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1  | INTRODUC TION

The sedimentary record indicates that marine dissolved silica con-
centrations declined dramatically from the Precambrian (>541 
million years ago, Ma) and through the Phanerozoic. For example, 
syndepositional and early diagenetic microcrystalline quartz (or 
chert) is essentially ubiquitous in peritidal sedimentary deposits 
spanning most of the Precambrian (Maliva et al., 1989, 2005). In 
addition, Archaean sedimentary successions preserve petrographic 
evidence for primary silica precipitation and sedimentation on conti-
nental margins and in deeper basinal settings (Figure 1) (Rasmussen 
et al., 2015; Stefurak et al., 2015). Collectively, these observations 
indicate that global average SiO2(aq) may have been poised as high 

as cristobalite or amorphous silica saturation, corresponding to 
concentrations between 0.67 and 2.2 mmol/L (Siever, 1992; Siever 
& Woodford, 1973). The postulated Neoproterozoic origins of sili-
ceous sponges, and their later Cambrian radiation, may have driven 
a modest decrease in marine SiO2 levels, but early diagenetic chert 
remains a dominant component throughout much of the Palaeozoic 
Era (Figure 1) (Brocks et al., 2017; Conley et al., 2017; Kidder & 
Mumma, 2003; Sperling et al., 2010). Siliceous radiolarians ap-
peared in the Cambrian, but only diversified and became environ-
mentally significant in the Triassic, and may have further lowered 
marine silica concentrations (Conley et al., 2017; Wever et al., 2003). 
Subsequently, siliceous diatoms appeared in the Mesozoic, and their 
widespread Cenozoic expansion, particularly in the Southern Ocean 
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Abstract
Microbes are known to accumulate intracellular SiO2(aq) up to 100s of mmol/l from 
modern seawater (SiO2(aq) <100 µmol/l), despite having no known nutrient require-
ment for Si. Before the evolution of siliceous skeletons, marine silica concentrations 
were likely an order of magnitude higher than the modern ocean, raising the possibil-
ity that intracellular SiO2(aq) accumulation interfered with normal cellular function in 
non- silicifying algae. Yet, because few culturing studies have isolated the effects of 
SiO2(aq) at high concentration, the potential impact of elevated marine silica on early 
microbial evolution is unknown. Here, we test the influence of elevated SiO2(aq) on 
eukaryotic algae, as well as a prokaryote species. Our results demonstrate that under 
SiO2(aq) concentrations relevant to ancient seawater, intracellular Si accumulates to 
concentrations comparable to those found in siliceous algae such as diatoms. In ad-
dition, all eukaryotic algae showed a statistically significant response to the high- Si 
treatment, including reduced average cell sizes and/or a reduction in the maximum 
growth rate. In contrast, there was no consistent response to the high- Si treatment 
by the prokaryote species. Our results highlight the possibility that elevated marine 
SiO2(aq) may have been an environmental stressor during early eukaryotic evolution.
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across the Eocene– Oligocene boundary (Egan et al., 2013), is com-
monly thought to have decreased marine silica concentrations to 
modern levels (<100 µmol/L in deep water) and shifted the locus of 
siliceous sedimentation to basinal settings (Sims et al., 2006).

Although SiO2 was a major constituent of seawater for much 
of Earth's history, the impact of high silica concentrations on non- 
silicifying microbes is poorly constrained. Silica is not considered an 
essential nutrient for non- silicifying microbes, and many species can 
grow in media with no added silica. However, prokaryotes and eu-
karyotes clearly evolved and diversified in oceans with dramatically 
different SiO2 compared with today. The presence of elevated SiO2 
may influence non- silicifying microbes in several ways. For exam-
ple, if silica accumulates inside the cell, microbes may be unequipped 

to manage high intracellular SiO2 levels. In addition, SiO2(aq) forms 
aqueous complexes with other dissolved species, which may alter 
their bioavailability in seawater and potentially also inside the cell, 
resulting in nutrient limitation. In addition, silica may also be taken 
up through ion- specific channels designed for chemically similar spe-
cies, blocking nutrients from entering the cell (Wu & Beitz, 2007). 
However, if extant species have a genetic memory of ancient high- 
SiO2 oceans, they may have cellular machinery to circumvent these 
potential issues (Marron et al., 2016).

Although previous work has examined the impacts of aqueous 
silica concentrations on phytoplankton in the range 1– 100 µmol/L 
(Baines et al., 2012; Brzezinski et al., 2017; Fuhrman et al., 1978), 
those studies did not extend to the very high silica concentrations 

F I G U R E  1   (a) Summary of the 
evolution of siliceous organisms, where 
the width of the black lines indicates 
relative abundance through time. (b) 
Sterane- to- hopane ratios from Brocks 
et al. (2017), indicating the ecological 
contribution of eukaryotes/prokaryotes 
to sedimentary organic carbon (purple 
circles) and key events in early eukaryotic 
evolution (open circles). (c) Changes in the 
dominant location of silica sedimentation 
through time, where the width of the bar 
represents the relative importance of the 
sink (Maliva et al., 2005). (d) δ30Si data 
from Trower and Fischer (2019), from 
iron formation (dark green), spicular chert 
(blue), silicified carbonate (light green) 
and early chert (dark brown) compared 
with bulk silicate Earth (black line)
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thought to be relevant to the Precambrian oceans. Thus, to evalu-
ate responses of major eukaryotic lineages to SiO2 addition at high 
concentration, we grew three chlorophyll a + c- containing algae 
(“red lineage”) and one chlorophyll a + b- containing algae (“green lin-
eage”), including calcifying and non- calcifying strains, under variable 
SiO2 (up to 2.1 mmol/L). We analysed two key functional traits, cell 
size and growth rates, as well as cellular quotas of phosphorus, silica 
and a range of bioessential metals. For comparison with the prokary-
otic realm, we also investigated a cyanobacteria species known to 
accumulate intracellular silica.

2  | METHODS

2.1 | Microbe species

All culture strains were acquired from the Roscoff Culture collection 
(Roscoff, France). Eukaryote species selected for the study included 
three chlorophyll a + c- containing algae, Thoracosphaera heimii 
(strain RCC 1512), Pavlova lutheri (strain RCC 1547) and Emiliania 
huxleyi (strain RCC 1216). Since these strains all acquired their plas-
tids via secondary endosymbiosis from red algae (rhodophytes), 
they will be referred to hereafter as red lineage. In addition, we se-
lected one chlorophyll a + b- containing algae (hereafter green line-
age), Chlamydomonas concordia (strain RCC 1), and one prokaryote 
species, Synechococcus sp. (strain WH8102/RCC539). The selected 
group includes species that possess silica transporters, such as SITs, 
SIT- Ls and Lsi2, and others that do not. T. heimii is a calcifying di-
noflagellate and member of the Alveolata division. There is no ge-
nome available for T. heimii, but other dinoflagellates have SIT- 2 and 
Lsi2- like transporters (Marron et al., 2016). E. huxleyi is a calcifying 
coccolithophore and a member of the Haptophyta division. Some 
coccolithophore species have SITS, and E. huxleyi has Lsi2- like trans-
porters (Durak et al., 2016). P. lutheri is a non- calcifying red lineage 
algae and member of the Haptophyta division and has no reported 
Si transporters. C. concordia is a non- calcifying algae from the green 
lineage and member of the division chlorophyta. The presence of Si 
transporters in C. concordia is not documented, but closely related C. 
reinhardtii has none. Synechococcus is a globally abundant cyanobac-
teria previously shown to accumulate intracellular Si and contains 
SIT- L genes (Baines et al., 2012; Brzezinski et al., 2017).

2.2 | Culture conditions

Each species was grown as a batch culture in an artificial seawater 
media, Aquil* (Price et al., 1989; Sunda et al., 2005). Aquil* is en-
riched with 100 µmol/L nitrate and 10 µmol/L phosphate, and in 
equilibrium with modern atmospheric CO2. In the control, silicic 
acid was not added, but unamended concentrations ranged up to 
25 µM due to the presence of trace amounts of silica in other salts 
(Media A, Table 1). In silica- rich seawater, SiO2 was added to achieve 
concentrations ranging between 1.2 and 2.1 mmol/L from sodium 

metasilicate stock solutions (media C– E, Table 1). SiO2 was added 
before any nutrients and stirred for >48 hr to ensure the stock solu-
tion was fully equilibrated with the media. SiO2 was varied between 
batches of media to test whether there was a progressive response 
to increases in SiO2. Si concentrations in each batch of media were 
analysed via inductively coupled plasma optical emission spectros-
copy (ICP- OES) at the University of Cambridge. Vitamins and trace 
metals were added according to the Aquil* recipe (Price et al., 1989; 
Sunda et al., 2005). The media was pH balanced to 8.1– 8.2 prior to 
inoculation by the addition of NaOH and HCl. The trace metal chela-
tor EDTA (ethylenediaminetetraacetic acid) was added to the trace 
metal stock solutions to guarantee a constant level of bioavailable 
metals and prevent metal precipitation. All stock solutions were 
added under sterile conditions in a laminar flow hood.

All culture bottles were manually and carefully rotated daily to 
avoid cell settling. The cultures were incubated in a climate chamber 
at a constant temperature of 15˚C for haptophyta and alveolata, and 
20˚C for dinoflagellates and cyanobacteria, at a 12:12 (hour:hour) 
light– dark cycle and at a photon flux density of 20 µmol pho-
tons m- 2 s- 1 for alveolata and haptophyta and 100 µmol pho-
tons m- 2 s- 1 for dinoflagellates and cyanobacteria. All cultures were 
grown in sterile non- TC- treated 100- cm3 polystyrene culture ves-
sels. All work was undertaken using sterile techniques, and cultures 
were only opened inside a sterile laminar flow hood and sampled 
with autoclaved pipette tips. The initial cell density was low, and 
cells were transferred into fresh media during mid- exponential 
phase. Each species was grown in triplicate under both silica- rich and 
control conditions. Some cultures were also grown under standard 
Aquil* media, with 100 µM of added SiO2 (Media B, Table 1). The pH 
of the media was monitored during exponential growth of both T. 
heimii and E. huxleyi in silica- rich media as well as a sterile control.

2.3 | Cell abundance and growth rate

Samples for cell abundance were taken at regular intervals through-
out lag, exponential and early stationary phase. Care was taken 
to sample within the same time interval each day, and control and 
Si- rich conditions were sampled within five minutes of each other. 
Incubation bottles were agitated to obtain a homogeneous suspen-
sion of cells before sampling. Eukaryote cells were diluted 10- fold 
with a 3.5% NaCl solution and immediately measured in triplicate 
using a Beckman Z1 Coulter counter within a species- specific size 

TA B L E  1   SiO2(aq) concentrations in each batch of media, 
analysed via ICP- OES. Average error is <5% (1σ)

Media type SiO2(aq)

A <25 µmol/L

B 0.1 mmol/L

C 1.2 mmol/L

D 1.6 mmol/L

E 2.1 mmol/L
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window designed to exclude debris, such as dead cells, bacteria 
or detached coccoliths. The Coulter counter was calibrated using 
spherical beads. Species- specific daily growth rates were calculated 
from the least- squares regression of cell counts versus time during 
exponential growth (Eq).

where c0 and c1 are the cell concentrations at the beginning (t0) and end 
(t1) of the incubation period (for full cell count and cell size data, see 
Figures S1– S5). The optimal period for calculating exponential growth 
was carefully assessed for each sub- culture, ensuring that the points 
used remained within the exponential growth phase, covered several 
complete photoperiods and excluded data points associate with large 
error bars (Figures S1– S5). Growth rates in this study refer to cell divi-
sion rates, rather than increased cellular mass. The spherical equivalent 
diameter of cells was also measured using a coulter counter and used 
to calculate the mean diameter. T. heimii and E. huxleyi samples were 
acidified with a few drops of 10 M HCl after analysis, mixed for one 
hour and reanalysed to determine naked cell size after dissolution of 
calcified shells.

Chlorophyll levels in cyanobacteria cultures were measured in 
triplicate using a TECAN spark® Multimode plate reader at an exci-
tation wavelength of 485 nm. Chlorophyll levels can be assumed to 
track cell density but may also be influenced by variations in the pig-
ment content of individual cells within each treatment. For all spe-
cies, analysis was performed within a one- hour time window daily 
to minimise the influence of sampling different parts of the daily 
growth cycles.

2.4 | Cell imaging

Samples were taken from the T. heimii incubation bottles, and 2 ml 
of media was filtered under low vacuum onto polycarbonate filters 
(0.22 µm pore size) and rinsed five times with 10 mmol/L CaCl2 and 
then five times with 100% ethanol. Filter papers were dried in a 
laminar flow hood. Samples were gold– coated, and SEM analysis was 
performed at the Dunn School of Bioimaging in the Department of 
Physiology, University of Oxford with a Zeiss Sigma 300 FEG- SEM.

2.5 | Total digestions

Cells were centrifuged during mid- exponential phase and washed 
three times in chelexed metal- free seawater, which had a pH of 8 
and contained no added nutrients or Si (SOW). During each wash, 
the cells were in contact with the SOW for over 20 min. Cells were 
then dried under laminar flow and frozen for >24 hr. Cell pellets were 
transferred to clean Teflon beakers under clean laboratory ISO 100 
conditions and digested in a 4:6 mixture of hydrogen peroxide and 
concentrated nitric acid under reflux for 24 hr. The digests were then 
dried down and re- suspended in 2% nitric acid for analysis via flow 

injection ICP- MS (Qiong Zhang et al., 2018). The concentration of 
metals in the media was also analysed via ICP- MS. Si was measured 
on the same digests via ICP- OES at the University of Cambridge. 
Cellular element concentrations were calculated based on the total 
number of cells and the average cell volume, as measured on a 
Coulter counter (See section 2.3). These bulk cellular digests reflect 
intracellular concentrations but will also include contributions from 
any species precipitated on or adsorbed to the exterior cell wall.

3  | RESULTS

3.1 | Growth rates and cell diameter

Consistently reduced growth rates were observed in T. heimii, C. con-
cordia and P. lutheri in silica- rich seawater compared with the control 
(Figure 2). These differences were statistically significant as deter-
mined by a one- way ANOVA test (Figure S6 and table 2). In contrast, 
there was no consistent difference in growth rate for E. huxleyi or 
Synechococcus sp. between the high- silica treatment (Media C– E) 
and the control (Media A, no added SiO2) (Figure 2). For algae grown 
under intermediate- SiO2 seawater (Media B = 100 µmol/L SiO2), 
there was no significant difference in growth rates compared with 
the control (Media A). The pH remained within error of sterile media 
during early and mid- exponential phase but started to rise in late 
exponential phase once cell densities reached >105 per ml, reaching 
8.4 by stationary phase (Figure S7).

Another striking difference between the high- Si treatment 
(Media C– E) and the control (Media A) was reduced average cell di-
ameter at maximum growth rates, observed in T. heimii, E. huxleyi 
and P. lutheri (at the p < .05 level, see Figure 2 and table 2). The 
cell size difference persisted in T. heimii and E. huxleyi after acidi-
fication, suggesting a true difference in the size of the naked cell, 
rather than a change in calcification (see Figure S8). The reduced 
diameter translates into a dramatically reduced surface area and cell 
volume but increases the surface area- to- volume ratio. There was no 
consistent difference in cell diameter observed in C. concordia, and 
no cell size data are available for Synechococcus sp. In summary, all 
species showed a systematic response to elevated SiO2, via reduced 
growth rates and/or cell size, except for the prokaryote species, 
Synechococcus sp.

3.2 | Cellular composition

In general, eukaryotic metal quotas for Fe, Mn, Br and Zn are high 
compared with Co, Cd, Cu, I, Mo, Zr, Ba, Cr and Se, in agreement 
with the less expansive previous cellular metal quotas reported in 
Quigg et al. (2003) (see supplementary discussion). There is a small 
but progressive increase in the intracellular concentration of Se, 
Mo and Ba at higher silica concentrations for T. heimii (Figure 3), 
and a larger increase in the concentration of intracellular As, Al 
and Zr. Similarly, the cellular concentration of Mo, Ba, Al and As is 

� =
[

In(c1) − In(c0)
]

∕
[

t1 − t0

]
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significantly higher in C. concordia cells grown in silica- rich seawater 
compared with a control (Figure 3). For P. lutheri, the cellular con-
centration of Al and Ge is higher in silica- rich conditions compared 
to the control (Figure 3). Other metals show no change outside of 
error (1 SD) between the control and silica- rich conditions. These 

patterns cannot be explained by different concentrations of metal in 
the sterile media (see Figure S9 in the supplementary information). 
In summary, for most bioessential metals, elevated SiO2(aq) does not 
appear to influence cellular metal quotas, but there is an increase in 
the intracellular concentration of some toxic metalloids.

F I G U R E  2   Box plots showing the maximum growth rates (left) and cell size at maximum growth rates (right) for the high- Si treatment 
as a percentage of the control. The black cross indicates an outlier. The result was calculated independently for “n” independent replicate 
cultures (plus an equivalent number of control cultures). The values below the bars are P- values for one- way ANOVA tests, rounded to 
two decimal digits (i.e. values of 0 represent p < .005). P- values <0.05 are interpreted to indicate that the means of the two groups are 
significantly different. C. concordia, T. heimii and P. lutheri show reduced growth rates, and C. concordia, T. heimii and E. huxleyi show reduced 
cell size

TA B L E  2   Average growth rates and cell size at maximum growth rate for Si- rich and control experiments across all sub- cultures

Species

Mean growth rate Mean cell size

High- Si Control
One- way ANOVA 
test High- Si Control

One- way 
ANOVA test

C. concordia 0.15 ± 0.05 0.20 ± 0.04 F(1,16) = 6.72, 
p = .02

5.56 ± 0.57 5.94 ± 0.41 F(1,16) = 2.67, 
p = .12

T. heimii 0.31 ± 0.18 0.58 ± 0.26 F(1,28) = 11.28, 
p = .00

10.42 ± 0.53 11.02 ± 0.58 F(1,28) = 8.89, 
p = .01

P. lutheri 0.16 ± 0.03 0.17 ± 0.03 F(1,10) = 82.93, 
p = .00

4.48 ± 0.04 4.68 ± 0.07 F(1,10) = 42.44, 
p = .00

E. huxleyi 0.76 ± 0.11 0.78 ± 0.12 F(1,52) = 0.25, 
p = .62

4.81 ± 0.18 5.10 ± 0.16 F(1,52) = 42.21, 
p = .00

Synechococcus sp. 0.31 ± 0.22 0.30 ± 0.20 F(1,40) = 0.01, 
p = .93

N/A N/A N/A

Note: Error is one standard deviation. Results of one- way ANOVA test for high- silica treatments compared with control for each sub- culture. p < .05 
suggests the difference between the means of the two groups is statistically significant. The F statistic [F(B,W) = R] states the degrees of freedom 
between (B) and within (W) each group, respectively, which is used to calculate the F ratio (R).
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Thoracosphaera heimii, E. huxleyi, C. concordia and P. lutheri all 
accumulate intracellular silica at concentration orders of magnitude 
higher than the media, even under control conditions. All species 
show an increase in intracellular silica concentration when grown in 
silica- rich media compared with the control, and this is most pro-
nounced in T. heimii and E. huxleyi, where intracellular silica concen-
trations exceed 200 mmol/L in Si- rich media (Figure 4). Enrichment 
factors (the ratio of silica in the cell to silica in the media) remain 
within an order of magnitude for most individual sub- cultures across 
a range of SiO2(aq), despite large variation between species and sub- 
cultures. C. concordia shows a different enrichment factor between 

F I G U R E  3   Intracellular metal concentration for cells grown in 
control (pink), low silica (grey) and high silica media (blue). Each bar 
represents the average of triplicate cultures grown under identical 
conditions, and the error bar represents one standard deviation. 
SC = sub- culture

F I G U R E  4   Intracellular Si and P concentrations for each species 
compared with the Si concentration in the culture media. The 
intracellular concentrations were calculated from total digestions. 
Cell counts and cell diameters were calculated when cells were 
harvested. Each data point represents the average of triplicate 
cultures grown under identical conditions, and the error bar 
represents one standard deviation. Each coloured line represents 
cells harvested from independent sub- cultures. The ratio of 
intracellular Si to Si in the media (enrichment factor) is listed next to 
each data point. Note that the error associated with the calculated 
enrichment factor is larger when Si concentrations are lower
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two sub- cultures, with lower intracellular Si when the cells were har-
vested later in exponential phase, suggesting that silica accumula-
tion rates are highest at the start of exponential phase and decline 
during growth. For T. heimii, intracellular P concentrations also in-
creased under silica- rich conditions (Figure 4).

3.3 | SEM data

During dinoflagellate cell division, the cell temporarily enters a rest-
ing stage, and then, the daughter cell emerges through the excyst-
ment opening. The excystment opening was clearly visible in around 
a third of calcified T. heimii cells grown under control conditions, 
but none were observed in cells grown under Si- rich conditions 
(Figure 6), despite observing >50 individual cells. Aside from this, 
there were no other observable differences in surface texture or 
morphology between cells grown under control and Si- rich condi-
tions, including no evidence of extracellular SiO2 precipitates.

4  | DISCUSSION

4.1 | Eukaryotic stress in silica- rich seawater

All eukaryotic algae investigated here show potential signs of stress, 
including smaller cell size and/or reduced maximum growth rates 
under elevated SiO2(aq). This observation is consistent across the 
major eukaryotic lineages examined here, including algae from red 
and green lineages, and calcifying and non- calcifying red lineage 
algae. Relative to controls (i.e. no added SiO2(aq)), low concentra-
tions of silica (up to 100 µmol/L) resulted in no discernible influence 
on growth rates, consistent with previous studies that tested silica 
levels between 1 and 100 µmol/L (Fuhrman et al., 1978). However, 
silica appears to become detrimental to eukaryotic algae between 
100 µmol/L and 1 mmol/L, concentrations higher than any region 
of the modern ocean (<100 µmol/L in deep waters, but as low as 
<0.2 µmol/L in surface waters). Beyond these concentrations, in-
creasing SiO2 (between 1.2 and 2.1 mmol/L) resulted in no discern-
ible additional change in growth rates. In addition to changes in 
growth rate, all three algae from the red lineage show reduced cell 
sizes under high- Si treatment. Reduced cellular growth rate and/or 
cell size are common indicators of stress in algal culture. The absence 
of visible excystment openings in dinoflagellates grown under high-
 Si conditions is also consistent with slower cell division rates under 
stress. We will explore three possible mechanisms for inducing 
stress under high- Si conditions, including nutrient limitation, metal 
toxicity and the direct effects of intracellular Si accumulation.

4.2 | Nutrient limitation

Reduced growth rates are a common response to nutrient limita-
tion. As we shall explore, nitrate limitation, rather than phosphate, is 

more likely to be the principal driver when reduced growth rates are 
combined with reduced cell size. In the exponential growth phase, 
the mean diameter in a population of cells is controlled by the rate 
of nutrient assimilation into biomass and the time interval between 
cell division (i.e. the generation time) (Aloisi, 2015). In the assimila-
tion phase of the cell cycle, NO3

-  consumption is higher as cells syn-
thesise and accumulate biomass. Immediately before cell division, 
phosphate consumption is higher, as cells synthesise nucleic acids 
and membrane phospholipids. Therefore, phosphate limitation can 
arrest the cells in assimilation phase, causing them to bloat to larger 
sizes before each cell division. Given that two of the species exhibit-
ing longer generation times (i.e. reduced growth rates) also exhibit 
reduced cell diameters, this is inconsistent with phosphate limitation. 
Further, the enhanced accumulation of P in T. heimii under silica- rich 
conditions is inconsistent with P limitation (Figure 4) and instead 
suggests T. heimii continues to accumulate P as some other factor 
limits growth rates. In contrast, NO3

-  limitation results in reduced 
cell diameter at each division and so could explain the combination 
of longer generation times and reduced cell diameter observed in 
T. heimii and P. lutheri in Si- rich seawater. This could occur if high 
SiO2(aq) indirectly affects nitrate bioavailability in seawater, blocks 
nitrate uptake pathways or affects the availability of a micronutrient 
that plays a role in nitrate assimilation.

It is also possible that an alternative micronutrient is causing cell 
stress. SiO2(aq) forms aqueous complexes with transition metals in 
seawater solutions that may alter their bioavailability, in particular 
if intracellular pH increases, as metal– silicate complex formation is 
strongly pH dependent (Choppin et al., 2011). One physiological re-
sponse to nutrient limitation is to use an alternative pathway that 
depends on a different metal, but if a particular protein site depends 
on a single metal, an increase in the efficiency of metal uptake is 
required to maintain a requisite metabolic rate (Dupont et al., 2010). 
A reduction in cell diameter may balance this requirement, since 
this dramatically increases the surface area- to- volume ratio. The re-
duced cell sizes observed in all three algae from the red lineage may 
therefore be an expression of micronutrient limitation. Although the 
intracellular metal concentrations do not show a reduction under the 
high- Si treatment (Figure 3), metal limitation may not be expressed 
if the cells physiologically buffer the “free” metal availability with a 
storage strategy to maintain constant intracellular free levels. It is 
therefore difficult, at present, to identify the ultimate limiting nutri-
ent from cell digests.

4.3 | Metal toxicity

Our data suggest that cellular metal quotas increase for some 
metals in the high- Si treatment. These are largely metals with 
no known biological role, including As, Al and Ge, but also Mo, 
which is required by all microbes. Assuming these metal quotas 
represent intracellular accumulation, as opposed to adsorption 
or precipitation on the surface of the cell, they could be a symp-
tom of cell stress: if a critical metal is limited, the stressed algae 
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may respond by indiscriminately taking up other metals from sea-
water. Alternatively, metalloid accumulation could be a driver of 
cell stress, if increased metal accumulation is inadvertent. This 
could occur if the metals are complexed with Si as it enters the 
cell. Aluminium, for example, forms particularly strong complexes 
with Si. Some Si- specific transporters (e.g. LiS2) can also transport 
metalloids, such as arsenic (Ma et al., 2008) or germanium (Durak 
et al., 2016). Another possibility is that the cells could lose the 
ability to remove toxic metals under high- Si conditions. The high 
concentration of Si may compete with metals such as Ge and Al 
at the efflux pump due to molecular mimicry, causing build- up of 
these metals within the cell (Thamatrakoln & Hildebrand, 2008). 
Metalloids may also become trapped inside the cell complexed 
together with the Si, either within metalloid– Si complexes or as 
an impurity in silicate minerals. Regardless of the accumulation 
mechanism, high metalloid contents are a sign of stress and could 
result in intracellular metal toxicity.

4.4 | Intracellular silica accumulation

Free Si in the cytoplasm has the potential to disrupt cellular metabo-
lism by, for example, binding to proteins (Bienert et al., 2008; Martin- 
Jézéquel et al., 2000). The eukaryote species tested here were all 
found to accumulate intracellular silica in the control ranging from 3 
to 17 mmol/L. Intracellular SiO2 accumulation in eukaryotes appears 
to scale with the SiO2 concentration in the media. Therefore, in the 
high- SiO2 treatment, intracellular SiO2 levels were much higher, 
ranging from ~20 mmol/L in P. lutheri to ~400 mmol/L in E. huxleyi. 
Silica begins to auto- polymerise at concentrations >2 mmol/L under 
circumneutral pH (Iler, 1979), and so these intracellular silica concen-
trations range up to 200 times above silica saturation (Siever, 1962; 

Siever & Woodford, 1973). This phenomenon has been noted pre-
viously in microbes including Synechococcus sp., Platymonas sp. 
and Phaeodactylum tricornutum (Baines et al., 2012; Brzezinski 
et al., 2017; Fuhrman et al., 1978; Nelson et al., 1984), and the in-
tracellular SiO2 concentrations fall within a similar range, despite a 
range of culturing and SiO2 analysis techniques, suggesting intra-
cellular silica accumulation is widespread among non- silicifying mi-
crobes (Figure 5).

One concern is that the bulk cellular digests included inorganic 
phases such as Mg- silicates that precipitated on cell surfaces or as 
an independent phase in the media and were not removed during 
washing. Mg- silicate precipitation is favoured at higher pH (>8.5) 
(Tutolo & Tosca, 2018). Although the media was set to pH 8.1– 8.2 
before inoculation, pH can increase in dense batch cultures due to 
photosynthetic CO2 uptake, potentially reaching pH >8.5 (Nelson 
et al., 1984). However, several observations rule out inorganic Mg- 
silicate contributions to our bulk digests. First, apparent silica up-
take in C. concordia is higher in the early stages of exponential phase, 
when the pH change is likely to be small (Figure 4). Second, silica ac-
cumulation is observed in both calcifying and non- calcifying species, 
despite calcification driving a decrease in pH throughout growth 
that could counterbalance the pH increase driven by photosynthe-
sis (Nimer et al., 1994). We confirmed that the pH remained within 

F I G U R E  5   Intracellular silica concentration, in amol. per cell, for 
a range of algal species with no known silica requirement. Data are 
from Baines et al. (2012) (diamonds); Fuhrman et al. (1978) (square); 
D’Elia et al. (1979) (triangles); and this study (circles). Cells from the 
open ocean come from equatorial upwelling regions of the Pacific 
Ocean

F I G U R E  6   SEM images of T. heimii grown under control 
conditions (left) and in high- silica media (right). Note the clear 
excystment opening under control conditions (white arrows)
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range of a sterile control during early to mid- exponential phase for 
both T. heimii and E. huxleyi in silica- rich media (figure S7). Since we 
harvested cells in mid- exponential phase, this rules out the possi-
bility of pH- induced precipitation in these cultures. Third, the cells 
were soaked three times in SOW with a pH of 8 for >20 min prior 
to digestion, which should have dissolved any inorganic Mg- silicates 
(Nelson et al., 1984). Therefore, our data support true intra-  or extra-
cellular organic uptake/absorption of silica by all four species, con-
sistent with previous reports of intracellular silica accumulation in 
non- silicifying microbes at similar levels (Figure 5; Baines et al., 2012; 
Brzezinski et al., 2017; D’Elia et al., 1979; Fuhrman et al., 1978).

What form does this cellular silica take? One possibility is that 
silicate minerals were deposited external to the cell wall. However, 
no evidence for this was observed with our SEM images of T. heimii, 
in cells associated with significant Si accumulation (Figure 6). 
Observations of intracellular silica accumulation in the open ocean, 
where ambient SiO2(aq) is undersaturated with respect to sili-
cate minerals, further supports a true intracellular form (Baines 
et al., 2012). If the SiO2 present in bulk cell digests is truly intracellu-
lar, it is possible that silicate minerals are precipitating inside the cell, 
contained within membrane- bound vacuoles, although no such vac-
uoles have been observed in diatom studies (Rogerson et al., 1987). 
An alternative possibility for maintaining such high intracellular sil-
ica concentrations is the presence of organic complexes inside the 
cell that bind to silica and increase its solubility (Hildebrand, 2000; 
Hildebrand & Wetherbee, 2003; Martin- Jézéquel et al., 2000). There 
is currently no direct evidence for such complexes existing outside of 
diatoms, and they remain poorly characterised (Azam, 1974; Baines 
et al., 2012; Bhattacharyya & Volcani, 1983; Hildebrand, 2000; 
Sullivan, 1979).

Such high intracellular silica concentrations raise the question of 
how silica is entering and being retained within the cell. If silica is 
acting as a nutrient, then it may be entering the cell via active up-
take. The algae tested here have no known Si requirement. However, 
active Si uptake may be a strategy to lower local seawater Si to in-
hibit silica- dependent competitors (Fuhrman et al., 1978), and small 
amounts of silica have been shown to play an indirect role in other 
processes, such as coccolith formation (Durak et al., 2016). Active 
transport of Si into and around the cell could be facilitated by silica 
specific transporters, such as the SITs, a gene family first character-
ised in diatoms that facilitate Na+ coupled transport of silicic acid 
(Hildebrand et al., 1997). In diatoms, SITs are required to move Si 
around the cell to the silica depositional vesicle without inducing po-
lymerisation. Recent work has found that silica transporters (includ-
ing SITs, SIT- Ls and Lsi2) are present across a broad range of species 
from disparate lineages, including non- silicifying taxa, and appear to 
have a common origin (Durak et al., 2016; Marron et al., 2016). If 
algae have a form of Si importer that is constitutively expressed, and 
no regulatory pathway to switch the transporter off in high- silica en-
vironments, then in the absence of an independent and efficient ef-
flux pathway, cells could continue to accumulate intracellular silica.

However, Si accumulation and signs of stress occur in species both 
with and without known Si transporters (Table 3). E. huxleyi has Lsi2- like TA
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Si transporters, and Synechococcus possesses SIT- L genes (Marron 
et al., 2016). Some dinoflagellates have SIT- L and Lsi2 transporters, 
but phylogenetic analysis is required to confirm whether they are also 
present in T. heimii. In contrast, the presence of Si transporters in C. 
reinhardtii and P. lutheri is not documented. Thus, even species with Si 
transporters, which may help safely transport silica around the cell, are 
overloaded when SiO2(aq) reaches Precambrian levels (>1 mmol/L). 
This is consistent with the high binding affinity for SITs (KD = 2.9 µM) 
(Knight et al., 2016). The presence of high intracellular silica levels in 
species without known Si transporters suggests that Si uptake may not 
be exclusively occurring via Si- specific transporters. Further, it suggests 
that the presence of Si transporters is not able to regulate intracellular 
Si accumulation through increased efflux, either because they are not 
adapted for efflux in extant species, or because the efflux pathways are 
also overwhelmed at such high ambient SiO2(aq).

Another possibility is that active uptake is occurring mistakenly, 
via transporters intended for other ions. This could result in nutrient 
starvation if Si interferes with the uptake efficiency of other trans-
porters. Alternatively, uncharged forms of silica may be entering the 
cell via diffusion. There appears to be a species- specific proportional 
relationship between intracellular SiO2 levels and the concentration 
of SiO2 in the media, suggesting they have very little control over 
uptake, consistent with diffusion (Figure 4). Diffusion could continue 
across the cell wall, despite intracellular concentrations exceeding 
ambient marine SiO2(aq), if organic complexes are present that 
bind to intracellular silica, increasing its solubility (Thamatrakoln & 
Hildebrand, 2008).

4.5 | Response of eukaryotic algae versus 
cyanobacteria

The cyanobacteria Synechoccocus does not show a detrimental re-
sponse to high Si conditions, raising the possibility that prokaryotes 
are better equipped to deal with elevated silica than eukaryotic 
algae. Cyanobacteria employ a strategy centred around nutrient 
acquisition and efflux, by encoding a significantly greater propor-
tion of transporting families (~2.8%) in the proteome compared with 
eukaryotes (0.5 to 1%) (Zhang et al., 2018). Essentially, they are high 
flow- through cells that invest less energy in nutrient storage and 
do not form Si- binding phytochelatins. This may result in a better 
ability for nutrient acquisition and efflux that helps them deal with 
high- Si conditions. Another potential mechanism to reconcile the 
differential impact of high- Si conditions on cyanobacteria and eu-
karyotic algae is if high- Si conditions result in Zn and Cu limitation, 
since eukaryotes have particularly high requirements for these two 
metals compared to the prokaryotes (Williams & Rickaby, 2012). At 
high intracellular SiO2(aq) concentrations, Zn and Cu may be com-
plexed with aqueous SiO2, or precipitate as Zn- silicate or Cu- silicate 
minerals. Available geochemical data suggest that precipitation 
of Zn-  and Cu- silicate minerals should proceed at near- neutral pH 
under the intracellular SiO2 concentrations observed here (Tiller & 
Pickering, 1974; Yates et al., 1998).

4.6 | Early eukaryotes, intracellular SiO2(aq) 
uptake and Precambrian SiO2(aq) levels

The first unambiguous eukaryotic fossils are found in the late 
Palaeoproterozoic Era (>1.65 Ga), but eukaryotes remained 
ecologically marginalised throughout the Mesoproterozoic 
(Butterfield, 2015; Javaux, 2007; Javaux & Knoll, 2017; Javaux 
et al., 2001; Javaux & Lepot, 2018). Recent data indicate that eu-
karyotic microfossils increase in taxonomic richness during and after 
the ~800– 780 Ma Bitter Springs Event, but this metric progressively 
decreases leading up to the ~717 Ma onset of the Sturtian glaciation 
(Cohen & Riedman, 2018; Riedman & Sadler, 2018). Biomarker data 
have been interpreted to reflect a rise to ecological dominance in 
the aftermath of the Sturtian glaciation, at which point eukaryotic 
contributions to organic carbon remain significant through much of 
the remaining Neoproterozoic (Figure 1) (Brocks et al., 2017; Cohen 
& Macdonald, 2015). From one perspective, these data indicate that 
early eukaryotic diversification took place in oceans that featured 
higher levels of SiO2(aq) than today, simply because these evolu-
tionary events pre- date the radiation of siliceous skeletons in the 
Phanerozoic (Siever, 1992; Sperling et al., 2010). At the same time, 
our culturing data suggest that elevated SiO2(aq) levels have a nega-
tive physiological effect on a range of extant eukaryotes. Did marine 
SiO2(aq) levels influence Proterozoic eukaryotic ecosystems, and if 
so, how?

Although Si transporters currently play a role in uptake and trans-
port across many eukaryote species, it has been proposed that the 
original role of Si transporters was for silica detoxification in high- Si 
Precambrian oceans (Marron et al., 2016). In the early Palaeozoic, 
these transporters may have been adapted for biosilicification as 
part of an evolutionary arms race that included the appearance of 
biominerals made from carbonate, phosphate and silicate minerals 
(Marin et al., 1996). This in turn reduced ambient marine SiO2(aq) 
levels (Maliva et al., 1989), driving widespread loss or transformation 
of Si transporters in non- silicifying species (Marron et al., 2016). This 
hypothesis implies that in Precambrian oceans, microbes would have 
had biochemical machinery to deal with elevated marine SiO2(aq). 
In contrast, our results suggest that where Si transporters were 
retained, those species still struggle to deal with elevated SiO2(aq) 
(>1 mmol/L). However, this may simply indicate that Si transporters 
in extant organisms have been adapted to new conditions, by chang-
ing their role or binding affinity and can no longer act as efficient 
efflux pumps under very high SiO2(aq). If early eukaryotes did lack 
specialist adaptations to cope with elevated SiO2(aq), then the abun-
dance of diverse eukaryotes in late Proterozoic ecosystems could 
indicate that SiO2(aq) was lower or more variable than commonly 
thought.

A critical issue in determining how marine SiO2(aq) levels in-
fluenced early eukaryotic ecosystems is to what extent the record 
of synsedimentary and early diagenetic chert actually constrains 
marine SiO2(aq) concentrations. Although primary silica grains 
characterise many Archaean and Palaeoproterozoic successions, 
evidence for direct amorphous silica primary precipitation from 
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the water column in the later Proterozoic is in fact more limited. 
Silica- rich granules clearly attest to spontaneous precipitation 
of amorphous SiO2 from the water column in the Archaean, in-
dicating that seawater occasionally crossed solubility require-
ments, perhaps with the help of salinity fluctuations (Stefurak 
et al., 2014, 2015). Similarly, many silica- rich facies within banded 
iron formations contain evidence for primary or early diagenetic 
silica precipitation in subtidal environments (Maliva et al., 2005; 
Rasmussen et al., 2015). In contrast, most early diagenetic chert of 
late Proterozoic age formed in peritidal settings and is petrograph-
ically distinct in comparison (Fairchild et al., 1991; Hofmann, 1976; 
Knoll, 1982; Knoll et al., 1991; Muir, 1976; Schopf, 1968; Sergeev 
et al., 1995, 1997). For example, early silicification of carbonate- 
rich lithologies includes permineralisation of organic matter, chal-
cedonic cements, micro- quartz precipitation as carbonate minerals 
were replaced, and mosaics of larger interlocking quartz crystals 
somewhat similar to “mesoquartz” produced from modern silica 
sinters (Green et al., 1989; Knoll, 1985; Knoll & Simonson, 1981; 
Maliva et al., 1989, 2005).

Although permineralisation must have occurred very soon after 
organic material entered the sediments (i.e. before complete deg-
radation), the marine SiO2(aq) concentrations required to drive this 
process are poorly constrained. On the basis of sedimentological 
and stratigraphic constraints, many authors have suggested that 
evaporation in peritidal settings assisted in driving early silicifica-
tion (Fairchild et al., 1991). Because early diagenetic silicification is 
comparatively rare in sediments today, these data imply elevated 
SiO2(aq) levels compared with the modern ocean. This inference 
is also supported by recent experimental data showing that the 
formation and subsequent breakdown of aqueous organo- silica 
complexes facilitates high supersaturation and rapid nucleation 
of amorphous silica from seawater- like solutions (Escario Perez 
et al., 2020). Nevertheless, SiO2(aq) could potentially have been 
below amorphous silica saturation, or even cristobalite saturation, 
through much of the late Proterozoic. In fact, mass balance model-
ling of the chert- hosted δ30Si record suggests that marine SiO2(aq) 
might have decreased through the later portion of the Proterozoic 
compared to earlier intervals (Figure 1; Trower & Fischer, 2019), 
possibly driven by increases in authigenic clay formation (Isson & 
Planavsky, 2018). Thus, disentangling the relationship between 
early eukaryotic evolution and the history of marine SiO2(aq) 
requires improved and more quantitative estimates of marine 
SiO2(aq) through time, and a more complete understanding of the 
physiological mechanisms underpinning metabolic activities of 
early eukaryotes in SiO2(aq)- rich seas.

5  | CONCLUSIONS

When exposed to Si- rich solutions that mimic Archaean– Proterozoic 
seawater, extant eukaryotic algae show signs of physiological stress. 
Under these conditions, eukaryotic algae accumulate intracellu-
lar silica, reaching concentrations far above the saturation state of 

common silicate minerals, regardless of whether they possess silica- 
specific transporters. Such high levels of intracellular silica could in-
terfere with normal cellular metabolism by, for example, chelating 
bioessential metals or trapping toxic metalloids. Early eukaryotes 
may have possessed modified Si transporters, designed to pump 
silica out of the cell, as an adaptation to Si- rich oceans. Alternatively, 
silica concentrations during early eukaryotic evolution may have 
been lower or more variable than commonly thought. One major 
outstanding question is why prokaryotes do not show signs of stress 
under elevated SiO2(aq), despite accumulating intracellular silica at 
comparable concentrations. This raises some interesting questions 
about the physiological mechanism underpinning the stress re-
sponse in eukaryotes, with important implications for understand-
ing the influence of declining SiO2(aq) on early microbial evolution.
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