “P-stress T. weissflogii” batch when
compared to the “P-replete T. weissflogii” batch most likely indicate the biosynthesis
and/or excretion of structural polysaccharides during diatom growth under “P-stress T.
weissflogii” conditions. The above monosaccharides are known to constitute the
building blocks of structural polysaccharides (i.e., heteropolysaccharides) and are
rapidly degraded by prokaryotes (Table 2; Fig. 5). Alternatively, these structural
polysaccharides may contribute to building up the extracellular pool of EPS (Myklestad,
1977; Urbani et al., 2005; Passow, 2002), rich in glucose (Waite et al. 1995), and are the
precursors of transparent exopolymer particles (TEP). In turn, TEP may trigger the
formation of large, fast-sinking aggregates that are known to increase C export (Passow,
2002; Moriceau et al., 2007; Seebah et al., 2014; Chen et al., 2015).

In contrast to the above monosaccharides, ribose exhibited higher degradation
rates in the “P-replete T. weissflogii” degradation experiment than in the “P-stress T.
weissflogii” degradation experiment. This result, in conjunction with the elevated
concentrations of ribose in the “P-replete” experiment, points toward a high lability of
T. weissflogii organic material (note that ribose may be considered as a good proxy of
fresh organic material as it is mostly found in metabolically active organisms), and a
subsequent better degradation “behavior” of prokaryotes when T. weissflogii cells are
grown under the presence of P (Table 2). Moreover, the exhaustion of ribose during the
growth of T. weissflogii in the absence of P resulted in little bioavailability of these
energy-rich ATP-containing molecules during degradation, as suggested by their low
degradation rates (Table 4). A similar observation was made for ribose under N- and Si-

stress conditions during the degradation of T. weissflogii (Suroy et al., 2015).
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5. Conclusions

This study showed that “P-stress T. weissflogii” conditions induced an increase in the
contents of POC and PON in the T. weissflogii cells, with a concomitant decrease in
their silicon content (bSiO;). The initial T. weissflogii chemical composition in the “P-
stress” cells was characterized by high abundances of glucose (19% of PCHO),
galactose (23%), and xylose (21%) compared to the “P-replete” cells, which were
dominated by ribose (20% of PCHO). These results clearly suggest that “P-stress T.
weissflogii” conditions cause changes in carbon allocation toward the carbohydrate
component (i.e., synthesis of storage/structural polysaccharides). The modeling of T.
weissflogii degradation in terms of bulk organic matter (POC, PON, and bSiO5)
indicated that the degradation rate constants for POC and PON were always higher in
the “P-replete T. weissflogii” experiment (k; = 0.27-0.40 d™) than in the “P-stress T.
weissflogii” experiment (k; = 0.19-0.17 d™%). Contrarily, bSiO, formed under “P-stress
T. weissflogii” conditions dissolved more rapidly than bSiO, produced under “P-replete
T. weissflogii” conditions as the latter contains more organic matter strongly associated
to the frustule. Overall, our study illustrates the critical role that P plays in the
degradation of diatom organic matter and its impact on silica frustule dissolution and
carbohydrate decomposition. Although further investigations are needed with different
types of diatoms in order to make any generalizations, it appears that P-limitation on
diatom growth may have important implications to the degradation of diatom-derived

organic matter and, consequently, to the associated export fluxes to the ocean interior.
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Table Captions:

Table 1. Initial parameters measured in each batch at the beginning (T,) of the
experiment. The previous assumption also considers that there is little variability in the
POC, PON, and bSiO, concentrations between day 0 and day 1 of the experiment. Thus,
the ratio of these parameters to the diatom cell does not change drastically between day

0 and day 1.

Table 2. Elemental carbohydrate compositions (as percentages of total sugar, mol%)
and the total PCHO-C concentrations (uUM) during the 21 days of degradation. The
PCHO vyields are given as a percentage of the total PCHO-C relative to the POC.
Abbreviations: Fuc. — Fucose; Rha. — Rhamnose; Ara. — Arabinose; GIcN. —
Glucosamine; Gal. — Galactose; Glc. — Glucose; Man. — Mannose; Xyl. — Xylose; Rib. —
Ribose; GalUA. — Galacturonic Acid. The number of replicates is given in the caption

of Fig. 4.

Table 3. Estimated kinetic parameters for POC, PON, bSiO, and PCHO during the
degradation of T. weissflogii. The standard error (SE) is given for each estimate.
Extremely significant estimates are underlined (p < 0.0001). Kinetic parameters (k1, C)
were calculated according to models 1 and 2 using equations (1) and (2b) (see statistical
analysis and estimation of kinetic parameters section). ky and C- units are given in d™

and pmol/pmol, respectively.

Table 4. Estimated kinetic parameters for individual monosaccharides during the biotic

degradation of T. weissflogii. The standard error (SE) is given for each estimate.
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Extremely significant estimates are underlined (p < 0.0001). Abbreviations are the same
as in Tables 2 and 3. Kinetic parameters (ki in d™* and C; in pmol/umol) were

calculated according to model 1 and/or 2 using equations (1) and/or (2b).

Figure Captions:

Figure 1. Schematic presentation of the experimental design of sampling, growth and

prokaryotic degradation of T. weissflogii cells (Fig. adapted from Suroy et al 2015).

Figure 2. Evolution of prokaryotic concentrations over time in the “P-replete T.
weissflogii” and “P-stress T. weissflogii” batches during the biodegradation
experiments. The prokaryotic concentrations correspond only to the free prokaryotes

that were measured in the batches. At each sampling point n = 2.

Figure 3. Time course responses of the (A) POC and (B) PON relative concentrations
of T. weissflogii in the “P-replete T. weissflogii” and “P-stress T. weissflogii”” batches.
The relative concentrations were calculated by dividing the concentration on day t by
the concentration on days 0 and 2 for “P-stress T. weissflogii” and “P-replete T.
weissflogii” batches, respectively, for both POC and PON. The kinetics were estimated
using equation (2b) (section 2.6). Replicate subsamples (n = 3) for “P-replete” and “P-
stress” batches were performed on days 2, 6, 9, 12, and 19, and were used to feed the
degradation model (section 2.5). In the “P-stress” batch, only an n = 2 was obtained at

day 12 for both POC and PON.
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Figure 4. Time course responses of the relative concentrations of (A) bSiO, and (B)
PCHO in the “P-replete T. weissflogii” and “P-stress T. weissflogii” batches. The
relative concentrations were calculated by dividing the concentration on day t by the
concentration on days 0 and 2 for the “P-stress T. weissflogii” and “P-replete T.
weissflogii” batches, respectively, for both bSiO, and PCHO. The kinetics were
estimated using equations (1) and (2b). For bSiO, degradation, replicate subsamples (n
= 3) were performed on days 2, 6, 9, and 19; and 2, 6, 9, 12, and 19 for the “P-replete T.
weissflogii” and “P-stress T. weissflogii” experiments, respectively. On day 12, only an
n = 2 was obtained for the “P-replete T. weissflogii” experiment. For PCHO
degradation, replicate subsamples (n = 3) were performed on days 6, 12, and 19 and 2,
6, and 19 for the “P-replete T. weissflogii” and “P-stress T. weissflogii” experiments,
respectively. On days 9 and 12, only an n = 2 was obtained for the “P-stress T.

weissflogii” experiment.

Figure 5. Time course responses of (A) galactose, (B) glucose, (C) xylose and (D)
ribose in the “P-replete T. weissflogii” and “P-stress T. weissflogii” batches. The relative
concentrations were calculated by dividing the concentration on day t by the
concentrations on day 0 and 2 for the “P-stress” and “P-replete” batches, respectively,
for individual monosaccharides. The kinetics were estimated using equations (1) and

(2b). The degradation rates, including experimental points, are given in Table 5.
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Table 1.

T. weissflogii POC] /[T. PON]/[T. Prokaryotic . .
cc?nrdoi\?il:;s voIE?rggh(L) [ cells] ’ WeEssflog;ii[cell] We[issflo]gii[cell] [inoculzm] [t:IS'OZ]/[?'atﬁ_rTll
(cell LY (pmol cell ™) (pmol cell ™) (cell LY cell] (pmol cell *)
P-replete T.
weissflogii 12 6.60 x 10’ 12.0 1.8 7.02 x 10%° 2.0
P-stress T.
weissflogii 12 6.80 x 10’ 15.5 2.6 5.64 x 10%° 1.2
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969
970
971

Table 2.

Experiment  Time (d) Fuc. Rha. Ara. GleN. Gal.  Gle. Man. Xyl Rib. GalUA PCHO-C PCHO-C/POC
0 101 6.29 103 266 184 124 134 142 195 207 110 13.9
1 872 573 072 487 167 166 151 121 168  2.69 112 7.23
2 100 6.61 114 416 185 145 116 131 186  1.80 104 6.12
4 929 511 206 514 186 195 136 134 125 093 113 8.19
5 934 644 295 911 172 154 107 157 120 133 107 8.11
6 113  7.86 260 539 163 182 104 149 120 094 83.9 7.06
7 117 9.49 209 595 135 174 104 161 127  0.67 80.0 7.01
10 108 105 228 832 131 175 140 139 885 082 61.3 5.78
«P-replete T. 11 977 741 178 838 143 185 168 147 7.75 058 83.6 7.82
weissflogii» 12 7.75  9.30 1.74 847 149 185 185 137 653  0.56 89.3 9.04
14 9.12  9.00 218 772 150 200 120 153 935 0.45 68.4 5.74
16 892 10.1 286 637 121 215 101 154 114 131 46.1 4.32
17 941  10.0 237 696 139 200 111 150 961 166 62.4 5.99
18 8.00 871 315 518 145 21.0 138 160 840 1.20 80.1 7.29
19 100  9.99 403 571 122 194 947 168 112 125 54.2 4.97
20 764 842 132 639 122 190 974 133 873 135 70.6 6.47
21 817  8.92 695 668 123 193 116 161 856 1.42 65.8 6.01
0 6.11  2.90 656 140 230 186 154 214 432 034 169 16.0
1 8.05  4.87 358 157 204 248 167 130 637 0.9 97.2 9.57
2 123  6.76 461 205 212 138 155 150 836 058 68.5 7.32
\‘,‘V';:;fj;l) 5 117 606 711 344 173 148 140 141 111  0.39 59.3 7.42
6 132  6.24 980 178 150 164 7.82 148 143 062 46.2 5.67
7 112 6.40 579 315 181 204 966 148 102 035 73.4 9.43
8 125  6.31 881 229 154 211 9.05 140 101 048 44.3 5.96
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972

973

974

10
11
12
14
15
16
17
18
19
20
21

16.0
13.0
16.5
14.8
13.3
18.2
21.3
18.0
15.0
174
111
14.6

6.58
8.09
8.43
7.99
8.06
7.34
7.43
6.50
7.36
5.93
541
4.69

10.8
6.74
9.22
8.61
9.97
8.22
9.33
7.84
9.50
13.1
5.83
10.3

1.39
3.08
1.52
191
1.30
1.78
0.68
1.13
2.77
1.92
6.43
3.49

11.1
21.1
14.3
14.9
11.6
13.3
12.4
14.0
16.2
14.2
221
15.7

17.3
12.5
12.8
155
18.3
144
13.8
14.3
15.6
17.8
14.2
16.4

6.97
9.62
8.09
9.74
7.64
10.2
7.33
11.3
125
7.61
11.2
8.45

15.8
16.2
17.7
16.2
15.7
15.5
15.4
18.4
15.8
14.7
15.6
15.7

135
9.29
10.2
8.84
10.6
7.93
10.7
7.34
4.07
5.60
7.02
8.81

0.61
0.41
1.34
1.55
3.53
3.15
1.50
1.22
1.17
1.72
121
1.86

34.9
72.9
40.5
494
44.1
53.7
42.1
56.3
68.2
43.2
73.2
32.7

5.76
12.1
6.74
9.16
6.36
9.00
7.23
7.45
7.99
7.07
11.6
5.00
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975

976
977
978
979
980
981
982
983
984 Table 3.
985
986
«P-replete T. weissflogii » «P-stress T. weissflogii »
kl C2 kl CZ
Kinetic parameters Value SE Value SE R? Value SE Value SE R?
POC 0.40 0.05 0.62 0.01 0.94 n=27 0.19 0.05* 0.54 0.03 0.87 n=25
PON 0.27 0.02 0.34 0.01 0.98 n=27 0.17 0.03 0.29 0.04 0.91 n=24
bSiO, 0.02 0.01 - - 0.94 n=29 0.05 0.02 - - 0.95 n=32
PCHO 0.15 0.08 0.55 0.08 0.66 n=22 0.92 0.18 0.29 0.02 0.81 n=27

987 * p <0.001 (very significant at the 99.9% level).

988
989
990
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991

992
993 Table 4
994
995
« P-replete T. weissflogii » « P-stress T. weissflogii »
Kinetic parameteres kq C, kq C,
PCHO Value SE Value SE R? Value SE Value SE R?
Fuc. 0.08 0.03* 0.31 0.13* 0.93 n=21 0 0 - - 0 n=27
Rha. 0.01 0.01 - - 0.08 n=22 0.26 0.16 0.61 0.06 0.45 n=24
Ara. 0 0 - - 0 n=22 0 0 - - 0 n=27
GleN. 0.02 0.01 - - 0.15 n=22 0.21 0.22 0.38 0.11* 0.20 n=26
Gal. 0.17 0.06* 0.37 0.08* 0.77 n=22 0.80 0.16 0.20 0.02 0.80 n=27
Glc. 0.10 0.13 0.83 0.32 0.36 n=22 0.90 0.18 0.25 0.02 0.79 n=27
Man. 0.03 0.01* - - 0.25 n=22 0.62 0.10 0.17 0.02 0.87 n=27
Xyl. 0.10 0.08 0.56 0.14* 0.64 n=22 1.52 0.29 0.22 0.01 0.88 n=27
Rib. 0.32 0.02 0.27 0.01 0.98 n=22 0.05 0.01 - - 0.73 n =26
GalUA 0.49 0.19* 0.29 0.03 0.66 n=22 0 0 - - 0.00 n=27

996 * p < 0.05 (significant at the 95% level)
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Phosphorus limitation affects the molecular composition of
Thalassiosira weissflogii leading to increased biogenic silica
dissolution and high degradation rates of cellular carbohydrates
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Figure legends:

Fig. S1: FTIR spectra of the “P-replete T. weissflogii” (black line) and “P-stress T.
weissflogii” cultures (dash line). Cells analyzed by FTIR come from the preliminary culture
experiment that allowed us to establish the culture protocol ensuring a physiological response
of T. weissflogii cells to P-stress. Cultures preparation: T. weissflogii were cultured in
duplicate in f/2 and f/2 -free PO4*> media for 1 week at 18 °C (+ 1 °C) under a light/dark
cycle (16 h: 8 h) and a photon flux density of 180 pumol photons m=2 s, Sample preparation:
Aliquots of the T. weissflogii cultures were centrifuged, frozen and freeze dried. The powder
obtained was mixed with potassium bromide (KBr) and milled to obtain a fine powder. The
powder was compressed into a thin pellet before being placed in a desiccator (Schott) under 1
bar pressure for 30 minutes. FTIR analysis: spectra were collected on an FTIR spectrometer
equipped with a KBr beam splitter and fitted with a deuterated tri—glycinesulfate (DTGS)
detector. The figure show spectra between 2000 and 600 cm™ but absorbance spectra were
collected between 3600 and 600 at a spectral resolution of 4 cm= with 10 scans added and
averaged. Band assignments: band 1 and 2 are characteristic of amide | (~1650 cm™) and
amide 11 (~1550 cm™) functions, respectively, bands 3 to amine, bands 4 are mostly attributed
to carbohydrate (Giordano et al. 2001) while the bands noted under 5 in the figure represented
the Si—O bounds of the bSiO> (Coates, 2000; Giordano et al., 2001).

Fig. S2: FTIR spectra of the frustule in the “P-replete T. weissflogii” (red line) and in the “P-
stress T. weissflogii” batch (blue line) at day 2 (T2) of degradation. Briefly, samples were
collected after 2 days of degradation and frustules were extracted according Suroy et al.


mailto:christos.panagiotopoulos@mio.osupytheas.fr

(2014). The sample preparation and FTIR analysis were carried out as previously described in
the legend of Fig. S1. Band assignments: band 1 (centered around 2850 cm™) was attributed to
lipids (Coates 2000), the bands noted 2 on the spectrum are characteristic of amide 1 (~1650
cm™) and amide Il (~1550 cm™?) functions (Giordano et al. 2001, Coates 2000), bands 3 are
mostly attributed to carbohydrate (Giordano et al. 2001) while the 3 bands noted under 4 in
the figure represented the Si—-O bounds of the bSiO» (Coates, 2000; Giordano et al., 2001).
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