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Abstract. Man-made infrastructures are wildly developed in many coastal ecosystems.
Understanding and improving the positive interactions between concrete maritime
infrastructures and biological components remains one of the ecological engineering
challenges. The aim of this study is to evaluate the ability of a benthic diatom species,

Cylindrotheca closterium (C. closterium), to use the mortar of artificial marine structure
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as a silicon source for their own metabolism and growth. Diatoms are the dominant class
of primary producer in many ecosystems. Diatoms need to absorb dissolved silica (dSi)
in the form of Si(OH)4 in order to synthesize their cell wall (the frustule). Batch cultures
of C. closterium were performed under silicon limitation with or without the presence of
mortar. First, the dissolution Kinetics of silica from mortar in seawater were studied.
Thereafter, the interaction between microalgae and dissolution kinetic properties were
explored along with diatom biological parameters (Growth, biogenic silica per cell,
biovolume, silicification degree and photosynthetic parameters). The dSi released by the
mortar increases from the first days in the medium. Subsequently the Si(OH)4
concentration decreased when microalgae were introduced into the medium associated to
a parallel increase of the biogenic silica showing that cells are able to use dSi from the
mortar to elaborate their frustule. The study also identified modifications of some of
morpho-functional traits of C. closterium to maintain growth under limited Si conditions.
This study shows how the benthic diatom C. closterium are able to benefit and acclimate

from silica input provided by immersed artificial structures.

Keywords: marine ecology, Cylindrotheca closterium, mortar, silicon-limitation,

bioavailability, pH, dissolution kinetics, biogenic silica.

1. Introduction

In the marine environment, cementitious materials are often used to create hard artificial
structures. These have several applications for human activities, namely coastal
protection, coastal development etc. These artificial structures represent new habitats for
marine species and new approaches in eco-engineering [1-7] appearing to promote

positive interactions between the biological compartment and the cement matrix. The
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cementitious materials are bio-receptive in the marine environment [8]. Indeed, this hard
substrate is immediately covered by a thin layer of biofilm, which is the first phase of
biological settlement. The biofilm is composed of a succession of benthic communities
(mostly diatoms [9]) which favor the second phase of settlement with macro-algae and
other sessile organisms [9,10]. The surface heterogeneity and composition of artificial
structures determine specific benthic biological community recruitment [6,11].

Diatoms are important functional components of marine benthic ecosystems [12]. They
are eukaryotic unicellular photosynthetic microorganisms and are the dominant class of
primary producers in many coastal ecosystems. They are characterized by a silica cell
wall, frustule which consists essentially of hydrated amorphous silica (bSi associated with
organic components [13]). Diatoms need dissolved Si (dSi) in the form of orthosilicic
acid (Si(OH)4) (97% of total dSi in natural seawater) to grow and form their frustule
[14,15]. Concentrations of dSi vary considerably in natural seawater, from 10 to 40 uM
in the North Atlantic [16] and can be also limiting for diatoms growth in costal ecosystem

before other nutrients [17].

Under optimal conditions, diatoms absorb nutrients in theoretical stoichiometric ratios of
C:N:P = 106:16:1 [18] as well as orthosilicic acid in ratios of Si:N = 1 and Si:C = 0.09-
0.13 [19]. Martin-Jézéquel et al.,[14] and Claquin et al.,[20] have showed that the silica
metabolism and the resulting silicification degree of algal cells was influenced by nutrient
availability and growth rate. Si limitation induces a decrease in the growth rate and Si
starvation leads to an arrest of growth in G1 and G2 phases of the cell cycle [21]. Nutrient
limitation leads to a variation in cell size, reflecting cell acclimatization. Leynaert et al.,

[22] shows that Si uptake parameters kinetics are related to cell size.
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The aim of this study is to explore the interaction between cementitious material and a
diatom biofilm of C. closterium regarding their demand of Si for growth. The substrate
used is a cementitious mortar. The mortar is ideal for studying the cement matrix on a
small scale. Indeed, when a cement based material is immersed in the marine
environment, it is subjected to different types of physical, chemical [23-26] and
biological aggression [27] that can have an impact on its matrix. The development of a
biofilm on the mortar’ surface can lead to bio-deterioration and chemical components

release [28].

The biological activity of diatoms will cause an acceleration of chemical species release
from the cementitious material into the surrounding environment through matrix
leaching. The quantity and the type of released ions varies depending on the cement
matrix constitution. Different studies demonstrated that micro- and macro-organisms
(macro-algae) can assimilate dissolved nutrients from the cement paste in the water

column [28-31].

In the present work, the capacity of the benthic diatom species C. closterium, to assimilate
the silica released by the mortar was investigated. A first step was devoted to investigate
whether the mortar was capable of releasing dSi in the form of Si(OH)s. In a second step,
a laboratory experiment was performed to evaluate the possible benefit of the silica
dissolution from the mortar for diatoms growth. For that purpose, batch cultures of C.
closterium were performed under silica limitation with or without the presence of mortar.
The kinetics of diatoms growth and several physiological performances were

investigated.

2. Materials and Methods
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2.1. Mortar samples

95  For this study, one type of mortar was made using cement (CEM II/A- LL 42.5 R CE PM-
96 CP2 NF) and a 0/2 mm siliceous alluvial sand, with a water to cement ratio equal to 0.5.
97  This type of cement is suitable for marine concrete structures. Mortar specimens were
98  made in accordance with the EN 196-1 standard [32]. The Table 1 presents the quantities
99  of materials used to manufacture the mortar specimens.
100 Table 1. Composition in kg for 1m? of mortar
Mortar composition
Cement Sand Water
511 255 1532
101 The chemical oxide composition of the studied cement is given in Table 2. It contains
102 19.4 % of silica (Si0z).
103 Table 2. Chemical oxide contents in % of the studied cement (Calcia)
Si0O2 | ALOs | Fe2Os | TiO2 [MnO| CaO |MgO| SOs3 K;O | NaO | P20s S Cr
194 4.5 3.8 0.3 0 63.7 1 2.6 0.86 3 0.3 0.1 0.03
104 40 mm x 40 mm x 160 mm samples were exposed to a Relative Humidity of 100 % for
105 24 hours, before being removed from the mould and stored in water for 90 days at room
106  temperature. Subsequently, the samples were cut with a saw to 10 mm x 10 mm x 5 mm
107  cubes. The colonized and studied sides correspond to the surfaces in contact with the
108  polystyrene moulds.
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2.2. Culture Condition of the marine diatom C. closterium
C. closterium (Ehrenberg) Reimann & J.C. Lewin 1964 was cultured semi-continuously
in order to maintain the population in exponential growth phase. Cultures were grown at
19 °C and under a light/dark cycle (12 h: 12 h) in artificial seawater (sea salts dosed at
33.3 g.L'!; (Instant Ocean©, Spectrum Brand)). This dosage allows to obtain a salt
composition (MgClz, MgSO4, NaCl, CaClz) close to that found on average in natural
seawater [33]. This artificial seawater was enriched with Conway medium [34]. They
were maintained in polycarbonate flasks and were constantly aerated and mixed, to

prevent CO2 limitation and cell sedimentation.

2.3. Experimental set-up
In order to understand the interaction between the mortar and the diatom C. closterium,
the concentration of dSi, the diatoms growth and physiological parameters were measured

under the four following different Conditions:

Condition 1 (M+/Si-/Cc-): medium with Mortar (M+), without adding Si(OH)4

(Si-), without C. closterium inoculum (Cc-) over 30 days,

e Condition 2 (M+/Si-/Cc+): medium with Mortar (M+), without adding Si(OH)4
(Si-), with C. closterium inoculum (Cc+) over 15 days,

e Condition 3 (M-/Si+/Cc+): medium without Mortar (M-), with adding Si(OH)4
(Si+), with C. closterium inoculum (Cc+) over 15 days,

* Condition 4 (M-/Si-/Cc+): medium without Mortar (M-), without adding Si(OH)4

(Si-), with C. closterium inoculum (Cc+) over 15 days.

The comparison of Conditions 1 and 2 aims to evaluate whether the dissolution of the

mortar (measured in Condition 1) supports the growth of diatoms (Condition 2) and to
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evaluate the evolution of this interaction in time. Conditions 3 and 4 are controls for
Conditions 1 and 2. Conditions 2 and 3 allow the comparison of diatom growth kinetics
supported by mortar dissolution to a culture directly enriched with Si(OH)4. Condition 4
allows the evolution of the growth of C. closterium to be evaluated under Si-deficient
conditions. This condition compared to Condition 2 establishes the effect of the

interaction between the mortar and the diatom.

Any external contamination by Si was prevented.

2.3.1. Immersion medium

Condition 1 (M+/Si-/Cc-): the mortar immersion medium contained artificial seawater
[33] enriched with Conway medium [34] (free from silicate solution to produce Si-free
artificial seawater) which is a nutrient source for the microalgae. The tests were carried
out in triplicates. The mortar weight (g) to immersion medium volume (mL) ratio

(w/v=0.023) has been maintained constant for all the tests.

Condition 2 (M+/Si-/Cc+) included the introduction of the microalgae, previously

centrifuged in order to remove all previous culture medium, in Condition 1.

The control media: Condition 3 (M-/Si+/Cc+) and Condition 4 (M-/Si-/Cc+) did not
contain mortar but only artificial seawater enriched with Conway's medium with or
without adding Si(OH)4 respectively. As described for Condition 2, the microalgae were

first centrifuged and rinsed before being inoculated into Condition 3 and 4.

Cultures were grown at 19 °C and under a light/dark cycle (12 h: 12 h). At this stage, the
culture dilutions were stopped, and they became “batch” cultures. the immersion seawater

was regularly mixed (3 times every day).
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2.4. Dissolution kinetics of silica from mortar
The dissolution kinetics of silica from mortar was studied for different durations
according to the studied Condition. Indeed, the duration of the experimental phase was
set to 30 days (day 1-2-3-6-9-12-15-20 and 30) for Condition 1. This wide time range
made it possible to determine how long dSi (as Si(OH)4) was available in solution to the
microalgae. For the Conditions 2, 3 and 4, the experimental phase was conducted over 15
days (1, 2, 3, 6, 9, 12 and 15). This difference of duration between the conditions was

explained in the results section.

After each duration, the Si(OH)s concentration of the immersion medium was measured
using a Seal Analytical AA3 HR auto-analyzer [35] based on a colorimetric method. The
range of Si(OH)s analyses was from O to 160 umol/L with a detection limit of 0.05

pmol/L.

When algal cells were present in the medium, centrifuging was required before analysis.

The net assimilation of dissolved silica by the diatoms was estimated daily.

2.5. Biogenic silica (bSi) concentration measurement
In order to evaluate the frustule formation, the bSi content per cell was measured. Cell
concentration of the medium was estimated by cell counting using a Mallassez counting
chamber and an optical microscope (Keyence VHX-6000 microscope) at a magnification
of x150. After rinsing the cells in artificial seawater, the solution was centrifuged for 10
min (3000 rpm. 19 °C). The supernatant was discarded and the pellet was resuspended in
10 mL of NaOH (0.2 M) to begin alkaline hydrolysis of biogenic silica for 45 min. The
solution was stirred regularly to ensure the dissolution of all bSi[36] to Si(OH)4. 1 mL of

solution was diluted in 9 mL of MilliQ H>O. The Si(OH)4 concentrations (i.e. bSi
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concentration) was determined using a Seal Analytical AA3 HR auto-analyzer. From this

data, the bSi content per cell was calculated.

2.6. Cell surface and biovolume measurement
Cell dimensions were determined by imaging analysis using a Keyence VHX-6000
microscope (magnification x500). Biovolume (V) (equivalent to real biomass) was
calculated from the mean of linear dimensions using the appropriate geometric formulae
reflecting the shape of the cell [37]. The measurement of dimensions was carried out on

10 cells taken at random from the image captured under the microscope.

Calculation of cell volume was performed with the assumption of rotational ellipsoid

shape using the Equation 1 [38]:

: m . . 2 (1)
Biovolume (V) = 3 X Height x Diameter
Where V is in um?® and H and D in pm.

The cell surface (S) was taken from Hillebrand et al., [37] (Equation 2):

D H2 VHZ = D2 2)
Surface (S) = — X (D + ——sin"!———)
2 H2 — D2 H

Biovolume (V), surface area (S) and S/V ratio (considered a combined measure of size

and shape) are parameters related to the productivity and microalgae metabolism.

2.7. Chlorophyll a extraction
Chlorophyll a (Chl a) extractions were made from biofilm samples on mortar after 1 day
of incubation in Condition 2 (M+/Si-/Cc+). The biofilm was sampled using a smooth
toothbrush on the mortar surface, then diluted in 10 mL of artificial sea water (33.3g.L b,

10 mL of an analytical grade acetone were added for the pigment extraction and samples
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were left 12 h in darkness at 4°C. After two centrifugations for 5 min at 1700 g, the Chl
a concentration of the extracts was measured using a Trilogy fluorimeter (Turner Designs,
Sunnyvale, USA) according to the Strickland and Parsons, (1972) method [39].

These data allowed us to estimate a factor between Fo (chlorophyll biomass index) and

Chl a (ug.m™?) calculated on 3 samples. The calculated conversion factor was:

Fo
Chla

= 3.14

This ratio enabled the estimation of the amount of Chla for each sample each day from

the Fo obtained during the Pulse Amplitude Modulation (PAM) fluorescence (section 2.8).

2.8.Photosynthetic measurements
Photosynthetic parameters of mortar biofilms were assessed using PAM measurements.
The maximum quantum yield of PSII (Fy /Fn) is widely used as an indicator of the nutrient
stress of microphytobenthos cells [40]. To perform these measurements a Junior PAM
(Walz Teaching-PAM fluorometer) with an optic fibre 50 cm long and 1.5 mm of
diameter was used. After 10 min of dark acclimation, the photosynthetic parameters
measurements were performed directly on the material surface regularly throughout the
experiment. The sample was excited by a weak blue light (1 pmol.photons.m?.s™!, 450
nm, 5 Hz) to record minimum fluorescence (Fo). The minimum fluorescence (Fo, basic
fluorescence) is an index of chlorophyll biomass estimated after a dark acclimation
largely used [41-42]. Maximum fluorescence (Fm) was obtained using a saturating light

2.S_1

pulse (0.6s. 1500 pmol.photons.m™.s™". 450 nm) allowing all the Qa pool to be reduced.

Fy/Fn ratio was calculated according to Equation 4 [43]:

i: (Fm_FO) (4)

En Fn

10

3)
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The samples were exposed to nine irradiances (E) from 0 to 420 umol photons m™ s™! for
80 s at each step. Thus, steady-state fluorescence (Fs) and maximum fluorescence (Fi')
were measured for each irradiance. The relative ETR (rElectron Transport Rate) is
calculated according to Equation 5:

Fn =K (&)

rETR(E) =~
m

To estimate the photosynthetic parameters, the rETR values were plotted as light response
curves (photosynthetic rate (P) vs. light intensity or irradiance (E, pmol.photons.m=2.s71)).
The mechanistic model developed by Webb et al.,[44] applied to fit the data to estimate
o (umol electrons.umol photons™) and Ek (umol photons.m?.s!)) with o the initial slop

of the FLC and Ek the light saturation index (equation 6):

_E (6)
TETR = a XEKk X (1 —e Ek)
Then the maximum of relative Electron Transport Rate (rETRmax. umol electrons.m?2.s™!)

was calculated in accordance with Equation 7:

T'ETRMAX = Qa X Ek (7)

2.9. pH measurements
A monitoring of immersion medium pH was carried out throughout the experiment (one
measurement one measurement per day) using a pH 510 meter (Eutech instrument). These
measurements were undertaken in order to evaluate the effect of pH on silica dissolution

kinetics.
3. Data analyses

Repeated measures ANOVA (RM ANOVA) were performed using SigmaPlot 12.5

(Systat Software Inc. Chicago, USA) followed by pairwise multiple comparison (Tukey’s

11
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test) when normality Shapiro-Wilk and equal variance (homoscedasticity) tests
respectively applied passed (>0.05). When normality or equal tests failed (<0.05), a
Friedman repeated measures analysis of variance on ranks was applied followed by
pairwise multiple comparison (Tukey’s test). Differences were considered significant
when the p-value was less than 0.05. All plots and linear regressions were performed

using SigmaPlot 12.5.

4. Results

4.1. Dissolution of the silica from the mortar without and with microalgae
Fig. 1a shows the dissolution kinetics of silica from mortar in Condition 1 (M+/ Si-/Cc-).
The dSi concentration increased in the medium reaching its maximum after 2 days with
a value of 99.84 umol.L" ' From the 2™ day, the concentration of dissolved silica
decreased until it reached values below 18.68 umol.L"! after 6 days of experimentation.
dSi was no longer available in the medium at the end of the experiment. i.e. on day 30
(1.89 umol.L'") with pH increasing until the end of the experiment with a pH of 9.7 at

day 30.

Fig. 1a shows also the dissolution kinetics of the Silica from the mortar once the
microalgae have been introduced into the medium (Condition 2, (M+/Si-/Cc+)). The
concentration of dSi increased during the first 2 days (11.39 umol.L"! and 21.51 umol.L-
"at day 1 and 2 respectively) and then decreased from day 3 onwards until values below
9.82 umol.L‘1 were reached. Indeed, the dSi concentrations were much lower in
Condition 2 (M+/Si-/Cc+) than in Condition 1 (M+/Si-/Cc-).

Fig. 1b shows the dSi content available in the Condition 3 (M-/Si+/Cc+) and Condition 4
(M-/Si-/Cc+) control medium. Initially, the Si non-limited control medium (Condition 3,

M-/Si+/Cc+) contained 190 pmol.L! of dSi (contained in the Conway medium). As in

12
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Condition 2 (M+/Si-/ Cc+), the quantity of dSi decreased to O after 9 days. Diatoms
gradually assimilated the dSi available in the medium until it was completely consumed.
The dSi in Si-limited control medium (Condition 4, M-/Si-/Cc+) (Fig. 1b) was around 0.
This result confirmed that the studied medium was Si-free. According to the Friedman
test, we observed a significant difference (P = <0.001) in dSi concentration in the different
Condition. Tukey test revealed that there was no significant difference between
Conditions 1 and 3 and between Conditions 1 and 2 (P = 0.405).

A significant increase in pH, from 7.74 (Day 0) to 9.1, was observed after three days of
experiment in Condition 1 (M+/Si-/Cc-) (Fig. 1a). The pH evolution in Condition 2
(M+/Si-/Cc+) followed the same trend than in Condition 1 (M+/Si-/Cc-) (Fig. 1a) with
pH= 8.2 and pH=9.6 at respectively Day O and Day 3. Then, it could be noticed that a
more alcaline pH was reached in Condition 2. After 9 days a stabilization of pH values

was registered for both Conditions.
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Fig. 1. Dissolution kinetics of mortar silica (solid line) and pH (dotted line) in
Condition 1 (M+/Si-/Cc-) and in Condition 2 (M+/Si-/Cc+) (with the microalgae) (a),
dSi content and pH in Condition 3 (M-/Si+/Cc+) and Condition 4 (M-/Si-/Cc+) control

(b). Means * range of three replicate are shown.

In the control Conditions (3 and 4) (Fig. 1b), the pH also increased gradually in the
medium during the experiment, not exceeding 9.2 for Condition 4, in contrast to
Condition 3 where a pH increased up to 9.8 was observed. The Friedman test showed a
significant difference (P = <0.001) in pH in the different Conditions. Tukey tests revealed
that pH in media was no significantly different between Condition 2 and 3 and between
Condition 3 and 1 from the others.

From the measurement of the dSi concentration in the solution, it was possible to estimate
the concentration of dSi absorbed by the diatoms during the experiment. Fig.2 shows the
evolution of the assimilated silica per day by C. closterium in Condition 2 (M+/Si-/Cc+)

as function of experimental duration. We determined that silica assimilation by diatoms

14
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in the Si(OH)s form was very high during the first 3 days with an average of
73 +5 umol.L-!j- ! (Fig.2). The assimilated quantity of silica was maximum at Day 2 with
78 umol.L"!.j! then decreased progressively until zero value. Thus, it could be concluded

that the microalgae had consumed all the available dSi in the medium.
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Assimilated silica per day (umol.L-.j!)

Days

Fig. 2. Assimilated silica per day of C. closterium in Condition 2 (M+/Si-/Cc+).

4.2. Growth of C. closterium cells

4.2.1. Cell density and biogenic silica (bSi)
The growth of C. closterium showed an initial lag-phase (day 1, 2 and 3), followed by an
exponential phase that lasted until about day 6 (Fig. 3a) in Condition 2. Maximum cell
concentration was 1.59. 10° cells. L™ ! after this period. Cells density started to decline
the last days of experiment.
The growth of C. closterium led to an increase in biogenic silica from the first day of
experimentation (Fig. 3b). Indeed, in Condition 2 (M+/Si-/Cc+), bSi concentration was

initially equal to 1176 pmol.L" ! and reached the value of 1303 p.mol.L"! on day 6.

15



302

303

304

305

306

307

308

309

310

311

312

313

314

In Condition 3 (M-/Si+/Cc+), the cells density increased slightly after one day of the
experiment. A decline in the number of cells was observed after day 2 and 6. A peak in
the cell number was observed in the medium on day 9 reaching a total of 1.68. 10 cells.
L

RM ANOVA showed that there was a significant difference (P = <0.001) in different
media. Tukey tests informed us that for cells density, there was no significant difference
between Condition 2 (M+/Si-/Cc+) and Condition 3 (M-/Si+/Cc+). In contrast, there were
a significant effect of dSi availability in cells density in Condition 4. Indeed, microalgae
did not develop in the Si-limited control medium (Condition 4 (M-/Si-/ Cc+)).

The Friedman test showed that there was a significant difference (P = 0.016 < 0.050) on
the bSi content (umol.L"!) between Condition 2 and Condition 3. Similarly, the Tukey

test also showed that there was a significant difference (P<0.050)
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Fig. 3. Density of cells (cell. L") of C. closterium and bSi content per cell
(umol.L" !.cell'!) (a) ; Concentration of bSi (umol.L!) (b) as a function of days in the

Condition 2 and 3.

The bSi content per cell was variable during culture growth (Fig. 3a). Indeed, in
Condition 2 (M+/Si-/Cc+), the frustule-bound bSi content per cell was initially equal to
1.43.10° . mol.L ' .cell’! and achieved a value of 1.30.10° u. mol.L"!.cell’! the last day.
The maximum bSi content per cell was registered at day 1 with a value of 1.82.10°
u.mol.L ! cell"! (Fig. 3a). The silica content per cell was relatively stable from the 3" day
with an average of 1.02.10°° u.mol.L! .cell ™.

According to the RM Anova test, there was no statistically significant difference (P =
0.337) on bSi content per C. closterium cells (umol.L!.cell'!) between Condition 2 and 3.
The differences between the mean values of the amount of bSi content per cell in
conditions 2 and 3 was not large enough to exclude the possibility that the difference is

due to random sampling variability.

In Condition 3, the bSi per cell was very high at day 3 and day 6 reaching a value of

1.74.10 u.mol.L! cell! and a value of 1.99 10°® u.mol.L'.cell! respectively. These
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results had associated with a relatively low cell density in the culture media suggesting
an increase in cell cycle duration. The formation of daughter cell valves in the mother cell
took place between day 1 and 2 in Condition 2 and between day 3 and 6 in Condition 3,
explaining the increase in the amount of bSi per cell (Fig. 3a). From day 3 for Condition
2 and day 9 for Condition 3, an increase in the amount of cells in the medium (Fig. 3a)
was observed due to cell division and thus the separation of daughter cells from the
mother cell. Thus, daughter cells were present in large quantities in the culture. The
separation of the daughter cells explained the decrease in the quantity of bSi per cell with
a value of 1.7.10"¢ u.mol.L"! .cell! on day 3 for condition 2 and 9.1.10" 7 u.mol.L"!.cell"!
on day 9 for Condition 3. From these times, the quantity of dissolved silica in the medium

was very low (Fig. 1ab), causing the diatoms to stop growing (Fig. 3).

Indeed, from the 6™ day, very few cells in suspension were observed in the water column.
Many algal cells aggregated and then settled to the bottom. The cells aggregates may form
as aresult of a limitation in nutrient. This observation has been confirmed by microscopic
observations (Fig. 4). The cells aggregates were more frequent in Condition 4 (M-/Si-

/Cc+) than in the other culture media.
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Fig. 4. Optical microscope observations (objective x20 - magnification x150) of C.
closterium at Day 1 (a), Day 3 (b), Day 9 (c), Day 15 (d) in Condition (M+/Si-/Cc+)

and at Day 15 in Si non-limited (M-/Si+/Cc+) (e), limited (M-/Si-/Cc+) (f).

Fig. 5. shows optical microscope observations of C. closterium chloroplasts (where
photosynthesis takes place) in the medium in Condition 2 (M+/Si-/Cc+) at Day 0 (Fig.
5a) and at Day 15 (Fig. 5b). A dyspigmentation of the chloroplasts was clearly visible

under Si limitation.
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Day 0 Day 15
Fig. 5. Microscopic observation (objective x200 - magnification x1000) of C.
closterium chloroplasts in the initial solution at Day 0 (a) and at Days 15 (b) in

Condition 2 (M+/Si-/Cc+).

4.2.2. Biovolume
The large variation in size and shape of diatoms was shown by morphometric
measurements represented in Table 3. The diameter and length of C. closterium were
equal to 5.6 and 57.1 um respectively in Condition 2 (M+/Si-/Cc+) and 5.2 and 57.2 pm
in control media at Day 0. In Condition 2 (M+/Si-/Cc+), the diameter of the frustule
(Table 3) decreased with time from 5.6 um (Day 0) to 5 um (Day 15). The same behavior
was observed for Condition 3 (M-/Si+/Cc+) with values decreasing from 5.2 pm to
4.6 um at Day 15. However, in the control medium Condition 4 (M-/Si-/Cc+), the frustule

diameter remained stable at 5.2 pm.

The evolution of cell volume (Biovolume) and Surface/Volume ratio (S/V) for
C. closterium are also presented in the Table 3. Regarding the cells biovolume, it
decreased during the experiment from 989 um? at Day 0 to 787 um? the last day in

Condition 2 (M+/Si-/Cc+) and from 809 um® at Day 0 to 645 um® at Day 15 in
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379

Condition 3 (M-/Si+/Cc+). The biovolume of diatoms in Condition 4 (M-/Si-/Cc+)

380  showed relatively stable values over the experiment with values close to 820 +54 pm?.
381 Table 3. Mean values of linear measurements, n =10, Length, Diameter, biovolume (V)
382 and cell surface (S) of C. closterium cells.
Length Diameter A\ S
Medium | Days (um) (um) (um?) (um?)
0 57.1 (£3.8) 5.7 (x0.7) 989 (+278) 809 (+130)
1 55.1 (£2.4) 5.6 (x0.7) 917 (£238) 765 (x101)
Condition 2
3 56.3 (+4.6) 5.2 (£0.6) 815 (¥236) 728 (£129)
(M+/Si-/Cc+)
9 56.1 (#5.1) 5.1 (20.8) 727 (£ 215) 683 (+138)
15 55.0 (22.0) 5.0 (20.6) 787 (x180) 708 (£83)
0 57.2 5.2 809 736
1 58.0 (#2.1) 5.2 (x0.4) 829 (£169) 748 (£85)
Condition 3
3 57.2 (£2.1) 4.9 (x0.3) 722 (£90) 694 (£52)
(M-/Si+/Cc+)
9 58.0 (x2.4) 4.5 (x0.7) 607 (£159) 638 (£95)
15 57.7 (£2.0) 4.6 (x0.5) 645 (+137) 656 (£72)
0 57.2 5.2 809 736
1 56.8 (£2.0) 5.2 (x0.6) 840 (£156) 748 (£85)
Condition 4
3 57.9 (#1.7) 5.2(x0.7) 894 (x£176) TTT (£79)
(M-/Si-/Cc+)
9 57.7 (£2.1) 5.0 (x0.4) 745 (£110) 708 (£66)
15 57.1 (£2.1) 5.2 (x0.4) 813 (x141) 735 (£65)

383
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387

388

389

Fig. 6 shows the evolution of bSi per cell surface (Fig. 6a) and the S/V ratio (Fig. 6b) in

Condition 2 (M+/Si-/Cc+) and 3 (M-/Si+/Cc+) as function of experiment duration. A

decrease in the degree of silicification of the diatoms (Fig.6a) associated with a decrease

in the concentration of dSi (Fig.1) in both media was observed during the experiment. In

condition 2, the cells were more silicified during the first days of the experiment than

from day 3, going from 2.46. 10 umol.bSi.um™ on day 1 to 1.4. 10" umol.bSi.um™ on
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day 3. The same trend was observed for cells grown in condition 3 with an increase in

silicification of the cells until day 3 with a value of 2.5. 10"? umol.bSi.um™2. Indeed,

silicon uptake by diatoms was higher in condition 3 during the first 3 days due to a higher

silicon concentration in the medium.
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Fig. 6. bSi per cell surface (a) and the S/V ratio (b) in Condition 2 (M+/Si-/Cc+) and 3

(M- /Si+/Cc+).
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The results showed that the mean S/V ratio increases gradually during the experiment
from 0.84 initially to 0.92 the last day in Condition 2 (M+/Si-/Cc+) and from 0.91 initially
to 1.04 the last day in Condition 3 (M-/Si+/Cc+).

In Condition 4 (M-/Si-/Cc+), the S/V ratio was relatively stable over the experiment
(around 0.91). As the micro-algae did not develop, their morphological traits remained

the same as at Day 0.

4.2.3. PAM measurement
Microscope observations illustrate the bio-colonization state of mortar after different
experiment durations (Fig. 7), which follow the biofilm formation. Clearly not all mortar

triplicates were uniform in terms of the algal biomass attached to their surface.

0,100mmJ

0,100mm |

Day 1 Day 3 Day 9 Day 15
Fig. 7. Microscopic observations (objective x20 - magnification x150) of mortar at Day
1, Day 3, Day 9 and Day 15. Honeycomb-like structures are only a signature of the

mortar to polystyrene mould contact.

Measurements of photosynthetic parameters and biofilm biomass on the surface of the
material were made at each deadline. It should be pointed out that these measurements
only represent a state of biocolonisation at a given point in time and not the total amount

of biomass grown over the achieved period. Indeed, a part of biofilm was able to detach
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413  itself from the surface, somehow compensated by new cell formation which accumulate

414  to form biofilm again.

415  Fig. 8a showed the evolution of the biomass fixed on the mortar. It could be seen that the

416  colonization of the mortar evolves over the course of the experiment (Fig. 7 and Fig. 8a).
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(b)
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417 Fig. 8. Dynamics of microphytobenthic biofilm colonization on mortar as a function of
418 time: Chlorophyll biomass per surface (a); Average of F./Fn index maximum quantity

419 efficiency of PSII (i.e. Physiological Status Index) (b).

420  The chlorophyll biomass increased from the first few days (maximum 46.4 pg.m™ on day

421  2)then a fluctuation of the biomass is observed from day 6, reaching its maximum on day
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9 with 54.2 ug.m>. The evolution of the Fv/Fm ratio as a function of time (Fig. 8b)
indicated that microalgae were in good physiological state, with an average ratio of 0.43.
On Day 6, the F/Fy ratio was the lowest (0.22+0.3) and around zero within the
uncertainties, compared to the other days.The photosynthetic capacity (rETRmax) (Fig. 8b)
showed a better electron transport rate during the first two days of the experiment with
80.47+10 and 43.99+8 umol.electrons.m 2.s!. A progressive decrease in photosynthetic
capacity was observed over the immersion period to minimum values at Day 6 and Day

15 (7.72+7 and 8.23+7umol.electrons.m™2.s™ ! respectively).

5. Discussion
5.1. Dissolution of the silica from the mortar with and without the presence of

microalgae

Silica dissolution kinetics from the mortar showed a high concentration of dSi for the first
few days. The dissolution rate of amorphous silica increased with pH [45], which explains
the increase of dSi concentration in Condition 1 (M+/Si-/Cc-) during the first days of the
experiment. The dSi concentrations obtained exceeded the silicate half saturation constant
(Ky) of C. closterium which is equal to 9.58 umol.L"! [46]. Therefore, in the first days of
Condition 2, according to dSi concentrations, Si should be available for diatoms at a high
uptake rate. Indeed, a modification of the Silica dissolution kinetics in Condition 2
(M+/Si-/Cc+) was observed. These results indicated that the C. closterium diatoms were
able to assimilate the dSi, from the mortar for their metabolism.

The effects of the marine environment on cementitious materials are multiple and impact
their durability [24]. Mortar will gradually leach out as a result of its reaction with the

various chemicals in seawater. The silica dissolution from the mortar could be attributed
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to the decalcification of the hydrated mineral phase: C-S-H (Calcium Silicate Hydrate)
(Equation 8) [47]. Indeed, the decalcification of C-S-H leads to SiO> release and CaCO3
formation. Furthermore, at seawater pH values, the silica siloxane bonds were hydrolyzed
[48] leading to its dissolution as dSi forms (Equation 9).
C—S—H+ 2C0, - Si0, + 2CaC0; + H,0 8)
Si0, + 2H,0 — Si(OH), 9)
In Condition 1 (M+/Si-/Cc-), a progressive decrease of the dSi concentration was
observed, associated to the solution pH increased until the end of the experiment. The
increase in pH was due to the chemical attack of the mortar by the artificial seawater. This
attack favoured the dissolution of portlandite (Ca(OH).) leading to the increase of Ca**

and OH ions concentration in the solution [49] (equation 10).

Ca(OH), - Ca?* + 20H~ (10)

The recorded decreased of the dSi concentration in Condition 1 was explained by the
solubility of the Si(OH)s form in the medium. Indeed, Dent Glasser and Kataoka [50]
explained that the various forms of silica varies depending on the temperature, pH, and
alkali ion composition. In aqueous solutions, several forms of dSi were observed , the
abundance of which depending on pH: Si(OH)s, SiO(OH)s", SiO2(OH)>*, SiO3(OH)* and
SiO4* [49]. The complex equilibrium of different forms of dSi constitutes the basis of the
biogeochemical cycle of silicon in the ocean.

According to Sjoberg et al., [52], the acid-base reactions of Si(OH)s in saline solutions
(25°C, 0.6M NaCl) were :

Si(OH), © SiO(OH); + H* pKai=9.47 (11)

Si0(OH)3 © Si0,(0H)2™ + H* pKan- 12.6 (12)
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The orthosilicic acid form which was assimilated by diatoms was mostly present at pH
values below 9 [53,54]. Indeed, when the pH was larger than pKa; (9.47), the Si(OH)4
dissociated to another form (equation 11-12). Thus, the increase in pH during the
experiment led to the formation of SiO(OH)s™ explaining the reduction of the Si(OH)4
concentration in the medium.

In Condition 2 (M+/Si-/Cc+), the pH of the surrounding environment changed with the
leaching of the cement matrix induced by the biological activity of the biofilm and the
chemical seawater attack. Our results suggested that photosynthesis inducing carbon
dioxide fixation by microalgae led to a larger pH in the medium compared to a medium

without diatom [55].

5.2. Influence of dSi availability on microalgal growth and mortar colonization by

the biofilm

In order to explain the influence of dSi availability on microalgae growth in the medium,
the concentration of bSi and cells density have been assessed during the experiment and
compared with control conditions. In this study, the increase in bSi concentration
associated with an increase in cells density showed that the microalgae developed and
were able to elaborate their frustule as a result of the assimilation of the dSi in the medium.
In addition, the availability of dSi in the medium affected the rate of silica (bSi)
incorporation into the frustules and thus the cell cycle of the diatoms. Indeed, the
concentration of bSi per cell and the thickness of the frustule were regulated by the total
amount of Si absorbed directly determined by the duration of the cell cycle [56]. We
observed similar diatom growth kinetics in both cultures (condition 2 and 3). However,

the difference observed between the two conditions could only be explained by the fact
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that the amount of silicon available in the medium was lower when the dissolved silica
came from the mortar (at the scale of our laboratory tests) than in a culture directly
enriched with dSi.

Capellacci et al., [57] studied the growth parameters of two diatom species under
controlled culture conditions in the presence of different sources of silicon (crystalline or
amorphous silica). Their study proved that diatoms had higher growth rate, cell density,
and silicon assimilation rate when growth in crystalline silica medium than the other

amorphous silica one.

It should be also be noted that microalgae acclimatized well to the environmental
modifications, notably to the pH increase. Indeed, Hinga, [58] demonstrated that
C. closterium could not grow when pH values were above 8.5 which was not the case in

this study. Therefore, the pH was not the major limiting factor in the present study.

In Condition 2 (M+/Si-/Cc+), the dSi in the medium came only from the mortar. All the
other elements necessary for diatoms growth were present in the medium. Thus, these
results indicated that in this study the first limiting factor for the growth of C. closterium
was silicon. Microscopic observations showed the formation of cell aggregates at the end
of the experiment and in the silica limited medium (Condition 4). The partial dissolution
of extracellular polysaccharides, secreted by the diatoms, is at the origin of the cohesion
of the cells with each other leading to aggregates formation [59]. The bSi in the diatoms'
frustule can dissolve when all the nutrients essential for their growth aren’t longer
available in the surrounding environment. However, Moriceau et al., [60,61] showed that
dissolution rates of biogenic silica (bSi) were reduced when diatoms were incorporated

into the aggregates making them more sustainable.
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The dSi availability influence on the mortar colonisation by the biofilm was investigated
by monitoring the photosynthetic parameters and Chl a biomass during the experiment.
The F./Fy, ratio is an indicator of nutritional stress in algal cells. It could therefore be
assumed that the decrease in F./Fn after 6 days of immersion may be a consequence of
increased competition between diatoms for access to light or nutrients. In addition, the
dissolved silica available in the environment was almost around zero at this period
causing stress for the diatoms. The best development of biofilm registered on day 9 has
led to the creation of a micro-habitat allowing the species to acclimate to its growth
environment changes, which may explain the increase in Fy/Fi, [62] despite low nutrient
concentration and high pH. However, the Fy/Fin will no longer reach the values obtained

during the initial phase of biofilm development.

The photosynthetic yields Fy/Fy, and the maximal photosynthethic capacity rETRmax
decreased progressively throughout the experiment due to the limited amount of silicon.
Only a few studies dealt with the effect of Si limitation on photosynthesis. In a previous
study performed on two pelagic diatoms, Napoléon et al., [63] showed that photosynthetic
parameters were weakly influenced by Si limitation, but the limitation applied in the
present study was stronger. In addition, the decline on photosynthethic capacity may be
due to a decrease in light energy absorption as the cells adapt to reduce the amount of
pigment. Indeed, Jungandreas et al., [64] demonstrated that the reduction in chlorophyll
a was an acclimation to the decrease in growth rate. Since the diatom reduced the amount
of absorbed light energy required to maintain biomass synthesis. The photosynthetic
performance of C. closterium was thus disturbed by the environmental conditions of the

medium leading to cell acclimatization.

5.3. Influence of dSi availability on micro-algae morpho-functional traits
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The diameter of the diatoms frustule decreased progressively during the experiment.
These results showed that diatoms were able to acclimatize to the availability of dSi by
reducing the thickness of their frustule. This acclimation allowed the cells to continue to

grow until the medium was depleted [21,65].

dSi depletion induced a decrease in cell volume all over the growth under silica-limited
Condition 2 and 3 (M+/Si-/Cc+ and M-/Si+/Cc+). We have pointed out that diatoms can

acclimatize to silicon limitation by decreasing cell size.

The diatom was able to regulate the silica content incorporated in its frustule according
to the quantity of Si(OH)4 available in the medium without affecting its growth. The
silicon uptake occurs mainly during valve formation. The SITs play also a role in the cell
silicification since they are involved in silica deposition in Silica Vesicle Deposition
(SDV) [66]. The increase in the rate of silica production in frustules may be due to the
increase in the duration of the G2+M phase in the diatom cell cycle [21,67]. The decrease
in the amount of silica dissolved in the medium explains why the cells were less and less

silicified during the experiment. Nevertheless, this did not prevent the growth of diatoms.

According to McNair et al [68], diatoms acclimatize to reduced silicon availability by
thinning their frustules reducing the impact of reduced Si uptake rates on division rates.
This thinning of frustules (smaller and thinner cells) could result in an increase in the S/V
ratio as observed in our experiment. According to Bonato, [69], the cell surface to volume
(S/V) ratio allows the cell to acclimate its ability to harvest light and nutrients under
limiting conditions. The S/V ratio of C. closterium increased in response to an acclimation
of these cells to low dSi concentration. The associated increase in S/V ratio and decrease

in thickness of the cell may improve nutrient transporter sites [70] and uptake kinetics.
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Sllicon Transporter proteins (SITs) are involved in the absorption and transport of silicon
within the cell [71]. The number and type of SITs per cell surface drive the Si uptake
capacities of diatoms [72]. The acclimation of C. closterium cells size can take up nutrient
more efficiently in limiting nutrients. Vanucci et al., [73] have also revealed a

modification of cells volume under nutrient-limited environment.

This leads us to conclude that the modification observed in the silicification degree and
specific morphological characteristics of pennate diatoms are a response to the
availability of silicon in the medium to enhance its uptake, transport into the cell and

deposition in the SDV responsible for the formation of new valves.

Conclusion

This study examined the influence of a siliceous mortar on the growth kinetics of
C. closterium under silicon limitation. Laboratory monitoring revealed that the diatom
was able to assimilate the dSi from the mortar.
The increase in pH played a role in the uptake rate of dSi by diatoms since it made dSi
(in the Si(OH)s form) unavailable to C. closterium from day 6 of the experiment.
C. closterium adjusted these morphological traits to improve the uptake and transport of
silicon into the cell. The diatom has assimilated the dSi present in the solution by storing
it in their valves leading to an increase in the degree of silicification. We can conclude
that the first limiting factor for the growth of C. closterium was the silicon concentration

in the medium.

In natural environment, the dSi from the dissolution of the mortar from hard artificial

structures will not be limited by pH because of water mass volumes and currents. Thus,
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these structures would contribute to new sources of silicon that can be assimilated by

diatoms from the microphytobenthos and the phytoplankton.

This new approach would assist the restoration of primary producers bringing new trophic

resources for the development of marine fauna and flora on the substrate.
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