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Abstract
1. Diatoms account for 40 % of the ocean primary production and play a key role in the

oceans’ ability to sequester carbon. The evolutionary success of diatoms and their role
in ocean biogeochemistry are related to the siliceous shell that provide partial
protection against grazing.

The structure and function of phytoplankton communities are governed by
environmental constraints and organismal trade-offs. Defence mechanisms may help
explain the high diversity of phytoplankton (incl. diatoms) in the ocean, but only if
the defence comes at a cost. Defence costs have been notoriously difficult to
demonstrate and quantify in marine phytoplankton.

Here, we demonstrate for seven species of planktonic diatoms that their shell thickens
and their growth rate declines when cells are exposed to chemical cues from
copepods, important predators of diatoms. The responses are proportional to the
concentration of grazer cues, but are also highly variable, both between and within
species.

At our standard experimental condition, the typical decline in growth rate is 10 %,
and the typical increase in cellular biogenic silica is 16 %. The latter value
corresponds to a decline in grazing mortality due to small copepods of 11 %. Thus,
silification in response to grazers is exactly warranted.

The similar magnitude of the costs and benefits of silification suggests a flat fitness
landscape along the competition-defence axis. This may help explain the high
diversity of coexisting diatoms in the ocean.

The significant but variable contribution of diatoms to the downward flux of organic

carbon in the ocean depends to a large extent on the silica content of the cells. This is
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due less to the ballasting effect of silica, but mainly to the different life histories of
more or less defended cells that are governed by evolutionary adaptations and — as

demonstrated here - plastic responses to grazers.

Keywords: Defence trade-offs, copepodamides, inducible defence, silification, shell

thickness, co-existence
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Introduction

Predator-prey interactions are key in shaping ecosystem structure and function (Belgrad and
Griffen, 2016; Creel, 2018; Lima, 1998). In the oceans, zooplankton predation is believed to
be an important mechanism maintaining phytoplankton species diversity by allowing the co-
existence of defence- and competition specialists, as demonstrated both theoretically (Cadier
et al., 2019; Ehrlich and Gaedke, 2018; Vage et al., 2018) and experimentally (Leibold et al.,
2017; McCauley and Briand, 1979). Indeed, phytoplankton have evolved a large range of
defence mechanisms, ranging from morphological to biochemical or behavioural (Pan¢i¢ and
Kigrboe, 2018; van Donk et al., 2011). However, the costs and benefits of these different
defence mechanisms have rarely been quantified, or even demonstrated, and hence the
defence trade-offs hypothesised to promote diversity are most often unknown (Panci¢ and
Kigrboe, 2018)

Diatoms are a diverse and important group of phytoplankton. They account for about 20% of
the Earths photosynthesis (Armbrust, 2009) and are a major contributor to the biological
carbon pump (Smetacek, 1999). Diatoms are characterised by an external silica shell, the
frustule, that has many hypothesised functions, ranging from enhancement of light and
nutrient harvesting to mechanical protection of the cell against grazing (Hamm et al., 2003;
Mitchell et al., 2013; Romann et al., 2015). The defensive role of the shell has been suggested
based on its unparalleled strength (Hamm et al., 2003; Milligan and Morel, 2002; Raven and
Waite, 2004; Smetacek, 2001). The shell has the highest mechanical strength relative to its
density of any known biological material (Aitken et al., 2016) and the consequent force
required to crush the cell wall is remarkable (Hamm et al., 2003; Wilken et al., 2011). Recent
experiments have indeed demonstrated that the shell provides partial protection against
copepod grazing (Liu et al., 2016; Panci¢ et al., 2019). Thus, a 6-fold increase in silica
content in a variety of diatoms decreased the predation mortality due to a copepod grazer by
4-fold and entirely prevented small copepod nauplii from consuming the diatoms (Panci¢ et
al., 2019).

For predation to promote diversity, defence must come at a cost. Else, defended species
would outcompete less defended species, and all species would be equally defended. Defence
costs have been notoriously difficult to quantify in phytoplankton and the magnitude of the

costs may depend on whether or not the cells are resource limited (Panci¢ and Kierboe,
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2018). However, many defence mechanisms in phytoplankton are inducible, i.e., are
harnessed or intensified in response to grazer cues (Selander et al., 2019), suggesting
significant costs to the defence (Karban, 2011; Tollrian and Harvell, 1999). There is some
experimental evidence that silification in diatoms is inducible by grazer cues, suggesting that
silification is costly (Pondaven et al., 2007). The biochemical costs of silica deposition in the
shell are minute (Raven, 1983), but the deposition of silica is rate-limited. Thus, slower
growth allows heavier silification (Martin-Jézéquel et al., 2000) and one may hypothesise
that heavier silification may be at the cost of slower growth (Panci¢ et al., 2019). This,

however, remains to be tested.

Here, we examine the potential inducibility and cost of silification. We hypothesise that
diatoms increase their contents of biogenic silica (shell thickness) and decrease their growth
rate in response to diffusible copepod cues. We expose cells grown under both silica replete
and deplete conditions to copepod grazer cues and record potential changes in silica contents
and growth rates of the cells. To examine the generality of this hypothesis, we test seven
different species of diatoms. We demonstrate increases in silica content and decreases in
growth rates of induced vs. non-induced cells in all species tested, but also that the response

is highly variable both within and between species.

Materials and Methods

Diatom cultures and culturing conditions

We examined seven species of diatoms: Amphiprora paludosa (CCMP125), Cyclotella
cryptica (CCMP331), Cyclotella meneghiniana (CCMP336) (which later DNA analysis
demonstrated to be a different strain of C. cryptica), Ditylum brightwellii (unknown strain),
Navicula incerta (CCMP542), Nitzschia laevis (CCMP559), and Thalassiosira weissflogii
(unknown strain). None of the species are known to produce toxins. Thalassiosira weissflogii
and D. brightwellii were obtained from DTU Aqua, Denmark, while the other species were
obtained from NCMA at Bigelow Laboratory, Maine. All diatoms were grown in B1 medium
with silica (~ 500 pM Si) (Hansen, 2007) at 16°C and a L:D cycle of 16:8 (120 pmol m? s™).
Cells in exponential growth were used to initiate experiments. Experiments were run in

continuous light at the same light intensities and temperature conditions as the cultures.

Copepod cues
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We used two different sources of copepod cues, either filtered water from a culture of
copepods (Acartia tonsa), or copepod signal molecules extracted from freeze dried copepods,
Calanus finmarchicus (‘Copepodamides’, Selander et al., 2015). Copepodamides induce a
variety defence mechanisms in phytoplankton (Selander et al., 2019).

The filtrate was water from a continuous culture of the copepod Acartia tonsa with about 100
individuals L™ and maintained on a mixture of phytoplankton (Heterocapsa triquetra,
Rhodomonas salina and Thalassiosira weissflogii). Culture water was first passed through a
20-um filter and then through a GF/C filter. The filtrate with nutrients added to B1
concentrations was used in experiments immediately after filtration and served as a positive

control.

Copepodamides were purified from freeze dried Calanus finmarchicus as described in
Selander et al. (2015). Briefly, C. finmarchicus were extracted with methanol and crude
extracts were subjected to liquid-liquid partitioning between methanol/water and heptane.
The methanol-soluble fraction was then fractionated on C18 SPE columns. Impurities were
eluted in 70 % methanol (aq) and copepodamides in 100 % methanol. Finally, the methanol
extract was concentrated by rotary evaporation, dissolved in a small volume and fractionated
by reversed phase gradient elution HPLC (Selander et al 2015). The copepodamide content of
each fraction was determined through direct infusion mass spectrometry. Positive fractions

were pooled and the final concentration determined by mass spectrometry.

The copepodamides were dissolved in methanol and added to the empty culture flasks, and
the methanol was then evaporated under a stream of nitrogen (Selander et al., 2015). Diatom
cultures were then immediately added. Nominal concentrations of copepodamides varied
between 1-10 nM, but effective concentrations were at least 2 orders of magnitude less due to

a short half-life time and unknown losses (Selander et al., 2019).

Experimental designs

We ran three different types of induction experiments to test the effect of exposure time,
copepodamide concentration, and nutrient depletion on the potential inducibility. (1)
Repeated batch experiments, where diatoms were exposed to copepod cues over a period of
7-11 days; (2) dose-response batch experiments, where diatoms were exposed to different

concentrations of copepodamides for 48 hours; and (3) continuous culture experiments with
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exposure to copepodamides (Table 1). Nutrients were replete in the two batch experiments,
while silica was limiting in the chemostat experiment. Cell concentrations and sizes (volume)
were measured by a Coulter Counter (Beckman Coulter, Multisizer 3, USA). Cells of C.
cryptica and C. meneghiniana tended to aggregate during incubations, and samples (20 mL)

were therefore sonicated for 120s before counting.

Repeated batch experiments

In these experiments, cell cultures were diluted daily to the same, low cell concentration with
fresh growth medium such that the cells never were resource limited. Slowly growing species
(D. brightwellii) were diluted only every 2nd day. Control and treatment cultures were run in
duplicate (D. brightwellii and T. weissflogii) or triplicate (all others). In experiments with
copepodamides, cultures were transferred to new, freshly coated culture bottles every day
with a nominal concentration of copepodamides of 10 nM. Control cultures were similarly
transferred to bottles coated with pure methanol. In experiments with filtrate, the slow-
growing species (D. brightwellii) were diluted with fresh filtrate by minimum 20 %, and fast
growing species (T. weissflogii) by minimum 50 %. Samples for cell counts for growth rate
estimation and measurements of biogenic silica in cells and dissolved silica concentrations
were taken daily, except from D. brightwellii in filtrate, where samples were taken daily

initially and every second day.

Dose-response experiments

For the dose-response experiments, triplicate diatom cultures were grown at four different
nominal concentrations (0, 2, 5 or 10 nM) of copepodamides for 48 h. Bottles were coated at
the start and after 24 h as described above. Cell concentrations were measured at 24 and 48 h
for growth rate estimates and samples for biogenic silica concentrations were taken at start
and termination of the experiment. Cell densities were low throughout the incubation and

cultures never became resource limited.

Continuous culture experiment

To test silification and growth rates of diatoms in response to copepodamides under silica
limitation, continuous culture experiments were carried out with two diatom species (T.
weissflogii and A. paludosa). Cultures were first grown to ~ steady state in chemostats with a
continuous inflow of B1 medium with a low silica concentration of 20 UM to ensure that

silica became limiting. The dilution rate was 0.66 d™*. During the subsequent 5 days, triplicate

This article is protected by copyright. All rights reserved



chemostats of each species were exposed to copepodamides along with triplicate controls.
Cultures were daily transferred to new bottles, freshly coated with methanol containing
copepodamides (10 nM) or pure methanol, as above. Each culture bottle was aerated to
ensure complete mixing and to prevent carbon limitation. Samples for cell concentration,
biogenic silica content, and dissolved silica were collected every 24h. To avoid any silica

contamination, no glassware was used during the experiments.

In a chemostat at steady state the cell growth rate is fixed by the dilution rate (D), and a
growth rate response therefore instead materialises as a change in the concentrations of cells
and dissolved silica in the culture bottle. Thus, a decrease in growth in response to copepod
cues would result in lower cell concentration and higher silica concentration in the culture.
Specifically, by assuming Michaelis-Menten kinematics to describe the functional response
of growth rate to silica concentration, one can estimate the maximum growth rate (upsqx)
from the steady state cell (B) or ambient silica (S) concentration in the culture (both in units
of uM silica) (Ryderheim et al., 2020):

Da(S;—B) or _ SapD
a(S;—B)-D HUmax = (Sa-D)

UMax = (Egqn 1)
Where D is the dilution rate, « the affinity for silica (0.41 L d™ umol Si*, Paasche, 1973), and
Si the concentration of silica in the inflow growth medium. This allows one to compare the
maximum growth rate of induced relative to non-induced cells. While the estimate of the
maximum growth rate is sensitive to the (assumed) magnitude of the affinity, the relative
change is not.

Biogenic silica analysis

For analysis of cellular biogenic silica content, the method of Paasche (1980) and Pancic et
al. (2019) was followed. 10 mL samples were filtered on 3-um polycarbonate filters and
washed twice with acidic MilliQ water to reduce the dissolution of silica. The pH of this
acidic MilliQ water was adjusted by adding hydrochloric acid until a pH of 5.0. Hereafter, the
filters were dried at 65°C for 90 min and stored at -20°C until dissolved in 15mL 0.5% (w/v)
sodium carbonate solution and reheated at 85°C for 90 min. When cooled, the pH was
adjusted to 5 - 6 by adding concentrated sulfuric acid and the reactive silica concentration

was analysed in a SmartChem 200 wet chemistry analyser (Unity Scientific, MA) following
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the molybdate method of Strickland and Parsons (1972). For analysis of dissolved silica in
cultures and medium, 10 mL samples were passed through a 0.2 um syringe filter and stored
at -20°C until analysed in a SmartChem 200 as above. Biogenic silica content is here
expressed per cell volume, because the strength of the shell scales approximately with silica
per volume rather than with silica per surface area (Pancic et al., 2019).

Statistical analysis

The dose response relationship between copepodamide concentration and silica content,
growth rate, or cell volume was analysed with linear regression. The effects of
copepodamides in batch and chemostat experiments were analysed with a linear mixed
model. The models took treatment and time as fixed effects and replicate as a random effect.

Day 0 is not included in the statistical analysis of repeated batch or chemostat experiments.

To test within each approach whether the proportion of experimental trials that responded
positively to induction was significant, a binomial one-tailed test was used. A t-test was used
to further test whether the overall mean responses were different from zero. A significance
level of 5 % was used throughout. All statistical analysis was performed in R (Version

1.2.5001). All mean values in this study are presented with + standard deviation.

Results

Dose-response experiments

Of the seven species tested in the dose-response experiments, six showed a significant
increase in silica per cell volume with increasing concentration of copepodamides (Fig. 1,
Table 2, Table S1). The increase varied from 3 - 36 % compared to controls (Fig. 1, Table
S1). The effect of copepodamides on growth was more variable; 3 species significantly
decreased their growth with increasing amount of copepod cues whereas the other four did
not. Finally, cell sizes (volume) decreased by 3 - 12 % in response to copepodamides in 4 out
of 7 species. Two species showed the opposite effect after 48h and increased volume by 3 -

11 %. The last one, T. weissflogii, did not change volume in response to copepodamides.
When comparing the results across all species tested in the dose-response experiments, the

proportion of experiments showing increased silica content of cells exposed to copepod cues

is significant (binominal test, p = 0.016) with an overall mean change of 18.7 £ 11.1 %,
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which is also significantly different from zero (p = 0.004, Fig. 2a). The proportion decreasing
growth rate is not significant (p = 0.18 and p = 0.06, respectively) and neither is the overall
mean change of -17.3 £ 38.7 % (p = 0.1171) (Fig. 2b). Finally, the proportion of experiments
with decreased cell volume is significant (p = 0.013), as is the overall mean change of -3.8 £
6.5 % (p = 0.050).

Repeated batch experiments

Repeated batch experiments tested the inducibility of a species over multiple cell divisions (7
— 11 days). In all species tested in these experiments, the silica content per cell volume was
higher in induced than non-induced cells, and the difference was statistically significant in 4
of 6 species (Fig. 3, Table 3). The average relative increase in silica content in induced cells
over the course of the experiments was comparable to the results in the dose response
experiments and varied between 5 - 35 % (Table 3). The growth rate and cell volume of

induced cells were significantly reduced in 3 and 4 out of 6 species, respectively (Table 3).

When comparing across all species and treatments in the repeated batch experiments, the
proportion of cells with higher silica content in induced relative to non-induced cells is
significant (p = 1.405e-07) (Fig. 4a). The mean change in silica is 16.3 £ 17.3 %, which is
statistically different from zero (p = 1.55e-07). Likewise, the proportion of cells decreasing
their growth rate or cell volume (p = 0.04877 and p = 0.0004, respectively), and their overall
means of -10.1 + 21.5 % (p = 0.003) and -1.9 + 3.6 % (p = 0.0008), respectively, are all
statistically significant (Fig. 4b-c).

Continuous culture experiments

Two species, T. weissflogii and A. paludosa, were tested in a continuous culture set-up with
silica as the limiting resource (Fig. 5). Only T. weissflogii showed a significant response to
the presence of copepodamides (Table 4). As hypothesised, induced cells had a significantly
higher biogenic silica content than non-induced cells and showed a significant negative
growth rate response (Table 4). In a chemostat set-up, where the growth rate is prescribed, a
negative growth response will materialise as a decrease in cell concentration and an increase
in the concentration of the limiting nutrient (Si). Both of these properties differed
significantly in induced vs. non-induced cells in a way consistent with a negative growth rate

response of T. weissflogii cells (Table 4). A reduction in the maximum growth rate of induced
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compared to non-induced cells of about 20 % accounts for the observed change in both
steady-state cell and silica concentrations (cf. equation 1). Cell volumes decreased slightly in

induced cells of both species, but none of them significantly (Table 4).

Discussion

It has long been suggested but only recently experimentally demonstrated that the silica shell
in diatoms provides partial protection against copepod grazing and that the protective value
increases with the silica content of the shell (Liu et al., 2016; Panci¢ et al., 2019). Here, we
have demonstrated for seven species of diatoms and using three different approaches, that
diatoms adjust this defence in response to copepod cues by thickening their shell. Although
the response is quite variable, between both species and approaches, the average response is
positive for all species, and significant for most (Tables 2 - 4 and Table S1). Even silica-
limited cells of one of the two species examined in the chemostat experiment increased their
silica content in response to grazer cues. Many other defence mechanisms are intensified in
plankton in response to the presence of predator cues. These include zooplankton that modify
their morphology and vertical migration patterns (De Meester et al., 1999; Lass and Spaak,
2003) and phytoplankton that intensify toxin production (Selander et al., 2006), modify
colony and chain formation (Bergkvist et al., 2012; Tang, 2003; Tang et al., 2008; van Donk
et al., 2011), or change their motile behaviour (Selander et al., 2011).

The response found here, up to 35 % increase in silica content in response to grazer cues, is
somewhat less than the response reported for the only species examined previously, T.
weissflogii (Pondaven et al., 2007). Thalassiosira weissflogii cells doubled their silica content
when growing cells were exposed to growth media that had been conditioned by feeding
Calanus finmarchicus at a concentration of 40 adults L ™. This concentration corresponds to a
grazer biomass at least 5 times higher than that in the copepod cultures that delivered the
filtrate in our experiments. This is consistent with our further demonstration that shell

thickening increases with the concentration of the copepod cue.

The observations that shell thickening can be induced and that the induction is proportional to
the concentration of copepod cue both suggest that shell thickening comes with a cost:
defence theory predicts that defences should be inducible when the risk is variable and the

defence is costly (Tollrian and Harvell, 1999). Defence costs are often cryptic and difficult to
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quantify in phytoplankton (Panci¢ and Kierboe, 2018). However, we have here demonstrated
that all the species examined indeed reduce their growth rate and/or their cell volume in

response to copepod cues, although the response is quite variable.

Cost and benefits of shell thickening

Below we discuss the benefits and the costs of shell thickening.

Benefits

There is now clear experimental evidence that heavily silicified cells are grazed less by small,
mm-sized copepods than lightly silicified cells, and the magnitude of the grazing reduction
with silicification is consistent between the two available studies (Liu et al., 2016; Panci¢ et
al., 2019). Pancic et al. (2019) found that copepod grazing mortality (6) varied inversely as a

power function of biogenic silica content, roughly as & ~ Si®"

, with different species of
diatoms following the same relation. Thus, the fractional reduction in grazing mortality (Ad)

varies with the fractional increase in silica content (AS) approximately according to

AS =1—(1+AS5)"07° (Eqn 2)

The fractional increase in silica content of induced relative to non-induced cells at a nominal
concentration of copepod amides of 10 nM varied between 3-35 % with a mean of 16 %
(from the repeated batch experiment, Fig. 4) corresponding to a fractional decrease in grazing
mortality between 2-21 % (average 11 %) (from equation 2). This reduction in grazing
mortality of induced vs. non-induced cells varies in proportion to the concentration of signal
molecules and, presumably, therefore in proportion to the concentration of copepod grazers.

That is, the higher the predation risk, the better protected the cells become.

It is not trivial, however, to translate our nominal concentrations of copepod signals to actual
bulk concentrations of copepods and copepodamides in the ocean. The latter, however, are
substantially lower than our nominal values. Thus, Selander et al. (2019) observed the actual
bulk concentration of copepodamides off the Swedish west coast to vary between 40 fM —
2pM over the course of a year, largely in proportion to the density of copepods. In our study,
copepodamides were introduced by coating the culture flasks, which yields an effective
concentration in solution about 10 times lower, and this concentration subsequently declines

exponentially and rapidly. Selander et al. (2019) found the effective concentration to be just 1
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% of the nominal after 12 hours and 0.1 % after 24 h, but depending on the temperature and
on the concentration and type of bacteria in suspension, this may be more or less. Thus, our
experimental concentrations are much less the nominal concentration but possibly in the high
end of the natural range. The experiments using copepod culture filtrate may be more in line
with natural concentrations of signal molecules. The CF/C filter removes most of the cue and

the cue concentration decreases rapidly over the course of the 24 h induction periods.

Grazing by other zooplankton than copepods may also be impaired by elevated silica content.
Similar to copepods, krill are equipped with siliceous mmouthparts that together with
powerful mandibles (copepods) or gizzards (krill) appear adapted to break diatom shells
(Hamm et al., 2003). However, thicker shells are less crack-able, and even krill may be
unable to digest the particularly thick-shelled diatoms, such as Fragilariopsis kerguelensis,
that dominate large regions of the southern Ocean (Assmy et al., 2013). Also, the siliceous
mouthparts of grazers might wear down, like is known for terrestrial grass-feeders. Protistan
grazers, particularly dinoflagellates, appear to feed on diatoms independent of their silica
content (Panci¢ et al., 2019) although some species of dinoflagellates and ciliates may prefer

diatoms with low silica content (Zhang et al., 2017).

Costs

Induced cells grow slower than non-induced cells, on average by ~10 % (repeated batch
experiment), and this may represent the physiological costs of increased silification. The
growth penalty may have two components, i.e., the metabolic cost of assimilating and
depositing silica that allocates resources away from growth, and/or a necessary prolongation
of the cell cycle to allow time for accumulating additional silica. Allocation costs are small:
the synthesis cost of biogenic silica is low, about 2 % of the energy content of the cell (Panci¢
and Kigrboe, 2018; Raven, 1983), and a 16 % increase in the contents of biogenic silica

would thus amount to a 16 % of 2 % = 0.3 % decrease in growth rate.

It is well established that diatoms limited by resources other than silica achieve a higher silica
content, simply because a reduced growth rate allows more time to deposit biogenic silica
(Martin-Jézequel et al., 2000). The same allocation pattern is common in terrestrial plants
that invest surplus carbon in carbon-based defence molecules when growth is limited by other
nutrients, commonly referred to as the carbon nutrient balance model (Bryant et al., 1983).

Data compiled for a number of diatom species grown in chemostats under limiting conditions
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(other than silica) all show the same inverse relation between growth rate (p) and silica
content (S) (Pancic et al., 2019):

S~p~054 (Eqn 3)

This ‘passive’ physiological response implies that

AS =1— (1+Ap)~0%% (Eqn 4)

Thus, an average fractional decrease in growth rate (Au) of 10 % would yield an average
increase in silica content of just 5 %, less the observed 16 % average. Conversely, a 16 %
increase in silica content would ‘require’ a 31 % decrease in growth rate if the response was
just ‘passive’. The observed growth penalty is much less, suggesting that the response to

copepod cues requires some additional adaptations.

One such adaptation is a decrease in cell volume. We observed in almost all treatments that
cells shrink in response to grazer cues, on average by 3.2 % in volume (mean of all
experiments). A decrease in cell size is one way of increasing the volume-specific silica
contents of the cells. However, a 3.2 % decrease in cell volume is not accounting for the
higher than expected silica content in induced cell. Thus, some further adaptation in silica
kinetics is necessary to account for the elevated silica content of induced cells. The fact that
even silica-limited cells increase their silica content is further evidence for additional

modifications of the silica kinematics in response to grazer cues.

There may be further costs to silification than what can be observed in laboratory
experiments. Heavier silification may imply faster settling velocity and lower net growth
rates in surface water (Raven and Waite, 2004); or, alternatively, increase the cost for
buoyancy control (Gemmell et al., 2016). Smaller cells suffer higher mortality rate due to
other (smaller) grazers (Kigrboe, 2008). In addition, the obligate need for silica makes
diatoms competitive inferior to most other phytoplankton whenever silica becomes limiting
before other inorganic nutrients, which is typically the case in regions where diatoms
dominate (Panci¢ and Kierboe, 2018). Finally, heavier silification of individual cells implies

that a diatom bloom becomes silica limited earlier and at a lower cell concentration with
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consequently fewer resting stages formed at the end of a bloom. This represents a hidden cost
of silification. However, this cost is ‘public’ and shared among all individuals in the
population and thus not favoured by natural selection unless the diatom bloom is monoclonal
(i.e., all cells stem from the same mother cell and are genetically identical siblings). Blooms
of diatoms and other phytoplankton are, however, typically not monoclonal but consist of

many genotypes (Godhe et al., 2016; Tammilehto et al., 2017).

Trade-offs

Are the costs of increased silification warranted by the benefits? That is, does silification
increase the fitness of the cells? The currency of fitness are specific mortality and growth
rates, and a change in either of the two will lead to a change in fitness. Here, we have
provided rough estimates of both. Commonly used proxies of fitness are the difference
between growth and mortality (Abrams, 1990), or the ratio between the two (Gillam’s rule)
(Gilliam and Fraser, 1987). In either case, the fractional decrease in mortality rate has to
exceed the fractional decrease in growth rate for silification to be overall beneficial. On
average, this appears to be the case for the scenarios examined here but the two changes are
of similar magnitude; 10 % and 11 % respectively, at a nominal cue concentration of 10 nM.
Obviously, predation mortality is expected to increase in proportion to the concentration of
grazers, but so does cue concentration and shell thickening. The resulting trade-off thus
appears to be near ‘neutral’ and the fitness landscape therefore almost flat (Ostling, 2012;
Purves and Turnbull, 2010). The flat fitness landscape may explain why the responses to
copepod cues are very variable, both between and within species, and highly depending on
the exact experimental conditions. Such "equalizing trade-offs™ also allows for prolonged co-
existence of many species (Ehrlich et al., 2017; Ehrlich and Gaedke, 2018; Vage et al., 2013).
Diatoms are a particularly diverse group of photosynthetic protists in the ocean (Malviya et
al., 2016) and a flat fitness landscape may help account for this high diversity of coexisting

species.

Conclusions

The role of silicon in diatoms resembles its role in many terrestrial plants. It serves multiple
purposes, both as a cheap structural element and as a defence agent (Raven, 1983; Stromberg
et al., 2016), and plays many other possible roles, both in plants (Frew et al., 2018) and in

diatoms (Mitchell et al., 2013; Romann et al., 2015). In terrestrial plants, silification is
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inducible by grazers and highly variable, both within and between species (Hartley and
DeGabriel, 2016; Strémberg et al., 2016), just as shown here for diatoms. While the cost of
elevated silification in plants in response to grazers remains unknown, we have here
demonstrated a growth penalty in diatoms to heavier silification. It is exactly such organismal
trade-offs that together with environmental constraints govern the composition and function
of biological communities (Chesson, 2000; Tilman, 1990; Vincent et al., 2012), including the
pivotal role of diatoms in the global carbon budget (Tréguer et al., 2018).

Diatoms account for a large fraction of the biological carbon pump in the ocean (Smetacek,
1999). The defensive role of silicon in diatoms has implications to ocean biogeochemistry,
not only for the fate of silicon, but also for the ability of diatoms to sequester carbon in the
ocean (Assmy et al., 2013; Tréguer et al., 2018). Thus, highly defended diatoms may directly
avoid grazing, while less defended thin-shelled species may escape predation by forming
rapidly sinking aggregates that transport organic carbon to the ocean interior and constitute
an important component of the biological pump. The silica content of like-sized diatoms
varies by an order of magnitude (Panci¢ and Kierboe, 2018) and unravelling the mechanisms
that govern this variation is important for predicting the structure and function of
phytoplankton communities, and the role of diatoms in the biological pump (Tréguer et al.,
2018). Evolutionary adaptations and — as demonstrated here — plastic responses to grazers are

two important factors governing the silica content of diatoms.
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Tables

Table 1: Experimental information. The table lists the experimental design of experiment together with the tested species, the

duration and the source of copepod cues.

Experiment nr. Species Duration Copepod cues

Repeated batch experiments

1 D. brightwellii or T. weissflogii 11 days Filtrate

2 C. cryptica or C. meneghiniana 7 days Copepodamides
3 A. paludosa or D. brightwellii 8 days Copepodamides

Dose-response experiments

4 C. cryptica or T. weissflogii 48 hours Copepodamides
5 C. cryptica or C. meneghiniana 48 hours Copepodamides
6 N. incerta or N. laevis 48 hours Copepodamides
8 A. paludosa or D. brightwellii 48 hours Copepodamides

Continuous culture

experiments
9 T. weissflogii 5 days Copepodamides
10 A. paludosa 5 days Copepodamides

Table 2: Dose-response experiment. Percentage difference in silica content, growth rate and cell volume between lowest (0
nM) and highest (10 nM) concentration of copepodamides based on their regressions. Differences are relative to control
treatments, i.e. positive or negative differences means an increase or decrease in induced cells, respectively. *p < 0.05; **p
< 0.01 and ***p < 0.001.

Species A Silica (um™) A Growth (d™) A Volume (um®)
48h 0-24h 24-48h 24h 48h

T. weissflogii 2.7 -12.4 * -11.1 -0.5 -2.1

A. paludosa 27.3 *** -85.5 * 45.2 -3.4* -11.9 *
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D. brightwellii
N. laevis

N. incerta

C. cryptica

C. meneghiniana

23.1 ***
35.6 ***
9.5*
17.3~*
15.2~*

9.8
-66.7
-90.2 **
4.0

3.1
-32.7

13.4
-3.9

1.6
9.1
-1.0
144
2.0

-3.3 *xk
2.8
111
-9.7%
-7.4%
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Table 3: The relative difference between induced and non-induced cells (%), averaged over the time course of each repeated
batch experiment, in silica content, growth rate, and cell volume. Positive differences reflect increase in induced cells, and

vice versa. Differences are presented as means #SD (number of samples). *p < 0.05; **p < 0.01 and ***p < 0.001.

Species A Silica A Growth A Volume
(um”) (@ (um?®)
T. weissflogii (F) 4.9 £5.3 * (20) -13.3+ 12.2 *(20) 0.1+ 2.0 (20)
A. paludosa 6.8 +13.8 (14) 1.4 + 7.0 (14) 0.5 + 4.4 (14)
D. brightwellii (F) 19.3+28.1 (16) -34.3 + 33.8 ** (16) -0.1+ 3.6 *(16)
D. brightwellii 15.8 + 10.0 ** (14) 0.9 +20.4 (14) 3.9+ 2.7 ** (14)
C. cryptica 24.7+ 9.6 ** (12) 0.5+ 4.3(12) 6.1+ 2.5 *** (12)
C. meneghiniana 34.8 £ 9.4 *** (12) -9.4£10.0 * (12) -3.1£1.3***(12)

Table 4: Average percentage difference between control and induced treatments in continuous culture experiments.
Differences is based on control treatment, i.e. positive or negative differences means an increase or decrease in induced

cells, respectively. Differences are presented as means #SD (n) *p < 0.05; **p < 0.01 and ***p < 0.001.

- A Biogenic Silica A Cell conc. A Volume A Dissolved silica
pecies

(um®) (mL™) (um’) (mL™)
T. weissflogii 9.6 +4.4**(12) -23.4+£16.3** (12) -9.0+27.1(12) 37.5+23.9*(12)
A. paludosa 4.1+226(12) 5.2+15.0 (12) 4.0+17.3(12) -29.5+10.1 (12)
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Fig. 1: Relationship between copepodamide concentration and silica (left column), growth rate (mid column) and cell
volume (right column). Points represents the mean of triplicates, and error bars the standard deviation. Each row represents
the species present in the legend of that row. Dots and open circles colours represent samples taken after 24h and 48h,
respectively. Solid and dashed lines denote linear regressions for 24h and 48h and are plotted in cases where they were

statistically significant (p > 0.05). Note the different scales on y-axis.
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Fig. 2: Frequency distribution of percent change in silica content (a), growth rate (b) and cell volume (c) of all species in
the dose-response experiments. The dashed line represents the overall mean and the dotted lines its standard deviation.
Mean percent change in silica content, growth rate and cell volume are 18.7 + 11.6, -17.3 + 38.7 and -3.8 + 6.5,

respectively.
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Fig. 3: Variation in silica content (left column), growth rate (mid column) and cell volume (right column) over time of

induced (open circles) and non-induced (dots) cells in repeated batch experiments. Points represents the mean of triplicates,

and error bars the standard deviation. Each row represents the species present in the legend of that row. Note the different

scales on y-axis.
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Fig. 4: Frequency distribution of percent change in silica content (a), growth rate (b) and cell volume (c) of all species in

the repeated batch experiments. The dashed line represents the overall mean and the dotted lines its standard deviation.

Mean percent change in silica content, growth rate and cell volume are 16.3 + 18.2, -10.1 + 21.5 and -2.1 + 3.6,

respectively.
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Fig. 5: Silica (left column), growth rate (mid column) and cell volume (right column) over time of induced (open circles) and

non-induced (dots) cells. Each row represents the species present in the legend of that row.
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