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Editorial on the Research Topic

Biogeochemistry and Genomics of Silicification and Silicifiers

Silicon (Si) is continuously created in the universe by the thermonuclear fusion of oxygen atoms,
mainly in massive stars (Woosley et al., 1973). Although silicon and carbon have similar electron
configurations, life on Earth is based on carbon and not on silicon. The high stability of Si-O bound
under the oxidizing conditions of the Earth’s atmosphere and seas means that solid mineral SiO2

is the end product of most chemical reactions involving Si. The discovery of the oldest putative
evidence for life in SiO2-rich chert deposits, stimulated a debate about the role of silica (SiO2)
in the emergence of life (e.g., Derenne et al., 2008). Nowadays, silica is present in most lineages of
living organisms, often conferring some defensive advantage (Hodson et al., 2005; Exley, 2015). The
main biologically available form of Si is also the most common species of dissolved Si (DSi), silicic
acid (Si(OH)4). Silicic acid was present at very high concentrations in natural waters during Earth’s
early history, which promoted the formation of mineral silica that was then deposited on to the
seafloor. Some organisms eventually evolved the ability to biosynthesize organized silica skeletons
through a condensation reaction between a silanol group of silicic acids and the hydroxyl group
of silaffins, silacidins, and silicateins which act as scaffolds (e.g., Kröger et al., 1999). In the marine
realm, 240 Tmol of silica are produced each year (Tréguer et al., 1995) as compared to 84 Tmol of Si
in the terrestrial realm (Conley and Carey, 2015). Si is required for the growth of diatoms and some
sponges. It is also utilized by radiolarians, silicoflagellates, several species of choanoflagellates, and
can accumulate in some picocyanobacteria (Baines et al., 2012).

Over the past 550 years, different silicifiers in the marine realm have successively dominated
(Conley et al. this issue). Most recently, diatoms have dominated the Si cycle owing to their great
abundance, fast growth rate and high affinity for silicic acid. Over this period, they have stripped
the ocean of silicic acid, bringing concentrations down to an average of 73µM in the deep sea
and <10µM in surface waters, as indicated by the tendency for their frustules to become less
silicified over geological time (i.e., lower Si/C, Si/N ratios) (Tréguer et al., 1995). Despite the
reduced levels of available Si, diatoms are responsible for about 1/4th of the primary production
of planet Earth and half of the carbon flux to the deep ocean via the “biological pump” (review in
Tréguer et al., 2018). Since 2004, the genomes of several diatom species have been deciphered.
Differences to those of terrestrial plants reflect the complex evolution/adaptation of diatoms

5
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in response to the drastic variations of the ocean composition
since the early Jurassic period (Armbrust et al., 2004).
Development of genomic tools in the last few years, may strongly
augment traditional biogeochemistry and biological approaches,
and enhance our understanding of the Si cycle, silicification
processes and the role of silicifiers in ecosystems.

For this reason, the first SILICAMICS conference was
held near Brest (France) in September 2015. This conference,
endorsed by European institutions, included researchers from
multiple disciplines (including chemistry, biogeochemistry,
biochemistry, physiology, genomics) and reviewed extant
knowledge on silicification and silicifiers, underlining the
importance of working across disciplines, as well as considering
all silicifiers and their respective roles in the ecosystem and the Si
cycle. The following questions were addressed:

1-What processes drive the variations of silicic acid and of
its isotopes in the oceans through geologic time and in the
present time?

Conley et al. combine genomic and geological data to
suggest that biological processes have influenced oceanic silicic
acid concentrations (DSi) ever since oxygenic photosynthesis
first evolved. They show that a spectacular decrease in DSi
in the global ocean was initiated first by bacterial Si related
metabolism, followed by the evolution of different eukaryotic
lineages capable of converting DSi into mineralized structures.
Sutton et al. discuss the geochemical tools that are available for
studying the Si cycle and highlight our present understanding
of the marine, freshwater and terrestrial systems. They discuss
challenges associated with the development of environmental
proxies for the global Si cycle, and how each system within the
global Si cycle might change over time. Meyerink et al. show how
iron availability influences silicon isotope fractionation in two
typical Southern diatoms. They describe how variations in the Si
isotope enrichment factor can be explained by the adaptations of
diatoms to the nutrient status of their environments.

2-What explains the success of silicifiers in the living world?
Hendry et al. examine fossils, sediments, and isotopic

geochemistry to show the emergence and expansion of
silica biomineralization in the ocean through geological time.
Taking metagenomics data into account, they also discuss the
competition between silicifiers and non-silicifiers as it has
influenced evolutionary trajectories in the past, and how it affects
the biogeochemical cycles of Si, C, and other nutrients in the
present day. Among silicifiers, diatoms are one of the most
efficient competitors, which allows them to build their silica
frustules in only a few hours under unfavorable temperature and
silicic acid conditions. Because the properties of biogenic silica
have important technological applications, this unique capacity
of diatoms has been scrutinized by the scientific community over
the past 20 years. Hildebrand et al. recall that over this period,
approaches used to characterize the molecular components
involved in cell wall silicification have evolved, revealing that
the diatom cell wall formation is highly dynamic. Mcheik et al.
describe optical properties of nanostructured silica structures
from marine organisms, and highlight interesting optical
properties, such as light waveguiding, diffraction, focusing,
and photoluminescence.

3-Which organisms play a major role in the control of the
silicon cycle?

Kuwata et al. summarize the current information on
taxonomy, phylogeny, ecology, and physiology obtained
by recent studies using a range of approaches including
metabarcoding of Bolidophycae, a sister picoplanktonic group
of diatoms that contain species with cells surrounded by silica
plates. Toullec and Moriceau show for the first time that
transparent exopolymer particles (TEP) selectively increase
biogenic silica dissolution from fossil diatoms compared to
fresh diatoms. In line with results by Akagi (2013) they suggest
that diatom excretion of TEP may accelerate the dissolution of
refractory silica and provide an alternative source of DSi when
limitations arise. Alvarez et al. extracted data from over 320,000
records of Porifera from the Global Biodiversity Information
Facility (GBIF) to describe the overall distribution of sponge
orders and families along DSi gradients and depth. They
conclude that the use of sponge taxa assemblages as a proxy
for DSi concentration or depth must be treated with caution as
these animals are adapted to a great range of DSi conditions,
as well as other unspecified variables that are also related
to depth.

4-Silicifiers in a changing world
Diatoms are important drivers of the biological carbon

pump, but their efficiency may be modulated by interactions
with other organisms. In the mesocosm study described in
Moriceau et al. an increase of copepod abundance boosts
phytoplankton production through trophic cascade, but reduces
the sinking flux of particulate organic carbon when diatoms
dominate the phytoplankton community. Ragueneau et al.’s
article, using a long-term research effort devoted to study
the Si cycle of the bay of Brest, illustrates how human
activity may impact and be affected by the competition
between silicifiers and non-silicifying phytoplankton. They
describe how the succession between diatom and toxic algal
bloom may be controlled by invasive benthic organisms and
diversity. Building on the strength of an interdisciplinary
approach linking natural and social sciences, they propose a
method for the improved use of the ecosystem while ensuring
its sustainability.
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Pico- and nano-phytoplankton (respectively, 0.2–2 and 2–20 µm in cell size) play
a key role in many marine ecosystems. In this size range, Bolidophyceae is a
group of eukaryotes that contains species with cells surrounded by 5 or 8 silica
plates (Parmales) as well as naked flagellated species (formerly Bolidomonadales).
Bolidophyceae share a common ancestor with diatoms, one of the most successful
groups of phytoplankton. This review summarizes the current information on taxonomy,
phylogeny, ecology, and physiology obtained by recent studies using a range of
approaches including metabarcoding. Despite their rather small contribution to the
phytoplankton communities (on average less than 0.1%), Bolidophyceae are very
widespread throughout marine systems from the tropics to the pole. This review
concludes by discussing similarities and differences between Bolidophyceae and
diatoms.

Keywords: bolidophyceae, parmales, diatoms, genetic diversity, mitosis, geographical distribution, seasonal
dynamics and silicification

INTRODUCTION

Following the appearance of oxygenic photosynthesis in the ancestors of cyanobacteria,
this complex process was distributed across all eukaryotic lineages via permanent primary,
secondary, and tertiary endosymbioses (Not et al., 2012). Ocean photosynthesis is dominated by
phytoplankton, a functional group of single cell organisms including prokaryotes and eukaryotes.
In the late 70’s, early 80’s the work of Waterbury et al. (1979) and Johnson and Sieburth
(1982) revealed the importance of very small cells, some below one micron in size, for primary
productivity, which importance was formalized with the concept of the microbial loop by Azam
et al. (1983). However, it was only in the mid 90′s, when researchers began to investigate
the eukaryotic compartment of picophytoplankton, and realized that while cyanobacteria are
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very little diversified, at the least at the genus level with a couple
of taxa (Prochlorococcus, Synechococcus) dominating, eukaryotes
turned out to be very diverse with picoplankton taxa distributed
widely across several branches of eukaryotic tree of life (Vaulot
et al., 2008).

Microphytoplankton such as diatoms, dinoflagellates or
coccolithophorids that produce short lived blooms such as
Emiliania huxleyi, have been extensively investigated, in
contrast to other members of the picoplanktonic community.
A large number of photosynthetic picoeukaryotes species (and
clades) described to date belong to Stramenopiles (also called
Heterokonts), which are characterized by flagellated cells,
produced at least at some point of their life cycles, with two
unequal flagella (heterokont), one being ornamented with hair-
like structures called mastigonemes. Their plastids are thought
to have been acquired through secondary endosymbiosis and
typically contain chlorophylls a and c. Stramenopiles besides
include diatoms, a very successful lineage which cells are encased
in ornamented silica structures, Dictyochophyceae, also called
silicoflagellates, and Pelagophyceae, well known because of
the toxic algal blooms of the brown tide species Aureococcus
anophagefferens and Aureoumbra lagunensis (Gobler and Sunda,
2012) or Pelagomonas calceolata, frequently isolated from
sea water. Although often seen as less diverse, some of these
groups play important ecological roles in marine ecosystems are
fundamental for our understanding of the evolution of algae.

Bolidophyceae, a class created by Guillou et al. (1999a) is
the Stramenopiles group phylogenetically nearest to the diatoms.
They are often detected in molecular surveys, although in low
abundance. We now know that they can occur as two distinct
forms, either silicified pico-sized (2–5 µm) or non-silicified
flagellated (1–1.7 µm) cells (Guillou et al., 1999a; Ichinomiya
et al., 2011, 2016) and cultures from both forms have been
isolated from the marine environment. This review summarizes
the discovery of Bolidophyceae and current information of
phylogeny, ecology, and physiology obtained by recent studies
using a range of approaches. We discuss similarities and
differences between Bolidophyceae and diatoms to explore the
evolutionary link between these silicified algal groups.

DISCOVERY AND TAXONOMY

Well before the creation of the class Bolidophyceae, their silicified
forms (Figure 1) were first reported from scanning electron
microscopy (SEM) images in oceanic samples from the North
Pacific (Iwai and Nishida, 1976). Initially, they were thought
to be resting cysts of silicified loricate choanoflagellates (Silver
et al., 1980). However, the observation of red auto fluorescence
indicating the presence of chlorophyll and the existence of a
chloroplast in sectioned cells observed by transmission electron
microscopy revealed that they were active phytoplankton cells

FIGURE 1 | Silicified and flagellated species of Bolidophyceae. (a) Pentalamina corona, (b) Tetraparma pelagica, (c) Triparma laevis f. inornata, and (d) Triparma
eleuthera. Scale bars = 1 µm. Diagrams of silica plates in the three genera of silicified species (Parmales); D, dorsal plate; G, girdle plate; S, shield plate; and V,
ventral plate. Redrawn from Booth and Marchant (1987) with permission.
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(Marchant and McEldowney, 1986). Marchant and McEldowney
(1986) could not establish their taxonomic position, although
they suggested some morphological similarities with other algae
groups such as Bacillariophyceae and Chrysophyceae.

Booth and Marchant (1987) tentatively established
Parmales (Latin: small round shields) as a new order within
Chrysophyceae. The taxonomy of Parmales was based on the
morphological features of silica plates that can only be observed
with SEM. Two families and three genera were established:
Pentalaminaceae with one genus Pentalamina (Latin: five
plates) and Triparmaceae with two genera, Tetraparma (Latin:
four small round shields) and Triparma (Latin: three small
round shields) (Figures 1a–c). Pentalamina has 2 circular
shield plates of equal size, a larger ventral plate and 2 triradiate
girdle plates. Tetraparma has 3 shield plates of equal size, a
smaller ventral plate, a triradiate dorsal plate and 3 girdle plates.
Triparma has 3 shield plates of equal size, a larger ventral
plate, a triradiate dorsal plate and 3 girdle plates (Booth and
Marchant, 1987, 1988; Kosman et al., 1993; Bravo-Sierra and
Hernández-Becerril, 2003; Konno and Jordan, 2007; Konno
et al., 2007).

The flagellated forms of Bolidophyceae (Figure 1d) were
originally isolated from the Pacific Ocean and Mediterranean Sea,
and described as two flagellated species, Bolidomonas pacifica
and B. mediterranea, differing in the angle of the insertion of
the two flagellum, swimming patterns as well as in 18S rRNA
gene signatures (Guillou et al., 1999a). The name “Bolidomonas”
refers to the rapid swimming behavior of the cells remembering
a racing car. A variety, B. pacifica var. eleuthera, was later
proposed based on both cultures and environmental sequences
(Guillou et al., 1999b). Analyses of photosynthetic pigments as
well as nuclear 18S rRNA and plastid RubisCO large subunit
(rbcL) sequences (Guillou et al., 1999a; Daugbjerg and Guillou,
2001) demonstrated the sister relationship between Bolidomonas
and diatoms, although Bolidomonas are flagellates and lack the
siliceous frustule characteristic of diatoms. Bolidophyceae were
thus proposed to be an intermediate group between diatoms and
all other Stramenopiles (Guillou et al., 1999a).

For more than 24 years, Parmales escaped isolation. These
silicified cells are small and difficult to distinguish them from
other small phytoplankton in field samples under the light
microscope. To overcome this problem, Ichinomiya et al.
(2011) used the fluorescence dye PDMPO (2-(4-pyridyl)-5-
((4-(2-dimethylaminoethylaminocarbamoyl) methoxy)phenyl)
oxazole) (Shimizu et al., 2001), which is co-deposited with
silicon into the solid silica matrix of the newly produced cell
walls and fluoresces under UV excitation whenever silicic acid
is polymerized forming biogenic silica. Using PDMPO staining
and a serial dilution technique, the first Parmales strain was
established from Oyashio region of the western North Pacific
(Ichinomiya et al., 2011).

Scanning electron microscopy established that this strain
belonged to the species Triparma laevis and transmission electron
microscope observations showed the typical ultrastructure of
photosynthetic Stramenopiles, with two endoplasmic reticulate
membranes surrounding the chloroplast, a girdle and two to
three thylakoid lamellae as well as a mitochondrion with tubular

cristae. Phylogenetic analyses based on 18S ribosomal rRNA
sequences from the new strain demonstrated that T. laevis was
closely related to Bolidophyceae (Ichinomiya et al., 2011), rather
than part of Chrysophyceae as hypothesized initially (Booth
and Marchant, 1987). Phylogenetic analyses using plastidial and
mitochondrial encoded genes from T. laevis also confirmed
its sistership with Bolidophyceae and diatoms (Tajima et al.,
2016).

Recent phylogenetic analyses using nuclear, plastidial, and
mitochondrial genes from several novel strains, including a
flagellate form very closely related to the silicified strains, led
to a taxonomic revision (Table 1) in which the order Parmales
was included within the class Bolidophyceae and Bolidomonas
species were transferred to the genus Triparma (Ichinomiya et al.,
2016).

GENETIC DIVERSITY

Clade Diversity
The analysis of full-length nuclear 18S rRNA gene sequences
from public databases revealed the existence of two
environmental clades (Env. clade I and II) in addition to
the group corresponding to the genus Triparma (Ichinomiya
et al., 2016). These clades are only formed by environmental
sequences and no sequences from cultures or isolates
are available. Within the Triparma group, sub-clades
formed by sequences from strains and the environment
corresponded to the species Triparma eleuthera, Triparma
pacifica, and Triparma mediterranea. The “T. laevis” sub-
clade, including the species T. laevis f. inornata, T. laevis f.
longispina, Triparma strigata, Triparma aff. verrucosa and the
flagellated strain Triparma sp. RCC1657. Other molecular
markers (plastid 16S rRNA and rbcL, nuclear ITS rRNA and
mitochondrial nad1) revealed the presence of two distinct
sub-clades within the “T. laevis” sub-clade, hereafter called
for convenience Triparma clade I with the two forms of
T. laevis (f. inornata, and longispina) and Triparma clade II
with T. strigata, T. aff. verrucosa and the flagellated strain
RCC1657.

In order to review the current state of the diversity of
Bolidophyceae, we analyzed existing GenBank sequences
as well as metabarcodes obtained from a range of recent
studies (Table 2) focusing on the V4 region of the 18S rRNA
gene (see Supplementary Material for Methodology). The
phylogenetic analysis of the newly obtained V4 sequences
(Figure 2) recovered the two major environmental clades
previously described (Env. clade I and II, Ichinomiya
et al., 2016), but also revealed the existence of a third
environmental clade (called Env. clade III) within which
two sub-clades IIIA and IIIB can be clearly separated.
Each environmental clade contained sequences from clone
libraries (GenBank) as well as identical or nearly identical
metabarcode sequences from different surveys suggesting
that these environmental clades are not artefactual. These
environmental clades may, for some of them, correspond
to species of Parmales (e.g., from genera Tetraparma
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TABLE 1 | Current taxonomy of Bolidophyceae.

class, order, family, genus, species, subspecies, forma (= synonym, basyonym) Reference

Class Bolidophyceae Guillou et Chrétiennot-Dinet emend. Ichinomiya et Lopes dos Santos Guillou et al., 1999a ; Ichinomiya et al., 2016

Order Parmales Booth et Marchant emend. Konno et Jordan emend. Ichinomiya et Lopes dos
Santos

Booth and Marchant, 1987; Konno and Jordan, 2007;
Ichinomiya et al., 2016

Family Pentalaminaceae Marchant emend. Konno et Jordan Booth and Marchant, 1987; Konno and Jordan, 2007

Genus Pentalamina Marchant Booth and Marchant, 1987

Pentalamina corona Marchant Booth and Marchant, 1987

Family Triparmaceae Booth et Marchant emend. Konno et Jordan emend. Ichinomiya et Lopes dos
Santos (= “Octolaminaceae” Booth et Marchant)

Booth and Marchant, 1987; Booth and Marchant, 1988;
Konno and Jordan, 2007; Ichinomiya et al., 2016

Genus Tetraparma Booth emend. Konno et Jordan Booth and Marchant, 1987; Konno and Jordan, 2007

Tetraparma catinifera Konno et al. Konno et al., 2007

Tetraparma gracilis Konno et al. Konno et al., 2007

Tetraparma insecta Bravo-Sierra et Hernández-Becerril emend. Fujita et Jordan Bravo-Sierra and Hernández-Becerril, 2003; Fujita and
Jordan, 2017

Tetraparma pelagica Booth et Marchant Booth and Marchant, 1987

Tetraparma silverae Fujita et Jordan Fujita and Jordan, 2017

Tetraparma trullifera Fujita et Jordan Fujita and Jordan, 2017

Genus Triparma Booth et Marchant emend. Konno et Jordan emend. Ichinomiya et Lopes dos
Santos (= Bolidomonas Guillou et Chrétiennot-Dinet)

Booth and Marchant, 1987; Guillou et al., 1999a ; Konno
and Jordan, 2007; Ichinomiya et al., 2016

Triparma columacea Booth Booth and Marchant, 1987

Triparma columacea f. convexa Konno et al. Konno et al., 2007

Triparma columacea f. fimbriata Konno et al. Konno et al., 2007

Triparma columacea f. longiseta Fujita et Jordan Fujita and Jordan, 2017

Triparma columacea subsp. alata Marchant

Triparma eleuthera Ichinomiya et Lopes dos Santos ( = “Bolidomonas pacifica var. eleuthera”) Ichinomiya et al., 2016

Triparma laevis Booth Booth and Marchant, 1987

Triparma laevis f. fusiformins Fujita et Jordan Fujita and Jordan, 2017

Triparma. laevis f. inornata Konno et al. Konno et al., 2007

Triparma laevis f. longispina Konno et al. Konno et al., 2007

Triparma laevis f. mexicana (Kosman) Bravo-Sierra et Hernández-Becerril
(=Triparma laevis subsp. mexicana Kosman)

Kosman et al., 1993; Bravo-Sierra and Hernández-Becerril,
2003

Triparma laevis subsp. pinnatilobata Marchant Booth and Marchant, 1987

Triparma laevis subsp. ramispina Marchant Booth and Marchant, 1987

Triparma mediterranea (Guillou et Chrétiennot-Dinet) Ichinomiya et Lopes dos Santos
(= Bolidomonas mediterranea Guillou et Chrétiennot-Dinet)

Guillou et al., 1999a ; Ichinomiya et al., 2016

Triparma pacifica (Guillou et Chrétiennot-Dinet) Ichinomiya et Lopes dos Santos
(= Bolidomonas pacifica Guillou et Chrétiennot-Dinet)

Guillou et al., 1999a ; Ichinomiya et al., 2016

Triparma retinervis Booth Booth and Marchant, 1987

Triparma retinervis f. tortispina Fujita et Jordan Fujita and Jordan, 2017

Triparma retinervis subsp. crenata Booth Booth and Marchant, 1987

Triparma strigata Booth Booth and Marchant, 1987

Triparma verrucosa Booth Booth and Marchant, 1987

Adapted from Ichinomiya and Kuwata (2017) with permission.

or Pentalamina) that have not yet been isolated in
cultures.

Diversity Within the Genus Triparma
We explored the level of inter- and intra-clade diversity within
the genus Triparma by analyzing the folding pattern of the ITS2
(see Supplementary Material for Methodology) from 14 strains
previously described in Ichinomiya et al. (2016). The general ITS2
secondary structure of Bolidophyceae proposed contains the
four-helices domains known in many eukaryotic taxa in addition

to helix B9 (Figure 3). We located in Helices II and III the
universal hallmarks proposed by Mai and Coleman (1997) and
Müller et al. (2007): the pyrimidine–pyrimidine (Y–Y) mismatch
in helix II and YRRY (pyrimidine – purine – pyrimidine) motif
on the 5′ side of Helix III, respectively, at alignment positions
95 and 148 and between nucleotides 205 and 208 (Figures 3,
4). In all strains analyzed, the Y–Y mismatch was represented
by the pair U x C, with the exception of T. pacifica strains (U
x U), and the YRRY motif of helix III by the sequence UGGU
(Figure 3).
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TABLE 2 | List of metabarcoding studies using the V4 region of the 18S rRNA genes that have been used for the phylogenetic (Figure 2) and the biogeography analyses
(Figures 6, 7).

Data set Region Samples # Bioproject Sequencer Clustering Reference

OSD – LGC – 2014 Ocean 157 PRJEB8682 Illumina 0.97 Kopf et al., 2015

MALINA – Monier 2014 Arctic Ocean 24 PRJNA202104 454 0.98 Monier et al., 2013, 2014

ACME – Comeau – 2011 Arctic Ocean 11 SRA029114 454 0.98 Comeau et al., 2011

Nansen Basin – Metfies – 2016 Arctic Ocean 17 PRJEB11449 454 0.97 Metfies et al., 2016

Southern Ocean – Wolf – 2014 Southern Ocean 6 PRJNA176875 454 0.97 Wolf et al., 2014

Fieldes Bay – Luo – 2016 Southern Ocean 10 PRJNA254097 Illumina 0.97 Luo et al., 2015

Fram Strait – Kilias – 2013 Arctic Ocean 5 454 0.97 Kilias et al., 2013

See Supplementary Material for details.

FIGURE 2 | ML phylogenetic tree based on the V4 region of the 18S rRNA gene based both on GenBank sequences available from the PR2 database (Guillou et al.,
2013) and on metabarcodes OTUs obtained from the studies listed in Table 2 (see Methodology in Supplementary Material). The tree was constructed with
phyML and dots correspond to nodes with SH-like branch support >0.90. GenBank sequences from environmental samples are colored in blue and those from
cultures, in red.
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FIGURE 3 | General structure model of the ITS2 molecule of the Triparma clades. The four major helices are labeled as Helix I – Helix IV and the interaction region of
5.8S and 28S rRNA as B9. Numbers refer to the alignment positions and those between brackets to the compared positions in each helix. The nucleotides that are
100% conserved in the helices spacers, hallmarks positions in helices II and III and first two base pairs of the helices are shown. The gray dots represent segments
that display length and sequence variation (see Methodology in Supplementary Material).

The spacers between helices B9 and I, I and II, II and III,
and IV and B9 were conserved in length and sequence among
the clades (Figure 3), as well as the first two base pairs of
helices I, II, and III. In contrast, the spacer between helices
III and IV showed greater variation between Bolidophyceae
clades but it was conserved at the intra-clade level (Figure 3).
Helices B9 (a region of the 5.8S and 28S rRNA interaction) and
III showed good intra and inter-clade conservation (Figure 3
and Supplementary Figure 1). The ITS2 sequence from T. aff.
verrucosa is incomplete and the 3′side arm of helix B9 could not
be determined (Supplementary Figure 1).

The identification of CBCs in Bolidophyceae ITS2 secondary
structure was based on the phenetic approach which relies
on a base pair sequence comparison of all CBCs between
two sequences without direct reference to their evolutionary
origin (Müller et al., 2007; Coleman, 2009). The phylogenetic
approach method which considers the status of a given base
pair in the ancestor of two sister taxon could not be applied
for Bolidophyceae given the conflicting branching pattern among
phylogenies (for more details see Ichinomiya et al., 2016).

Putative CBCs, hCBCs, and non-CBCs type changes were
identified in the conserved regions of the helices B9, I, II,
and III within each clade and between clades (Figure 4 and
Supplementary Figure 1). Helix IV (Figure 4) was not included
in the inter-clade analysis given its known variable nature
(Coleman, 2007). Several CBCs and hCBCs were identified at
inter-clade level suggesting that each clade within Triparma

genus (T. pacifica, T. mediterranea, T. eleuthera, Triparma I and
II, sensu Ichinomiya et al., 2016) is composed by at least one
species (Figure 4).

At the intra -clade level, no CBC, nor hCBCs were identified
between the two forms of T. laevis, f. inornata and f. longispina
(Triparma clade I), that differ by the plate morphology,
suggesting that these two forms may belong to the same species,
although the absence of CBCs is not an absolute indicator that
two organisms belong to the same species (Müller et al., 2007;
Caisová et al., 2011, 2013). However, at least one CBC is a good
indicator (93.1% of confidence for plants and fungi) that in most
of the cases, two organisms represent distinct species (Müller
et al., 2007). For Triparma clade II (T. aff. verrucosa, T. strigata,
and Triparma sp. RCC1657), no CBC or hCBCs were identified
between the morpho species T. aff. verrucosa and T. strigata.
The ITS operon sequences from these two strains, including
the two internal transcribed spacers and 5.8S rRNA, are nearly
identical (99.1%) differing only by six nucleotides. Although three
of these substitutions are within the ITS2, none correspond to
a nucleotide pair in the ITS2 secondary structure (Figure 4).
However, between Triparma sp. RCC1657 on the one side and
T. aff. verrucosa plus T. strigata on the other side, 1 hCBC
(helix B9, position 6, Supplementary Figure 1) and 1 CBC (helix
IV, box, Supplementary Figure 1) were identified, suggesting
that Triparma clade II is composed by at least two species, one
corresponding to Triparma sp. RCC1657 and the other by T. aff.
verrucosa and T. strigata.
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FIGURE 4 | Simplified secondary structural diagram of helices I, II, and III among the different Triparma clades. The conserved base pair among the different clades
are numbered. Double-sided CBCs (compensatory base changes) and hemi-CBCs are highlighted by bold red nucleotides. Non-CBCs (N – N↔ N × N) are
represented by bold blue nucleotides. The pyrimidine-pyrimidine (Y–Y) mismatch in helix II and the YRRY (pyrimidine – purine – pyrimidine) motif on the 5′ side arm of
the helix III are showed by bold nucleotides and by ∗ positions. Single nucleotide substitution between T. aff. verrucosa and T. strigata is showed by gray nucleotides
(see Methodology in Supplementary Material).

ECOLOGY

Oceanic Distribution
We explored the distribution of Bolidophyceae in the ocean using
data obtained by SEM observation, environmental sequencing
and metabarcoding. By compiling available records of observed
silicified morphological species of Bolidophyceae in natural
waters (Supplementary Table 1), we mapped the geographical
and specific distribution pattern of each morphological species
(Figure 5). Tetraparma pelagica, and the Triparma species,
T. laevis, T. columnacea, T. retinervis, and T. strigata are
widely distributed from polar to subtropical regions. In contrast,
Pentalamina corona, Tetraparma gracilis, Tetraparma catinifera,
and Triparma verrucosa are restricted to polar or subpolar
regions. T. gracilis was observed in both, Arctic and Antarctic
regions while P. corona seems endemic to the Antarctic and,
T. verrucosa and T. catinifera to the subarctic region. Tetraparma
insecta and the recently described species Tetraparma silverae and
Tetraparma trullifera seem to be restricted so-far to subtropical
regions.

Using both available environmental GenBank sequences
and 18S rRNA V9 metabarcodes acquired during the Tara
Oceans expedition, Ichinomiya et al. (2016) established the

oceanic distribution of the major Triparma species and of
environmental clades. T. mediterranea metabarcodes dominated
in the Mediterranean Sea while T. pacifica and T. eleuthera were
co-dominant in the tropical and sub-tropical oceans. The T. laevis
clade was clearly associated with cold Antarctic waters but was
also found near the Costa Rica dome. Bolidophyceae sequences
were most abundant in the picoplanktonic fraction (0.8–5 µm)
of the Tara Oceans samples and represented at most 4% of the
photosynthetic reads and less than 1% on average (Ichinomiya
et al., 2016).

In order to obtain a more complete image of the
Bolidophyceae distribution, we used the large data set of
18S rRNA V4 metabarcodes described above. This data set
includes a range of studies (Table 2) including OSD (Ocean
Sampling Day) that sampled an extensive set of coastal stations
(Kopf et al., 2015) and several from Arctic and Antarctic waters
that were not covered by the Tara expedition.

Among these metabarcodes, the Triparma clade was slightly
dominating in terms of total reads followed by the three
environmental clades III, I, and II, respectively, in this order
(Figure 6A). Within Triparma, T. pacifica was most abundant
followed by T. mediterranea. One environmental subclade (IIIA)
was also particularly abundant. The relative contribution of

Frontiers in Marine Science | www.frontiersin.org October 2018 | Volume 5 | Article 37014

https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-05-00370 October 25, 2018 Time: 15:1 # 8

Kuwata et al. Bolidophyceae, a Sister Group of Diatoms

FIGURE 5 | Distribution of silicified Bolidophyceae species based on literature records of SEM observations (see Supplementary Table 1).

Bolidophyceae to total metabarcodes at each station varied widely
with an average of 0.23% (Figure 6B). It was highest, up to
12%, in both Arctic and Antarctic regions as well as around the
European coast. In contrast Bolidophyceae were absent at several
stations along the East coast of North America and in the Eastern
Mediterranean Sea (Figure 6C).

The distribution of individual Triparma species and
environmental clades confirmed some of the trends observed
in the Tara Oceans data (Ichinomiya et al., 2016) but also
revealed new features (Figure 7). Among the Triparma species,
T. eleuthera and T. pacifica were the most ubiquitous and
often co-occurred at the same stations, suggesting that their
ecological niches are very close. They did not seem to be
present though in really polar waters such as in the Beaufort
Sea. In contrast, it was confirmed that T. mediterranea was
indeed mostly restricted to the Mediterranean Sea while the
T. laevis clade was only found at high latitudes both in the

Arctic and Antarctic. Some environmental clades had clear
biogeographic distributions such as clade IIIA found mostly in
temperate latitudes and IIIB only in the Arctic and Antarctic
regions. The latter clade seemed particularly prevalent in
the high Arctic Ocean. Clade I was also mostly observed
at high latitudes, although not restricted to polar waters,
in contrast to clade II which was more widespread. These
distribution patterns may reflect the genetic diversity within
these clades. Clades IIIA and B have very low genetic diversity
(Figure 2) in contrast clades I or II. The former may therefore
correspond to a single species with a narrow niche and the
latter to several species or even genera, explaining their wide
distribution.

Seasonal Cycle
Ichinomiya and Kuwata (2015) investigated the seasonal
influence in the abundance and vertical distribution of the
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FIGURE 6 | (A) Distribution of read abundance among the different
environmental Bolidophyceae clades and Triparma species in the
metabarcoding studies based on the 18S rRNA V4 region listed in Table 2.
(B) Overall statistics of the proportion of Bolidophyceae reads related to the
total number of reads from studies listed in Table 2. Only surface samples
were considered. (C) Oceanic distribution of Bolidophyceae. Circle size is
proportional to the number of Bolidophyceae reads related to the total number
of reads at a given station.

silicified forms of Bolidophyceae in the western North Pacific
using SEM. The area investigated is surrounded by the cold
Oyashio current with water temperature below 5–8◦C at
100 m (Shimizu et al., 2009). The Bolidophyceae community
was mainly composed of T. laevis (64 ± 22%) with only
small regional and seasonal differences in contrast to diatoms
that display clear seasonality patterns (Takahashi et al., 2008;
Suzuki et al., 2011). The vertical distribution of the silicified
Bolidophyceae community changed seasonally according to
the hydrographic condition. Silicified Bolidophyceae had a
wide vertical distribution between 0 and 100 m with high
abundance of 10–102 cells mL−1 in March and May at
stations where the water column was well mixed or weakly
stratified (Figure 8). In contrast, from May to October at
stations where the water was stratified Bolidophyceae were
absent from the surface layer, but mainly distributed under
the pycnocline from 20 to 50 m with lower abundance of
<0.1–10 cells mL−1. Komuro et al. (2005) also reported
similar seasonal variations in depth distributions of the silicified
form at Station KNOT (44◦N, 155◦E) in the western North

Pacific. They extended from 0 to 100 m in January and
May, but were restricted to the subsurface layer from 30 to
100 m in August. Silicified Bolidophyceae have optimal growth
temperatures below 10◦C, but do not grow above 15◦C (see
section “Cell Physiology”). These data suggest that silicified
Bolidophyceae actively grow during the cold mixing season
and maintain their population under the pycnocline during
the warm stratified season (Figure 9). Flagellated forms of
Bolidophyceae may also be present in the surface layer during
stratification since they have been reported in the surface
layer during the summer season in the English Channel (Not
et al., 2002) and northern South China Sea (Wu et al., 2017)
using 18S rRNA-targeted oligonucleotide probes specific of
Bolidophyceae detected by in situ hybridization and tyramide
signal amplification (FISH-TSA). 18S rDNA sequences of
Bolidophyceae have also been detected using high-throughput
sequencing (Kataoka et al., 2017) at 10 m in summer and
autumn in the Oyashio region when silicified forms were
absent.

Role in Food Webs
It is not clear how Bolidophyceae contribute to the microbial
food web. Materials resembling silicified Bolidophyceae have
been reported in fecal pellets of copepods (Booth et al., 1980;
Urban et al., 1993) and Antarctic krill (Marchant and Nash,
1986), indicating that they can be grazed by larger predators
(Kosman et al., 1993). Bolidophyceae main grazers are expected
to be small protozoans, such as choanoflagellates (Taniguchi et al.,
1995) although there is no evidence of their direct ingestion by
protists.

CELL PHYSIOLOGY

Temperature
Ichinomiya et al. (2013) and Ichinomiya and Kuwata (2015)
conducted growth experiments at various temperature ranging
from 0 to 15◦C, using three silicified strains: T. laevis f.
inornata, T. laevis f. longispina, and T. strigata. These silicified
Bolidophyceae species were able to grow at 0 to 10◦C (T. laevis
f. inornata and T. strigata) and 5 to 10◦C (T. laevis f. longispina)
but not over 15◦C (Figure 10). The optimal growth temperatures
were 5◦C for T. laevis f. inornata and 10◦C for T. laevis f.
longispina and T. strigata, with growth rates of 0.35 d−1, 0.50 d−1,
and 0.69 d−1, respectively. In contrast, strains of naked flagellated
forms have higher growth rates and grow at higher temperatures
(Figure 10). T. eleuthera showed positive growth at 16–24◦C with
the maximum growth rate of 1.7 d−1 at 22◦C (Stawiarski et al.,
2016) while T. pacifica and Triparma sp. RCC201 had growth
rates of 0.91 d−1 and 0.51 d−1 at 20◦C, respectively (Jacquet et al.,
2001; Thomas and Campbell, 2013).

Silica
The growth of diatoms is limited by dissolved silicate (Martin-
Jézéquel et al., 2000; Sarthou et al., 2005). Diatoms cell cycle
is controlled by silica and silica limitation arrests cells at the
G1–S boundary (Darley and Volcani, 1969; Okita and Volcani,
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FIGURE 7 | Percentage relative to the total number of Bolidophyceae reads of the different environmental Bolidophyceae clades and Triparma species in the
metabarcoding studies based on the 18S rRNA V4 region listed in Table 2. Only surface samples were considered.
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FIGURE 8 | Seasonal variation in vertical distributions of temperature and abundance of the Parmales community along the A-line in March, May, July, and October
2009. Station numbers shaded in yellow indicate the Oyashio region. Redrawn from Ichinomiya and Kuwata (2015) with permission.

FIGURE 9 | A proposed life history of T. laevis (see text for details).

1978; Vaulot et al., 1987) and during the G2–M transition
due to silica requirement for DNA replication and cell wall
formation, respectively (Vaulot et al., 1987; Brzezinski et al.,
1990).

In contrast, Bolidophyceae despite possessing silica plates
can grow in the absence of silica (Yamada et al., 2014).
T. laevis f. inornata cells growing under sufficient silicate
(100 µM) are surrounded by eight plates, rounded shield and
ventral plates, as well as non-rounded dorsal and girdle plates.
However, plate formation becomes incomplete and the fraction
of cells lacking dorsal and girdle plates increases at low silicate
concentration (10 µM). Cells finally loose almost all plates at
silicate concentrations lower than 1 µM (Yamada et al., 2014).
Other silicified Bolidophyceae strains, T. laevis f. longispina
and T. strigata, can also grow under silicate depletion without
formation of a silica cell wall (unpublished data). Cell wall

FIGURE 10 | Growth rates of the silicified (blue symbols) and naked
flagellated (red symbols) Triparma strains. Data redrawn from Stawiarski et al.
(2016) for T. eleuthera (RCC212), Jacquet et al. (2001) for Triparma sp.
(RCC201), Thomas and Campbell (2013) for T. pacifica (RCC205) and
Ichinomiya and Kuwata (2015) for T. laevis f. inornata (NIES-2565), T. laevis f.
longispina (NIES-3699), and T. strigata (NIES-3701).

is restored within a day in about 40% of the naked cells
after replenishment of silicate (Yamada et al., 2014). Direct
observation of regeneration of the silica cell wall in naked cells
after re-supply of silicate using transmission and SEM revealed
that shield plates appear first, followed by ventral, dorsal, and
girdle plates, in this order. The dorsal and girdle plates are
inserted into the space between the previously secreted shield
and ventral plates to complete cell wall (Yamada et al., 2016).
Similar uncoupling between the formation of silica structures
and cell growth has also been observed in other silicified
Stramenopiles such as Dictyochales (Henriksen et al., 1993)
and Synurales (Leadbeater and Barker, 1995; Sandgren et al.,
1996).
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TABLE 3 | Mitotic characters of Stramenopiles.

Bolidophyceae∗1 Diatoms Pelagophyceae Phaeophyceae Xanthophyceae Chrysophyceae/
Synurophyceae

Raphidophyceae Eustigmatophyceae

Interphase
microtubules focus

Centrioles Microtubule center No report Centrioles Centrioles Centrioles Centrioles No report

Spindle pole Centrioles Polar plate Centrioles Centrioles Centrioles Rhizoplast Golgi body barrel/ boomerang-
shaped nuclear pole
body

Extranuclear
spindle

+ + + − − − − −

Bundled
spindle

+ + + − − − − −

References Yamada et al., 2017 Pickett-Heaps et al.,
1975;
Pickett-Heaps, 1991

Vesk and Jeffrey,
1987

Markey and Wilce,
1975

Massalski et al.,
2009

Slankis and Gibbs,
1972; Vesk et al.,
1984, Brugerolle and
Mignot, 2003

Heywood, 1978 Murakami and
Hashimoto, 2009

∗1Reported in only silicified strain Triparma laevis NIES-2565.

Rounded plates of silicified Bolidophyceae have a structure
similar to the valves and scales of auxospores from centric
diatoms (Mann and Marchant, 1989; Yamada et al., 2014). In
other groups that display silica structures such as diatoms,
chrysophytes, synurophytes, and dictyochophytes (Simpson and
Volcani, 1981; Knoll and Kotrc, 2015; Finkel, 2016; Marron
et al., 2016), silica formation takes place within a specialized
membrane-bound compartment termed the Silica Deposition
Vesicle (SDV) (Simpson and Volcani, 1981; Preisig, 1994). The
origin and location of SDV differ among taxa. Diatoms SDVs
for the development of valve, girdle bands of vegetative cells and
auxospores scales are formed adjacent to the plasma membrane
(Stoermer et al., 1965; Edgar and Pickett-Heaps, 1984; Lee and Li,
1992; Idei et al., 2012), possibly generated from the Golgi body
(Lee and Li, 1992). Synurophytes and chrysophytes SDVs are
located in the cytoplasmic or chloroplast endoplasmic reticulum.
Bolidophyceae SDVs forming the shield and ventral plates are
initially produced around the chloroplast and moving toward the
plasma membrane like synurophytes and chrysophytes (Yamada
et al., 2016). In contrast, SDVs for dorsal and girdle plates are
formed adjacent to the plasma membrane like in diatoms. Such
differentiation in the development site of SDVs depending on the
type of silica plates within a single species has not been previously
reported in other organisms (Yamada et al., 2016).

Mitotic Nuclear Division
In eukaryotes, cell division, mitotic process, and related apparatus
are often well conserved within high phylogenetic levels (e.g., at
the class or phylum levels, Heath, 1980; Schmit and Nick, 2008;
De Martino et al., 2009). Among Stramenopiles, the organelles
related to the focus of interphase microtubules and spindle
poles are the centrioles, like recently observed in Bolidophyceae
(Yamada et al., 2017, Table 3). However, some classes have
unique organelles (Table 3), such as the Microtubule Center
(MC) and Polar Plate (PP) in diatoms (Pickett-Heaps et al., 1975;
Tippit and Pickett-Heaps, 1977; Edgar and Pickett-Heaps, 1984;
Pickett-Heaps, 1991; De Martino et al., 2009), the rhizoplast in
chrysophytes and synurophytes (Slankis and Gibbs, 1972; Vesk
et al., 1984; Brugerolle and Mignot, 2003) or a barrel/boomerang-
shaped nuclear pole body in eustigmatophytes (Murakami and
Hashimoto, 2009).

FIGURE 11 | Graphical scheme of the interphase microtubule nucleation and
the spindle formation in bolidophytes (A–D), diatoms (E–H), and
pelagophytes (I–L). See text for details. Figures (A–D) and (E–H) are adapted
from Yamada et al. (2017) and De Martino et al. (2009) with permission.

During the mitosis of T. laevis f. inornata, the interphase
cell has more than four very short centrioles (ca. 80 nm in
contrast to 150–500 nm of typical mature centrioles in other
Stramenopiles, (Figure 11A). In prophase, the spindle bundle
forms at in the extranuclear region (Figure 11B), the centrioles
move to the spindle poles (Figure 11C) and then it moves
to the cytoplasmic tunnel of the nucleus (Figure 11D). All
along metaphase, the kinetochore microtubules elongate from
the spindle poles to the condensed chromatin through the
region of partially disintegrated nuclear envelope (Figure 11D).
Finally, the chromatin is separated to both sides of the
cell.

Spindle configuration and formation of T. laevis f. inornata
are very similar to the process found among diatoms and
pelagophytes (Table 3). They share two conspicuous characters:
extranuclear spindle formation (Figures 11B,C,F,G) and the
bundling of the interpolar microtubules (Figures 11D,H).
However, the organelle serving as a Microtubule Organizing
Center (MTOC) and its behavior differ. T. laevis f. inornata and
pelagophytes have centrioles while diatoms have the specialized
MC and PP (Figures 11E–H). The centrioles of pelagophytes
(reported only in one species, Pelagococcus subviridis) appear
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TABLE 4 | Comparison of selected characters between Bolidophyceae and diatoms.

Properties Bolidophyceae Diatoms

Silicified species Flagellated species

Size (µm) 2–5 1–1.7 2–2000

Level of organization Unicellular Unicellular Unicellular, often form colonies

Silicified cell wall Yes No Yes

Flagellate form Yes Yes Yes in male gametes of centric diatom

Chloroplasts Lamellae with three thylakoids, girdle lamella Lamellae with three thylakoids, girdle lamella

Major Pigments Chl a, Chl c, fucoxanthin, diatoxanthin, diadinoxanthin, b-carotene Chl a, Chl c, fucoxanthin, diatoxanthin, diadinoxanthin,
b-carotene

Mitochondria Tubular type Tubular type

Si requirement for growth No No Yes

Position of SDV Chloroplast ER and plasma
membrane

NA Plasma membrane

Mitotic aparatus Interphase microtubules
focus:Centrioles

NA Interphase microtubules focus:Microtubule center

Spindle pole:Centrioles Spindle pole:Polar plate

Number of species 12 3 30,000–100,000

Oceanic distribution Ubiquitous, but minor Ubiquitous, often dominant

Main habitat Cold eutrophic water Warm oligotrophic water Eutrophic water

(Polar and subpolar region) (Tropical or subtropical) (Polar, coastal, and upwelling region)

NA, not available.

only during the spindle initiation phase (Vesk and Jeffrey, 1987)
while those of T. laevis f. inornata occur after central spindle
formation in the extranuclear region. Since centriole is the most
common organelle serving as MTOC in Stramenopiles (Table 3),
the mitotic apparatus of T. laevis f. inornata shows more ancestral
features than the diatoms.

CONCLUSION – THE EVOLUTIONARY
RELATIONSHIPS BETWEEN DIATOMS
AND BOLIDOPHYCEAE

Diatoms are highly diverse with 30,000 to 100,000 species
(Mann and Vanormelingen, 2013) and constitute one of the
top group of primary producers, contributing to about 20%
of the photosynthesis on Earth, the equivalent of terrestrial
rainforests (Nelson et al., 1995; Falkowski et al., 1998; Mann,
1999). They cover a wide size range from 2 µm to 2 mm
and form large blooms in high-nutrient coastal and upwelling
systems (Margalef, 1978; Hasle and Syvertsen, 1997). They
are the main prey for zooplankton and the carbon that they
fix through photosynthesis is efficiently transferred to higher
trophic levels highlighted by their role in fish production
(Ryther, 1969; Cushing, 1989). From an evolutionary point of
view, the appearance of this highly productive group and the
resulting increase in oceanic primary production may have
driven the evolution of crustaceans, pelagic fish, and whales
and shaped modern marine pelagic ecosystems (Parsons, 1979).
Although, the origin and early evolution of diatoms remain
controversial, the first well–preserved diatom fossils have been
dated from ∼110 Myr ago, in the early Cretaceous (Gersonde
and Harwood, 1990; Harwood and Gersonde, 1990), while

molecular-clock-based estimations suggest that the origin of
diatoms may have occurred 180 – 250 Myr ago (Medlin,
2011).

Recent multigene phylogenetic analyses suggest that
bolidophytes, diatoms, pelagophytes, and dictyochophytes
form a monophyletic lineage (Riisberg et al., 2009; Yang
et al., 2012; Ševèíková et al., 2015; Derelle et al., 2016). This
lineage, called Diatomiista (Derelle et al., 2016) or Khakista
(Riisberg et al., 2009), originally only included diatoms and
bolidophytes (Cavalier-Smith and Chao, 2006).

Recent success in the isolation of strains of both silicified
and naked flagellated Bolidophyceae species allow detailed
phylogenetic studies, clarifying the taxonomic position of this
group as a sister group of diatoms and revealing the close
relationship between silicified and naked strains. Cell wall
formation and mitotic division in the silicified species T. laevis
f. inornata have intermediate features between diatom and more
ancient stramenopiles (Figure 11 and Tables 3, 4). Analysis
of organellar genomes of this species also suggested that it
displays more ancestral characteristics than diatoms (Tajima
et al., 2016). Gene contents of the plastid and mitochondrial
genomes are similar between T. laevis f. inornata and diatoms
whereas the gene order of the mitochondrial genome is different.
The structure of the mitochondrial genome is also more compact
in T. laevis f. inornata than in diatoms since the latter species has
no introns or repeat regions which are often observed in some
diatoms species (Oudot-Le Secq and Green, 2011).

The phylogenetically close relationship between silicified and
naked Bolidophyceae strains and recent occasional observation
of flagellated cells in cultures of T. laevis f. inornata (Ichinomiya
et al., 2016) suggest that bolidophytes may have a life cycle
that switches between silicified non-flagellated and naked
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flagellate stages. This hypothetical life cycle has similarities to
centric diatoms for which the diploid vegetative stage produces
haploid naked flagellated cells (male gametes or spermatozoa)
during sexual reproduction (Drebes, 1977; Vaulot and Chisholm,
1987). The origin, early evolution and key processes for the
acquisition of the silica cell wall are not yet been fully
understood and Bolidophyceae could play a key role in answering
these questions. More comprehensive analyses, including whole
genome sequences, observations of the life-cycle, and fossil
records, would lead a deeper understanding of the evolutionary
relationships between Bolidophyceae and diatoms.
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In this contribution, the study of the Bay of Brest ecosystem changes over the past

50 years is used to explore the construction of interdisciplinary knowledge and raise

key questions that now need to be tackled at the science-policy-communities interface.

The Bay of Brest is subject to a combination of several aspects of global change,

including excessive nutrient inputs from watersheds and the proliferation of invasive

species. These perturbations strongly interact, affecting positively or negatively the

ecosystem functioning, with important impacts on human activities. We first relate a

cascade of events over these five decades, linking farming activities, nitrogen, and

silicon biogeochemical cycles, hydrodynamics of the Bay, the proliferation of an exotic

benthic suspension feeder, the development of the Great scallop fisheries and the

high biodiversity in maerl beds. The cascade leads to today’s situation where toxic

phytoplankton blooms become recurrent in the Bay, preventing the fishery of the great

scallop and forcing the fishermen community to switch pray and alter the maerl habitat

and the benthic biodiversity it hosts, despite the many scientific alerts and the protection

of this habitat. In the second section, we relate the construction of the interdisciplinary

knowledge without which scientists would never have been able to describe these

changes in the Bay. Interdisciplinarity construction is described, first among natural

sciences (NS) and then, between natural sciences and human and social sciences (HSS).

We finally ask key questions at the science-policy interface regarding this unsustainable

trend of the Bay: How is this possible, despite decades of joint work between scientists

and fishermen? Is adaptive co-management a sufficient condition for a sustainable

management of an ecosystem? How do the different groups (i.e., farmers, fishermen,

scientists, environmentalists), with their diverse interests, take charge of this situation?

What is the role of power in this difficult transformation to sustainability? Combining
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natural sciences with political science, anthropology, and the political sociology of

science, we hope to improve the contribution of HSS to integrated studies of

social-ecological systems, creating the conditions to address these key questions at

the science-policy interface to facilitate the transformation of the Bay of Brest ecosystem

toward sustainability.

Keywords: sustainability, land-ocean continuum, Bay of Brest, interdisciplinarity, science-policy-community

interface

INTRODUCTION

From the first Earth Day in 1970 to the adoption of
“sustainable development goals” in September 2015 at the UN
Assembly, through the Brundtland Report (Brundtland, 1987)
defining it, sustainable development has become a dominant
paradigm of environmental public action, from the international
level to national and more local scales. Accompanying these
policy changes, new scientific fields and initiatives have emerged
like the Resilience Alliance (Holling, 2001) or sustainability
science (Kates et al., 2001; Kates, 2011), in which the concept
of a social-ecological system is central (Liu et al., 2007; Ostrom,
2009; Collins et al., 2010; Binder et al., 2013). Whatever the
conceptual diagrams used to reconnect the natural and social
templates that have been disconnected in our modern societies,
ecosystem services are most often the means to rationalize this
reconnection (Daily, 1997; Millennium Ecosystem Assessment,
2005). To complement these trends, major international scientific
programs addressing aspects of global change re-organized in
2012 as the Future Earth Initiative, with the aim to provide
a single platform about “research for global sustainability.”
This is supposed to incentivize a more solution-oriented,
interdisciplinary (especially between humanities and natural
sciences but also with engineering sciences, Matson et al.,
2016) and participatory community by involving policy-makers,
funders, academics, business and industry, and other sectors
of civil society in co-designing and co-producing research
agendas.

One mode of social-ecological governance, called adaptive
co-management (Armitage et al., 2009; Plummer et al.,
2013), illustrates some of the ways knowledge produced by
scientific research, experts and professional communities
(e.g., fishermen, farmers) and policy-makers are being
integrated. Co-management refers to the sharing of power
and responsibility among local resource user communities and
resource management agencies; the idea of adaptive management
refers to the science of learning by doing (see Kofinas, 2009 and
references therein). Such a move from science-based decision-
making toward adaptive co-management in social-ecological
governance is remarkable (see for example, Butler et al., 2015;
Schultz et al., 2015), as it engages cultural diversity, integrated
knowledge production, power sharing, social and adaptive
learning, which in turns involves the integration of monitoring,
research and policy making.

Different frameworks have been developed to overcome
the difficulties frequently encountered when trying to put
inter- or trans-disciplinary and participatory research into

practice. Indeed, despite some very interesting success stories,
it is important to acknowledge that in many places there are
numerous barriers against interdisciplinary and participatory
science. For example, Hart et al. (2015) discussed how the role
of universities could be strengthened to address sustainability
challenges, by requiring strong institutional changes regarding
both how research and training are organized in order to
overcome “disciplinary silos.” “Disciplinary silos” is a figurative
term referring to how the one-discipline/one-department
structure of most higher education institutions reinforces and
rewards single-discipline researchers and impedes inter- or trans-
disciplinary initiatives and careers. One could also mention the
difficulties in communication across disciplines or in combining
scientific and other forms of knowledge (Kueffer et al., 2012;
Lang et al., 2012); all these challenges require new frameworks
to facilitate sustainability research. It is therefore important to
examine how and where interdisciplinary collaborations and
participatory science have been constructed, highlighting how
barriers, and conflicts have been resolved during the process.
The example we will focus on in this contribution concerns
the origins of integrated research approaches within a coastal
social-ecological system located in the Bay of Brest (northwestern
France).

Ecosystems and habitats in coastal zones supply many
valuable ecosystem services (recreation, food production,
protection against the sea, nutrient cycling, carbon storage. . . ),
providing many benefits in terms of welfare and well-being to
society (Turner, 2015). At the same time, they are also very
vulnerable to anthropogenic environmental changes which
are intensified in coastal zones where human populations are
increasingly concentrated and where disturbances are driven
not only by activities in the immediate area (e.g., fishing,
aquaculture, introduction of alien species, waste disposal,
coastline modifications, tourism, development of marine
renewable energy), but also by activities upstream (inland)
such as, agriculture, urbanization, and industrial production.
The pace of change in the highly complex and dynamic coastal
zones is much faster than what was anticipated a decade ago
(Cloern et al., 2015), creating a daunting challenge to manage
these areas in a sustainable way. New forms of management are
replacing earlier policies driven solely by science, something
that has been characterized as “a generally failed experiment”
for coastal environments (Christie, 2011). According to Bremer
and Glavovic (2013), the “science-policy interface” in the coastal
zone should be framed as a “governance setting,” reflecting the
multiplication of stakeholders involved and the strong need for
inter- and trans- disciplinary research in this area.
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The Bay of Brest (France) is an example of coastal ecosystem
subject to different aspects of global change, i.e., eutrophication,
arrival and proliferation of alien species, and climatic trends
(Cloern et al., 2015). The bay is considered a relatively well-
studied ecosystem, but major environmental problems persist,
such as increasing harmful algal blooms (HABs) (Chapelle et al.,
2015) and biodiversity losses have become dramatic since the
harvesting of the Venus verrucosa clam from maerl beds has
begun within the bay (Dutertre et al., 2015).

In this article, we first recount the environmental changes
observed in the Bay of Brest over the past five decades, focussing
on links between eutrophication, the biogeochemical cycle of
silicon (Si), the proliferation of invasive species and their
combined effects on local fisheries. In the second section of
this article, we relate how interdisciplinary collaborations arose
amongst the community of researchers involved in studies of
the Bay, emphasizing the importance of geographical proximity
(Reckers andHansen, 2015) and also of the creation of “boundary
settings” between different research groups (Mollinga, 2010;
Mattor et al., 2014) intended to stimulate long-term interactions
among scientists from different disciplines, first within Natural
Sciences (NS), then together with Human and Social Sciences
(HSS). We close with a critical examination of the present-day
unsustainable situation and key periods of strong interactions
between scientists and communities of fishers and farmers
over the last decades, raising a number of questions about the
interactions between the scientific community and other policy
and user communities involved. It is suggested that answering
these questions now requires actively integrating the social
sciences of politics (SSP) with environmental studies to facilitate
transformations of coastal environments toward sustainability
(Mazé et al., 2015, 2017).

THE BAY OF BREST ECOSYSTEM SINCE

WWII

Agriculture and Phytoplankton Dynamics
The Bay of Brest has undergone two major anthropogenic
perturbations following World War II: one originating from
land, and one from the sea. The French government, faced
with an urgent need to augment food production in the
aftermath of WWII, promoted the widespread use of artificial
fertilizers to increase arable land productivity and modernize
(i.e., mechanize) farming. The agricultural system in Brittany
underwent significant changes during the 1960’s, moving toward
intensive monoculture farms centered on vegetables and pigs.
As a direct consequence, nitrate concentrations greatly increased
in rivers and green tides of mainly Ulvae sp. developed along
many coasts around Brittany. These episodes became a public
nuisance and health problem, leading to 30 years of conflicts
between environmental non-governmental organizations and
the agricultural sector. They have also been the object of
contentious exchanges between the French government and
the European Commission in Brussels. In the Bay of Brest,
nitrate concentrations in the Aulne and Elorn rivers doubled
between the 1970’s and the 1990’s (Le Pape et al., 1996)

reaching concentrations of up to 700µM, which is more than
five times the good water quality threshold defined by the
European Water Framework Directive. However, because of the
decoupling between nitrogen inputs (winter and spring) and the
temperature optimum for the development of the macroalgae
Ulvae sp. (summer), which leads to the export of 94% of dissolved
inorganic nitrogen to coastal waters before spring (Le Pape et al.,
1996), and because of the macrotidal character of the bay, these
nitrate concentrations did not generate important green tides in
the Bay of Brest, except for very localized areas near the mouth of
the Elorn River (Le Pape and Menesguen, 1997).

Instead, the indirect consequences of increasing land-derived
nitrogen (N) and phosphorus (P) inputs occur through the
silicon (Si) cycle. Silicon arrives in the aquatic environment
mostly in the form of dissolved silicic acid (dSi), following the
natural weathering of silicate rocks (Meybeck, 1982), and as
amorphous silica (Conley, 1997), which can also be perturbed
by anthropogenic processes (see review in Ragueneau et al.,
2010). Constant Si inputs, associated with increasing N and P
loads from human activities inland, have decreased Si:N and
Si:P ratios in rivers, affecting phytoplankton dynamics in the
receiving coastal waters (Officer and Ryther, 1980; Ragueneau
et al., 1994, 2010; Billen and Garnier, 2007). Since the review
of Smayda (1990), documenting several examples of similar
decreasing nutrient ratios, many regions around the world have
experienced switches from a diatom-based primary production
to a primary production dominated by other phytoplankton
groups, e.g., dinoflagellates, which include many toxic species
(Conley et al., 1993; Ragueneau et al., 2006a,b and references
therein). However, the Bay of Brest did not exhibit dramatic
phytoplankton community shifts, despite strong decreases in the
Si:N and Si:P ratios, well below the Redfield (1958) or Brzezinski
(1985) ratios for diatoms growing under nutrient-rich conditions
(Del Amo et al., 1997).

Explanations for the absence of such shifts were provided in
the mid 1990’s. The intensity of Si recycling both at the sediment-
water interface and in the water column (Ragueneau et al.,
1994; Beucher et al., 2004) modifies the properties of various
diatom species (Roberts et al., 2003). For instance, their degree of
silicification (Rousseau et al., 2002) ultimately favors the switch
from diatom to non-diatom species when the dSi stress becomes
too strong. The combination of Si recycling and macrotidal
regime provided a reasonable explanation (Ragueneau et al.,
1996) to account for the maintenance of the diatom succession
observed throughout spring and summer since the 1980’s
(Quéguiner, 1982; Del Amo et al., 1997). And this was despite
the apparent lack of dSi following the first spring diatom bloom
(direct and indirect evidence of dSi limitation is discussed in Del
Amo et al., 1997 and Ragueneau et al., 2002). It was proposed
at that time that the Bay of Brest sediments could represent
a coastal silicate pump (Del Amo et al., 1997), because they
retain dSi within the ecosystem, allowing the dSi replenishment
of coastal waters following the summer temperature increase and
subsequent intensification of Si recycling at the sediment-water
interface. As we shall see, the motor of that pumpwas biologically
driven and had to do with the proliferation of a benthic invader
in the bay environment.
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Proliferation of Invasive Species and

Environmental Impacts on the Ecosystem
In parallel with these increasing land-derived N and P
concentrations and fluxes, the Bay of Brest experienced several
introductions of non-indigenous species following WWII,
including macroalgae (Gracilaria vermiculophylla), halophytes
(Spartina alterniflora) and benthic mollusks such as the
Pacific oyster Crassostrea gigas and the American slipper
limpet Crepidula fornicata (see review in Stiger-Pouvreau
and Thouzeau, 2015). Aquaculture practices and expanding
international shipping both increase the opportunities for the
translocation of fauna and flora (Carlton and Geller, 1993).
Proliferation of introduced species has become a major issue
in many areas with unanticipated linkages between terrestrial
and marine components of coastal ecosystems being exposed
(Van der Wal et al., 2008). Here, we will focus on the effects of
one of these introduced species in the bay, the slipper limpet,
Crepidula fornicata (Figure 1), because of its role in the silicate
pump (Del Amo et al., 1997). C. fornicata is a filter-feeder that
proliferates in bay and estuarine environments, and can reach
several thousands of individuals per square meter because adults
attach to each other in “chains” creating dense accumulations
on the seafloor (Blanchard, 2009). C. fornicata arrived in the
Bay of Brest in 1949; the invasion then progressed from south
to north and there was a sharp increase in abundance between
1995 and 2000 when the estimated standing stocks increased by
a factor of four (Guérin, 2004; Stiger-Pouvreau and Thouzeau,
2015).

Through these accumulations, the engineer gastropod
modifies its local environment by adding new physical and
biological substrates and modifying local hydrodynamics along
with rates of particle erosion and sedimentation at the sediment-
water interface (Moulin et al., 2007). Although suspension
feeders have dominated benthic communities in the bay (Hily,
1984; Jean and Thouzeau, 1995; Grall and Glémarec, 1997), C.
fornicata became the main suspension feeder by 2,000 (97% of
total suspension feeder biomass; Thouzeau et al., 2000). Active
filter feeders like C. fornicata produce a fraction of non-ingested
material which is excreted and accumulates at the sediment
surface as pseudo-feces (Norkko et al., 2001). This leads to local
deposition rates that can exceed passive sedimentation rates
in high density filter feeder beds (Dame, 1993), and creates
carbon (C) and N enriched sediments (Kautsky and Evans,
1987).

In the Bay of Brest, the impacts of C. fornicata on
hydrodynamics and transport properties of the benthic boundary
layer (Moulin et al., 2007), as well as on benthic biodiversity,
demonstrated a gradual shift toward smaller species with a higher
turnover rate (Grall and Glémarec, 1997). Locally, biodiversity
increased as new microhabitats for other benthic sessile and
mobile fauna were created (Chauvaud et al., 2000); but at
the scale of the entire bay, C. fornicata carpeted parts of the
seafloor, homogenizing benthic surfaces, endangering the total
biodiversity of the ecosystem (Chauvaud, 1998). It competed
for space with the Great Scallop (Figure 1) (Pecten maximus;
Thouzeau et al., 2000), threatening other economically important
bivalve fisheries in the region (Frésard and Boncoeur, 2006).

Proliferation of C. fornicata and the Silicate

Pump Hypothesis
The effects of this shift were studied on the benthic community
respiration (Martin et al., 2006, 2007), as well as on the benthic
cycling of carbon and several associated biogenic elements, such
as N (Martin, 2005; Martin et al., 2006), P (Martin, 2005) and
Si (Ragueneau et al., 2002). Combining the importance of Si
recycling at the sediment-water interface in the maintenance of
diatom blooms (silicate pump) with the major role being played
by C. fornicata in the recycling of nutrients in the bay, Chauvaud
et al. (2000) formulated a working hypothesis (Figure 2) about
the possible effects of this combination on the ecosystem: when
the silicate pump (mostly driven by C. fornicata) is active,
filtration and biodeposition by benthic suspension feeders would
lead to Si retention as Si-enriched sediment deposits. Then,
dissolution would continuously replenish overlying surface
waters with dSi, allowing diatom succession to take place even
in summer. In contrast, when hydroclimatic conditions limit the
filtration and biodeposition of benthic suspension feeders (e.g.,
because of excessive microalgal biomass, high sedimentation, gill
clogging and/or hypoxia), Si would be exported out of the Bay,
leading to dSi limitation and non-siliceous phytoplankton species
during summer (see Chauvaud et al., 2000).

In the decade following the latter article, this hypothesis was
tested extensively. Sediment core incubations (Ragueneau et al.,
2002) and the deployment of benthic chambers (Martin, 2005) at
sites exhibiting low and high densities of C. fornicata provided
direct evidence of the role played by this organism in nutrient
recycling - in particular for dSi. In addition, as this gastropod
has no Si requirement, the feces became enriched in Si relative to
C and other nutrients, reinforcing the silicate pump mechanism
(Ragueneau et al., 2005). Silicon biogeochemical budgets were
established at seasonal and annual scales (Ragueneau et al.,
2002, 2005), clearly demonstrating the importance played
by benthic recycling for diatom growth, particularly during
summer. The feedback of enhanced benthic nutrient fluxes
on phytoplankton dynamics was then studied with mesocosm
experiments (Fouillaron et al., 2007; Claquin et al., 2010) and
modeling (Laruelle et al., 2009). The dynamic 2-dimensional
physical and biological model included an explicit representation
of the benthic-pelagic coupling with C. fornicata. The model was
used to simulate the effects of removing this gastropod on the
ecosystem functioning because the local fishery committee had
suggested this to reduce the pressure on the scallop stock (see
section Construction of a Basis for Interdisciplinary Knowledge
About the Bay of Brest). The modeling suggested that removal of
C. fornicata would increase the probability for the development
of HABs due to a dSi limitation during summer.

What Is the Present State of the Bay of

Brest?
HABs have taken place in the Bay of Brest on some occasions
but, as mentioned before, this ecosystem has long resisted to
the development of dinoflagellate blooms. Since 2012 however,
their frequency and magnitude have been increasing: HABs
take place every summer in the Bay of Brest, mostly in its
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FIGURE 1 | Images of Crepidula fornicata (A), of Pecten maximus, the Great Scallop (B) and of competition for space between those two benthic suspension

feeders (C).

southern part with Alexandrium minutum (Chapelle et al.,
2015). Many processes may contribute to the development of
toxic phytoplankton blooms e.g., temperature, tides and the
hydrodynamic regime, inorganic nutrients ratios, ratio between
organic and inorganic nitrogen (Roberts et al., 2003; Chapelle
et al., 2015), and it is difficult to attribute their occurrence
to a single cause. Nonetheless, strong decreases in the total
biomass of C. fornicata have also been reported in the central
and southern basins of the bay based on extensive surveys
conducted in 2013/2014 (data of A. Carlier as cited in Stiger-
Pouvreau and Thouzeau, 2015). Whatever the precise reasons
for this decline (which remain to be determined, see section
Key questions at the science-policy-community interfaces), it
provides plausible evidence for the silicate pump/C. fornicata
hypothesis proposed in Chauvaud et al. (2000) and agrees
with the development of HABs predicted during the modeling
exercise, especially dinoflagellates which do not require Si
(Laruelle et al., 2009).

The increasing frequency and magnitude of HABs in the
Bay of Brest have many implications, especially for the lifecycle
of benthic suspension feeders and the benthic ecosystem as a
whole (Fabioux et al., 2015; Coquereau et al, 2017). Some benthic
organisms, including those of commercial interest, accumulate
toxins secreted by these microalgae preventing them from being
sold (Belin et al., 2013). In the Bay of Brest, the P. maximus
fishery has suffered greatly from this type of contamination.
Detoxification is longer for the Great Scallop than for other
bivalves, and the fishing community has had to find replacement
species to maintain the Bay’s fishery. One of those replacements
has been the clam V. verrucosa, which is collected with dredges
from the maerl beds of the southern basin (Pantalos, 2015).
Maerl beds (Figure 3), including those of the Bay of Brest, have
a high ecological importance and conservation value (Grall and
Hall-Spencer, 2003). They are unique areas because of their
high biodiversity, their role as a nursery for targeted species of
fish and the Great Scallop, and the role of the bivalves living
on/in maerl beds that serve as brood stock for the surrounding
areas. Maerl beds are also commercially valuable as their calcium
carbonate makes them an excellent soil amendment and waste-
water filter. As noted by Pantalos (2015), maerl extraction is
mostly a thing of the past in Europe and has been banned since

January 1st 2013 under the European Union Habitats Directive
(92/43/EEC; 1992 May 21). But both dredging and trawling
continue in some regions of the world, despite numerous calls
for protection in scientific publications (e.g., Hall-Spencer et al.,
2003), and despite the laws and directives already enacted that
apply specifically to maerl beds (Amice et al., 2007). This is the
case in the Bay of Brest (Figure 3), where recurrent dredging
activities have affected 50% of the maerl banks (Grall et al.,
2009).

To summarize this first section dedicated to the study of
the Bay of Brest ecosystem changes over the last 50 years,
we have constructed a schematic diagram, or sequence, of
this chain of events (Figure 4), that will help guide us in
the last section Key questions at the science-policy-community
interfaces as we ask important questions related to the social-
ecological system. The ecosystem apparently initially absorbed
the excessive N and P inputs from land, and resisted decreasing
Si:N and Si:P ratios, maintaining diatoms in the system probably
due to a very active silicate pump. However, if the pelagic
ecosystem seemed to remain relatively unchanged, the less visible
benthic ecosystem was experiencing important modifications
due to high population abundances of C. fornicata. While
this species’ abundance was having negative impacts on the
Bay’s biodiversity and causing trouble to the Great Scallop
fishing community to the point that they wanted to eradicate
it by the mid 2000’s (see section Construction of a Basis for
Interdisciplinary Knowledge About the Bay of Brest), it was
also suggested that the presence of C. fornicata was helping
maintain diatoms in the ecosystem, through its impact on
the Si biogeochemical cycle (Figure 2) and possibly preventing
or slowing down the development of HABs. Following the
unexplained drastic diminution of C. fornicata abundances in
the Bay, HABs have started to develop. Even if this is consistent
with the silicate pump/C. fornicata hypothesis, it has had
important ecological and socio-economic consequences, such
as the on-going destruction of the Bay’s maerl banks as the
fishermen community switched prey and started dredging for
V. verrucosa.

Obviously, the Bay of Brest is not following a sustainable
path, despite decades of strong interdisciplinary studies of
the ecosystem and regular interactions between scientists and
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FIGURE 2 | The Crepidula/Si working hypothesis (redrawn from Chauvaud et al., 2000). Two contrasting situations are displayed. On top (A), under “normal” climatic

conditions, the diatom spring production is being grazed by benthic suspension feeders, dominated by Crepidula; the Si is being stored in the sediment and slowly

released as silicic acid during summer, allowing the maintenance of diatoms in the system. At the bottom (B), the spring diatom production cannot be grazed and

most of the diatom production is exported out of the Bay, depleting the system in silicic acid and favoring a summer production of dinoflagellates. In this figure,

reasons for the impossible grazing are linked to excessive nutrient inputs under heavy rains, and the formation of diatom aggregates, that sediment massively to the

bottom and cannot be as easily grazed. Other situations may lead to the prevention of such grazing and biodeposition activities. See text for more details.

communities of farmers and fishers. This raises important
questions at the science-community and science-policy
interfaces, as we discuss in the last section of this contribution
(III). Before that (II), we examine how the interdisciplinary
knowledge necessary to understand the ecosystem changes
and present the cascade of events (Figure 4) was built,

first in natural sciences studies of ecosystem complexity;
we then show how social scientists have entered into
collaborative research programs with NS during the last 10
years to start addressing questions raised concerning the
sustainability of the social-ecological system of the Bay of
Brest.
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FIGURE 3 | Photographs of 0.1 m2 quadrats taken on the fished maerl bed (Rozegat) and on the unfished maerl bed (Bendy) in March 2011. Note the differences in

habitat structure, live maerl distribution as well as in the presence or absence of associated benthic megafauna.

FIGURE 4 | Schematic description of a cascade of events over the last 50 years in the Bay of Brest, from changes in agricultural practices after world war II to

present-day threats on biodiversity, including interactions between changing nutrient ratios and the proliferation of Crepidula fornicata (see text) and their impacts on

the Great Scallop fishery.

CONSTRUCTION OF A BASIS FOR

INTERDISCIPLINARY KNOWLEDGE

ABOUT THE BAY OF BREST

All the studies described above were led by groups associated
with research infrastructures in the Brest region, in particular
with the IUEM (Institut Universitaire Européen de la Mer, a

component of the Université de Bretagne Occidentale or ‘UBO’)
and the IFREMER which conducts research on the exploitation
of marine resources. We review in the next paragraphs how
geographical proximity led to the emergence of interdisciplinary

approaches to the environmental issues faced by the larger
community discussed earlier. From a science studies viewpoint,

it is important to distinguish two main periods: before and after
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the creation of the IUEM in 1997. Relating the circumstances

of the origin of this structure contributes to an on-going debate

as to whether interdisciplinarity is orchestrated by funding

agencies (Kwa, 2006), is a bottom-up process and “unlikely to
be successfully planned” (Rosenberg, 2009), or a combination of
both.

When Pelagic and Benthic Scientists First

Meet
During the late 1970’s and the 1980’s, researchers in the pelagic
and benthic realms were working almost independently in three
different laboratories of UBO. Within the laboratory of chemical
oceanography, under the leadership of Paul Tréguer, Professor
of biogeochemistry, a group of physical, biogeochemical and
biological oceanographers worked on biogeochemical cycles.
This group developed a strong expertise on the Si biogeochemical
cycle (Tréguer et al., 1995; Ragueneau et al., 2000), due to
the importance of this element for the growth of diatoms and
the role of diatoms in the functioning of coastal ecosystems
(Ragueneau et al., 2006a,b) and in the austral biological pump
(Pondaven et al., 2000). Taken altogether, the work produced by
this group between 1980 and 2000 provided a description of the
pelagic nutrients (Si, N, P) cycles and their relationships with
phytoplankton dynamics in rivers, the bay and the adjacent Iroise
Sea; it also provided empirical evidence of the benthic-pelagic
coupling in the Bay of Brest (Ragueneau et al., 1994, 1996), that
led to the suggestion of a coastal silicate pump as a major player
in the resistance of the bay to the effects of decreasing Si:N and
Si:P ratios (Del Amo et al., 1997).

At UBO, benthic marine biologists were spread between
two laboratories: the laboratory of biological oceanography
(head, Professor Michel Glémarec) and the laboratory of marine
biology (head, Professor Albert Lucas). The most prominent
research topic of this group initially concerned marine bivalve
aquaculture, and in particular, they accomplished the first
successful reproduction and larval rearing of P. maximus. By the
early 1980’s, the group was working on population ecology, larval
recruitment, genetics and pathogens. For example, studies were
undertaken to characterize, both qualitatively and quantitatively,
the benthic macro- andmega-fauna of soft bottom sediments, the
importance of benthic biodiversity and the role of hydrological
conditions in determining spatial distributions. In addition, the
functional roles of benthic species began to be investigated;
this includes examining how benthic and pelagic systems were
coupled (Hily, 1989; Jean and Thouzeau, 1995) and led to a
renewed interest in the role of suspension feeders and their
potential influence on phytoplankton biomass by the end of the
1990’s (Grall and Glémarec, 1997).

By 1992, the three laboratories were already united under
a single name (“Flux de matière et réponses du vivant”) and
led by Prof. Tréguer, but biogeochemists and benthic biologists
remained in different buildings. New interactions between
pelagic and benthic researchers appeared, such as the official
opportunities during quarterly meetings of the “Laboratory
Council,” as well as additional chances for informal ones during
shared cruises on the small research vessel (RV “Sainte Anne,”

IFREMER). However, these interactions could probably not
be characterized as co-construction of scientific questions, but
they did contribute to pave the way for the creation of IUEM
by the mid-1990’s leaded by Prof. Tréguer. When the IUEM
building was completed in 1997, the laboratory was renamed
“Laboratoire des sciences de l’environnement marin” (LEMAR)
and installed on one corridor, greatly increasing the opportunities
for interdisciplinary exchange. These exchanges occurred both
formally (e.g., organization of joint seminars, creation of annual
laboratory meetings (“Les Journées du LEMAR,” 2001 - present)
as well as informally through more regular discussions and
debates. It is at this time that the Si/C. fornicata working
hypothesis emerged.

Origin of the Silicate Pump/C. fornicata

Hypothesis
Pelagic scientists had looked at the sediment-water interface
as a means of replenishing surface waters with nutrients for
phytoplankton growth. They suggested the possibility of an
active silicate pump that could maintain the diatom populations
within the ecosystem (Del Amo et al., 1997). At the same time,
benthic scientists looked at pelagic waters and phytoplankton
as environmental conditions and food resource influencing the
physiology and life cycle of benthic mollusks and ecosystems.
They aimed to calibrate shell growth parameters (Guarini et al.,
2011) as proxies for environmental variables such as temperature
(Chauvaud et al., 2005) or phytoplankton blooms (Lorrain et al.,
2000).

Hence, several observations from benthic and pelagic studies
led to the formulation of the Si/C. fornicata hypothesis.
First, if the integrated chlorophyll a (Chl-a) concentrations
did not exhibit major changes during the 1980’s and 1990’s,
phytoplankton bloom compositions did evolve (Nézan et al.,
2010, see Chauvaud et al., 2000, Figure 9) and the seasonality
index dramatically decreased over the same period: the Chl-
a annual cycle moved from a typical pattern characterized by
a strong first spring bloom and small summer peaks to a
succession of higher-frequency but smaller-amplitude blooms
over the productive period (Chauvaud et al., 2000). Secondly,
the shell daily growth rates of year 1 (1994) and year 2
(1995) cohorts of P. maximus exhibited strikingly different
patterns between 1994 and 1995, with major growth “accidents”
(rate decreases) occurring not only following summer toxic
phytoplankton blooms, but also slightly earlier when the spring
diatom bloom material sedimented (Chauvaud et al., 1998). The
Si/C. fornicata hypothesis emerged from the observation of these
curves of P. maximus shell daily growth rates and the numerous
discussions of benthic biologists with phytoplankton experts and
biogeochemists, that were facilitated by the new daily interactions
among researchers (Chauvaud et al., 2000). The publication
of this paper stimulated many studies in the following years,
designed to test this hypothesis using experiments (Ragueneau
et al., 2002), biogeochemical budgets (Ragueneau et al., 2005),
or modeling (Laruelle et al., 2009) and all these studies involved
both pelagic and benthic scientists, biogeochemists and benthic
ecologists.
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We suggest that the construction of the institute “IUEM”
represents a good example of the importance of proximity to
overcoming barriers to interdisciplinarity. Surprisingly, as noted
by Reckers and Hansen (2015), few contributions in the literature
on interdisciplinarity have so far analyzed these processes
of knowledge construction through the lens of geographical
proximity (see Lee et al., 2010, for exception). As such, the
IUEM building itself constituted a boundary setting in the sense
of Mattor et al. (2014) for the LEMAR laboratory, favoring
the daily meeting of scientists from different disciplines and
stimulating the emergence of the working hypothesis and the
interdisciplinary studies that have been conducted in the 2000’s to
test it. Clearly, interactions did exist before IUEM, but uniting all
the research groups under one roof, increased the opportunities
for exchange. As we shall see, the same is presently happening
concerning the inclusion of humanities researchers at IUEM
today.

The Humanities Enter the Game
The interactions between natural sciences and the humanities
around the proliferation of non-indigenous species in the Bay
of Brest and eutrophication have become more apparent in the
last decade. In the early 2000’s, more interaction was stimulated
by requests for information from the scallop fishing community
facing the effects of the proliferation of C. fornicata (see
section Construction of a Basis for Interdisciplinary Knowledge
About the Bay of Brest). The extremely high abundances of
C. fornicata were threatening the sustainability of a scallop
restocking program started in the early 1980s, through direct
(scallop shell scrapping) and indirect (competition for space)
effects (Frésard and Boncoeur, 2006). The fishermen needed
an economic evaluation for a containment project intended to
make the restocking program consistent with the presence of the
exotic species, which led to funding a Ph.D. project (Frésard,
2008, under the supervision of an economist, J. Boncoeur,
AMURE laboratory “Centre de droit et d’économie de la mer”).
Interactions were also encouraged by the French Ministry
of the Environment which launched the national INVABIO
program (INVAsions BIOlogiques, first call for proposals in
February 2000) to fund more humanities-oriented research on
non-indigenous species (Dalla Bernardina, 2010). In Brest, two
INVABIO projects were funded (2001–2005) to explore the
impacts of C. fornicata proliferation and its possible containment
on the benthic ecosystem (INVABIO I, Coordinator: G.
Thouzeau, LEMAR) and on the pelagic ecosystem (INVABIO
II, Coordinator: A. Leynaert, LEMAR). Both projects included
socio-economic and ethnological components.

These projects yielded important information published
separately by the different scientific communities. In the Bay
of Brest, the objectives of INVABIO I were to quantify: (1)
the impact of small-scale C. fornicata removal by dredging
on ecosystem functioning (Martin, 2005); (2) the potential
changes in predator-prey interactions due to C. fornicata
and starfish proliferations; and (3) the economic cost and
socio-anthropological perception of the invasion (sustainable
management). The INVABIO I project was about the restocking
of the areas cleaned of slipper limpets with P. maximus

juveniles (3-cm shell height). The overall cost of the 5-year
project was estimated at 3.05M Euros in the early 2000’s. In
the end, only the third objective of the INVABIO I project,
which also benefited from INVABIO II funding, was fulfilled
(Frésard and Boncoeur, 2006), as the local fishermen committee
did not get the EU and French funding required for the
dredging and restocking operations, for reasons that remain
to be understood (cf section Construction of a Basis for
Interdisciplinary Knowledge About the Bay of Brest ). In the
INVABIO II project, the impacts of further proliferation or
containment of C. fornicata proliferation on phytoplankton
dynamics was studied in mesocosm experiments (Fouillaron
et al., 2007; Claquin et al., 2010). The costs and benefits analysis
published by Frésard and Boncoeur (2006) demonstrated the
major importance of indirect effects (competition for space)
of the non-indigenous species on the scallop fishery and the
importance of combining scallop restocking and local control
of the invasion, which could reduce by half the cost of
the latter. From an ethnological perspective, another study
clearly demonstrated that problems created by non-indigenous
species were poorly known by the public, which constitutes a
strong impediment to putting in place sustainable management
programs for the Bay (Chlous, 2014).

If the inclusion of economists in such programs was
expected, the inclusion of an ethnologist was more original.
As noted by Menozzi and Pellegrini (2012), the expectation
of such sociological studies is related to the perception and
representations of biological invasions by different categories
of stakeholders as well as to the acceptability of different
management options. The aim was then to produce knowledge
on human-nature relationships and stimulate thinking about
the different ways to manage such invasions (Dalla Bernardina,
2010). Unfortunately, several factors contributed to a clear
lack of interactions between the ethnologist and the biologists,
according to Chlous (2014), related to the fact that the ethnologist
was associated only during the last stages of the proposal
writing and that her scientific concerns were poorly taken into
account. Indeed, there is a persistent criticism that humanities
are being used as window dressing by natural scientists. At
the same time, humanities scholars are sometimes reluctant
to dive into projects driven by natural sciences. This is a
common discussion topic in interdisciplinary projects, including
how trust is built between two or more academic communities
(Mooney et al., 2013). It is a problem of comprehension that
often goes both ways and requires efforts from scholars to
take the time to understand the other’s objectives, disciplines,
language, and way of conducting research (Mattor et al.,
2014). There may be historical disparities between disciplines
to contend with, such as differences in relative size (in terms
of numbers of persons, instrumentation, and funding) and
investigative style (especially in the treatment of qualitative
information). Staying within disciplinary silos during training
does not help with bridging these gaps (Hart et al., 2015).
Finally, project durations of only 2–3 years long are too
short for trust-building within groups and several boundary
settings have been created recently at IUEM to stimulate such
interactions.
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More Recent Moves Toward

Interdisciplinarity at IUEM
If proximity is crucial to overcoming barriers against
interdisciplinarity (Reckers and Hansen, 2015), it is not
enough, as other barriers extend well beyond a need for frequent
interactions. If we are to tackle the complexity of social and
ecological systems this requires interactions between very
distinct epistemic communities, each of which use different
ontologies and epistemologies (Hart et al., 2015, and references
therein). They require that scholars take the time and the risk to
understand the concepts and tools of other disciplines’ cultures,
and vocabularies; one also has to admit that developing a shared,
if not common, language, or a joint conceptual framework,
is not for everyone and strongly depends upon individual
commitments or propensities (Mattor et al., 2014). It takes time
and it is not rapidly rewarding in terms of scientific articles,
which are at the core of a scientist’s career progression.

This leads to a second series of difficulties associated with

the way universities are organized into academic departments
and training programs. Disciplinary divisions within universities

are a strong impediment for their having a role in sustainability

challenges (Hart et al., 2015). Based on their experience within
the Inter-American Institute for global change research (IAI),

Pittman et al. (2016) have highlighted the importance of
stimulating interdisciplinarity through, not only new incentives

using calls for joint proposals but also by: (i) providing space for

experiential learning by researchers, (ii) facilitating networking
and teamwork across disciplines, (iii) exposing researchers to

new concepts and tools, (iv) maintaining persistent mentorship

and support for cultivating cross-disciplinary thinking, (v)
connecting research to tangible problems, and (vi) monitoring

program calls, project selection and implementation. In relation

to point (v), it is worth noting that 90% of the researchers
involved in IAI’s programs indicated the importance of having

practical outcomes as a motivating factor for their participation
in interdisciplinary research.

Within the IUEM, several interactions between disciplines

were already occurring. For example geographers of the LETG-
Brest (Littoral, Environnement, Télédétection, Géomatique)
laboratory had worked with biologists from the LEMAR
laboratory to study biodiversity and human activities, particularly

dredging on maerl beds, and lawyers and economists of the

AMURE laboratory worked with sedimentologists of the DO
(Domaines Océaniques) laboratory to study risks associated with

coastal erosion and submersion. For nearly 20 years, a citizen

science program to monitor the quality of the water of 13 rivers
in region Brittany on a weekly basis has been in existence (Abott

et al., 2018) and a forum on citizen science was organized in

2014 to explore scientific, learning and ethical dimensions of such
programs.

Nonetheless, if proximity was of major importance for the

encounters of scientists working in the parts of the same
ecological system, it appeared insufficient for facilitating deeper

collaborations on broader topics, and particularly to working
on topics in sustainability. Hence, the boundary settings within

IUEM itself were moved. Members of the institute undertook

several initiatives to identify shared research goals among

humanities and natural marine sciences and new paths for

conducting joint research and training. First, the Zone Atelier

Brest-Iroise (ZABrI, part of the French LTER network) was
created (in 2012) with the aim of developing conditions

for the construction of interdisciplinary projects around the

larger objective of understanding the functioning and trends
of the Bay of Brest social-ecological system by encouraging

stronger interactions between scientists and stakeholders within a
sustainability perspective. Entirely new activities arose mixing art
and science in the early 2010’s, such as for example, the Belmont
Forum funded ARTISTICC project which produced unique,
hybrid public outreach projects from the mutual investments of
artists and scientists. In addition, a trans-disciplinary training
module “Science and Society” was introduced in 2012 in the
marine sciences Master program (Hubert et al., 2015). A new
summer school “Université d’étémer-éducation” was also created
that same year, that trains fifty high school teachers in marine
sciences and helps them create interdisciplinary courses for their
classes.

Three years later, a new core research funding theme on
social-ecological systems was added to the LabexMer program
(a financial instrument dedicated exclusively to French marine
sciences initiatives created in 2011). While, geographers had
played a pivotal role in one of its thematic axes since the
beginning, as has been seen elsewhere in other interdisciplinary
programs (see review in Mooney et al., 2013), the new axis
encourages the co-construction of projects involving natural and
social and human sciences. For instance, researchers wishing to
explore the societal implications of their research using socio-
ecological frameworks, such as Ostrom (2009) or Collins et al.
(2010).

Finally, a new research group was launched during 2014
within IUEM, “ApoliMer” (Political Anthropology of the Sea).
This group associates the SSP with natural sciences studies of
marine environments and seeks to integrate both perspectives
(Mazé et al., 2015, 2017), primarily through studies concerning
the decision-making processes and the sustainable governance
of coastal social-ecological systems. These new interactions and
perspectives suggested by ApoliMer have raised key questions
at the science-policy interface presented in this article that are
discussed in the following section.

KEY QUESTIONS AT THE

SCIENCE-POLICY-COMMUNITY

INTERFACES

In this last section, we put forward key questions about the
situation 15 years ago (Figure 5) and the present-day situation
(Figure 6) in the Bay of Brest which arose and arise at the
interface between science and decision-making at both the
community and political levels.

What Prevented a Containment Project 15

Years Ago?
By the mid-2000s, the fishing community imagined a
containment project to protect the restocking program
started by the spat hatchery from the excessive abundance of
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FIGURE 5 | Scientific questions that were raised between 1995 and 2005, concerning the long resistance of the ecosystem to the effects of increasing N delivery

from land and changing nutrient ratios (1), the emergence and the testing of the Si/Crepidula hyporthesis (2) and the key questions raised at the

science-policy-community interface concerning a possible control of the Crepidula proliferation (3).

C. fornicata. The scientific community was concerned that an
eradication project would cause the collapse of the ecosystem
due to the potential role of this species in the prevention
of toxic phytoplankton blooms. Many questions were raised
(3, in Figure 5), by both fishermen and scientists who met
to discuss these issues, such as: what to do with the slipper
limpets once removed from the seabed and at what cost? Which
species would come back following dredging and eradication?
What would be the impact on benthic nutrient fluxes and the
functioning of the whole ecosystem? How much C. fornicata
biomass could be removed from the ecosystem without affecting
the benthic nutrient fluxes? Controls versus “laissez-faire” is
always a major management question regarding non-indigenous
species (Menozzi and Pellegrini, 2012) and at that time, the latter
was chosen. As mentioned earlier, slipper limpet abundances
declined monotonically in recent years, with few hypotheses
to explain this decrease. But 10 years ago, when C. fornicata
was thought to endanger the Great Scallop fishery, was this
option of “laissez-faire” a real choice? Is it because scientists
met with fishermen, explained the silicate pump/C. fornicata
hypothesis? Is it because of the large uncertainties associated
with the recolonization of the seabed, or with the impacts on
nutrient fluxes and possible toxic phytoplankton blooms? Or
is it only because of a lack of funding for removing the slipper
limpets and replacing them by scallop juveniles? Answering
these questions will require detailed examination by human and
social scientists. It implies a reconstruction of the socio-history
of the processes at that time and of the interactions between

scientists and fishermen, ecosystem managers and decision
makers. This socio-history would best be elaborated by crossing
political sociology and the sociology of science, bringing another
perspective to the new political sociology of science (Frickel and
Moore, 2006).

The present situation in the Bay of Brest raises several
questions to be explored within natural sciences and human
and social sciences, as well as at the interface between these
two cultures (Snow, 1959). Within the natural sciences, it will
be important to verify that the earlier model (Laruelle et al.,
2009) of a link between toxic phytoplankton blooms and a
decline in C. fornicata abundances is true (4 in Figure 6), and to
understand the causes of theCrepidula recession (4b in Figure 6).
Answering the first question relates to the validation of the silicate
pump/C. fornicata hypothesis, now that the Crepidula numbers
are declining; this would imply completing a new inventory
of its spatial distribution and biomass, as well as repeating
experiments similar to those conducted 15 years ago to test the
validity of this hypothesis, in particular those on benthic fluxes
and the re-evaluation of biogeochemical budgets. Addressing the
second question (related to the recession of the invader) would
imply exploring different hypotheses, such as the presence of a
pathogen and its possible effects on the C. fornicata life cycle,
the appearance of a predator for C. fornicata (namely starfish),
and/or changes in oxygen concentrations at the sediment-
water interface. But establishing these links should not overlook
additional questions related to the social-ecological system (Liu
et al., 2007), more specifically at the interface between science
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FIGURE 6 | Scientific questions raised today, for natural sciences concerning the causes of the recession of Crepidula (4 and 4b) and raised and addressed through

an interdisciplinary approach involving the social sciences of politics, regarding the causes of the non-intervention 15 years ago concerning the possible control of

Crepidula proliferation (3b), the fishing activities on maerl habitat and its impacts on biodiversity (5) and the relations between these fishing activities and agricultural

activities on land, that question the governance of the land-ocean continuum (6).

and policy and between scientists and the fishing and farming
communities. It is important to recall that the current situation
with fishermen dredging on maerl beds arose because toxic
phytoplankton blooms prevent harvesting the Great Scallop.
These bloomsmay be linked to changing nutrient ratios modified
by C. fornicata recession. In addition, the importance of Si in
this particular system resulted from the earlier disruption of Si:N
and Si:P ratios that originated with the excessive N inputs from
intensive agriculture practices in the surrounding watersheds.
This cascade of events (Figure 4) now yields a fascinating set of
interdisciplinary questions at the science-policy interface.

Is Co-adaptive Management a Sufficient

Condition for Sustainability?
Why does dredging on maerl beds continue today (question 5
in Figure 6), despite the location of these beds within a Natura
2000 area and the clear evidence of their destruction by this
technique? How come the tight relationships between fishermen
and scientists who have been working together for decades in
this ecosystem, have not led to a more sustainable management
of these maerl beds? Indeed, interactions between the scientific

community and the fishing community have not been restricted
to specific interventions in the past. The Great Scallop fishery in
the Bay of Brest is relatively small (between 300 and 400 tons
per year over the last 15 years) but is very important to the local
heritage and economic markets. In the last 50 years, fishermen
have had to adapt to several external constraints (Danto et al.,
in prep.): changes in water quality due to land-derived pollution,
invasion of non-indigenous species, epidemics or abrupt climate
variations, such as the winter 1962–63 which led to a sharp
decline of the scallop standing stock (and a strong decline in
landings: from 1,500 tons annually down to <100 tons before the
Tinduff hatchery opened).

Since the early 1970’s and in collaboration with the local
scientific community, fishermen have diversified their activities
and experimented developing the stocks or aquaculture of
oyster, clam and salmon species. They co-constructed these
programs with the scientific community, first with IFREMER
(Institut Français de l’Exploitation de la Mer) then with benthic
marine biologists at theUniversité de Bretagne Occidentale. These
programs were funded by local and national authorities who
strongly supported this community which was demonstrating
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a strong capacity to adapt under difficult conditions. By the
early 1980’s, the “Ecloserie du Tinduff,” a spat hatchery, launched
a restocking program for the Great scallop. At the time, this
hatchery was quite unusual, as there was only one other hatchery
in Okaido (Japan). It is beyond the scope of this paper to
document the origins and changes in the practice of this activity.
Our purpose here is to simply indicate that these experiments
and the creation of this innovative structure which have saved
the local Great scallop fishery up to now, have been possible only
through the tight connection between the fishing and scientific
communities. If these exchanges are a good example of what we
would call today “adaptive co-management” (Kofinas, 2009), the
present-day situation in the Bay of Brest clearly demonstrates
that this is by no means a permanent guarantee of the successful
management of biological resources.

It will be crucial to investigate the reasons for this
dysfunctioning to move toward sustainability in this ecosystem.
Again, key questions need to be investigated at the interface
between science, policy and communities. How do the different
social groups (professionals/corporations, scientists), with their
diverse interests, take charge of this case (fisheries entrepreneurs
versus biodiversity conservationists)? How have institutions
seized the question? What are the different forms of collective
mobilization, conflict and conflict resolution? Is there a
consensus and who ultimately decides? The question of decision
is so crucial that the most recent program devoted to the study
of the interaction between dredging and habitat modification
in Natura 2000 areas, which was launched in 2016 by the local
fishing authorities with participation by natural scientists, is
called DECIDER (to decide, in French). This program aims to
reconcile the activities of dredging and preservation of the maerl
beds, through the evaluation of the interactions between gear and
habitat on the Natura 2000 sites.

What Form of Governance Between Land

and Ocean?
Moving landward, more questions arise related to the importance
of Si in the system and to excessive N inputs encouraged
by intensive agricultural practices. For instance, it would be
important to investigate the perception of the Si biogeochemical
cycle by decision-makers and whether or not it is being taken
into account at the same level (e.g., through systematical
measurement) as the N and P cycles. Most long-term
observations of water quality in the Brittany region do not
include this parameter, despite its demonstrated importance
in coastal environments. Is it because of poor knowledge
transmission between science andmanagement/decision makers,
the so-called “knowledge gap” (Jasanoff, 1990)? Is it because
managers know that they can control N and P inputs but not
Si inputs? More generally, are the regulation services linked to
nutrient recycling really taken into account by decision makers,
as easily as provisioning services for example? These questions
relate to the way complexity of ecosystems is accounted for at the
science-policy interface and to the complexity of this interface
itself. Indeed, the chain of events as described in Figure 4 involves
the Si biogeochemical cycle and an “invisible” invader. It is more

subtle than the direct effect of excessive N inputs leading to
visible and odorous green tides. This calls into question the
treatment of complexity and the quality of the indicators that
are used to evaluate the ecological and biogeochemical status
of a given ecosystem. Have we developed the most appropriate
set of indicators that can account for this complexity? This is
where it is crucial that social scientists have the possibility to
work in close interaction with natural scientists, to explore the
way scientific knowledge is being produced and used - or not - in
the decision-making process (Mazé et al., 2017).

These questions about complexity and the knowledge gap
should not prevent action to be taken, as we also often know
enough to do so. But other factors, beyond scientific evidence,
are to be taken into account. Green tides have been a major
public issue in Brittany for the last 50 years, leading to major
conflicts at the land-ocean interface which are still unresolved.
Here again, national, regional, and local authorities are working
apparently side by side with professionals of agriculture and
scientists, to promote changing agricultural practices on the
watersheds and reduce the impact of this sector on water quality
and ecosystem services. Under the aegis of the GIS CRESEB
(“Groupement d’Intérêt Scientifique, Centre de Recherche et
d’Expertise sur l’Eau en Bretagne”) funded by the Brittany Region
in the early 2010’s, a permanent group of scientists, covering
many disciplines from agronomy to marine biogeochemistry,
from sociology to law and economics, is meeting regularly to
discuss how to best accompany the projects of local territories
in the region subject to litigation, to favor the transformation
toward sustainability. Scientists involved in this group discuss
their role in this transformation, being aware of the difficulty
of such an exercise, thanks to earlier experiences with French
national plans against green algae proliferation. In parallel to
these efforts, important decisions are taken by public authorities
that allow the persistence of the agro-industrial agriculture
model, already denounced in several reports from NGO’s and
from the “Cour des comptes.” Power issues here play a key role in
this blockage between the state, the agro-industrial lobby and the
impact on farmers, their practices, human health and ecosystems.
What is the role of power relations in the conditions of possibility
and impossibility of transformation to sustainability? What is
the role of scientists in the process of reflection, accompanying
this transformation? The argument about the lack of knowledge
continues to be mobilized, thus promoting inaction, and what
does it means in terms of instrumentalization? This is where
political science could provide major insight into the so-called
implementation gap, related to inertia of the institutional and
political systems. Many factors have been put forward to explain
it. They have been identified through the “path dependency”
concept, ratchet effects and other self-reinforcing mechanisms.
Within the framework of the new political sociology of science
(Frickel andMoore, 2006), we need to address the use of scientific
knowledge by decision makers, taking into account the diversity
of interests and exploring the decision-making context and
process, combining knowledge, and power, something which is
too rarely done in environmental studies (Fabinyi et al., 2014)
which is especially the case when dealing with transformation
more than with adaptation (Olsson et al., 2014).
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As tentatively shown in Figure 6 (6), addressing these
questions of power and governance of the land-ocean continuum
may be one way to “close the loop” and re-link the
communities of agriculture and fishing/aquaculture. For a
long time, agriculture and fishing have been closely related
in Brittany, often with a single person sharing his time
between both activities. Today practices have changed, and
nitrate leaks have become an element of division between
the two communities. The cascade of events described earlier
(section The Bay of Brest ecosystem since WWII and Figure 4)
demonstrates the complexity of the ecosystem functioning.
However, the way we ask the questions at the science-
policy interface in this section (5 and 6 in Figure 6),
from maerl beds to agricultural practices, suggests that we
now address the complexity of the social-ecological system,
taking into account these retro-actions from sea to land.
This implies that scientists, the different stakeholders and
decision-makers work together and that interdisciplinaritymakes
progress, especially between natural and human and social
sciences.

PERSPECTIVES

Following the description of the environmental trends observed
in the Bay of Brest over the past five decades, a series of questions
has been raised at the science-policy-communities interfaces. The
social sciences of politics, in close collaboration with marine
environmental sciences, will now analyze the decision-making
process concerning the management of the Bay of Brest and the
adjacent Iroise Sea, benefiting from the new boundary settings
described in section Construction of a Basis for Interdisciplinary
Knowledge About the Bay of Brest. From the perspective
of historical and political sociology, it will be necessary to
reconstruct the socio-history of the management of the bay,
paying particular attention to the interactions between scientists,
naturalists, fishermen, farmers and managers. The interaction
between fishermen and farmers seems indeed necessary for
negotiations to progress toward the sustainable management
of the Bay of Brest because of the inextricable link between
eutrophication and the ecological status of the bay which impacts
severely fishing communities. This is what is meant in Figure 6,
by the circular aspect of the figure and the triangle aiming at
closing the circle, representing these questions to be addressed
at the science-policy interface, which imply that we explore the
governance of the land-sea continuum. These questions will
have to evolve based on a reflection on the history of science
and technology, but even more so in the context of the new
political sociology of science so that we can grasp the power
games around the question of expertise (Bérard and Crespin,
2010).

Exploring sustainability challenges requires strong
interdisciplinary approaches and we have used our study case
to derive important insights, particularly on the importance of
geographical proximity and the establishment of boundary
settings to stimulate a better integration of social and
human sciences in the study of LTER sites, turning them

into LTSER sites. Here again, the importance of creating
boundary settings in immersion within an environment of
natural sciences, reflects the role of geographical proximity
but, this time at the interface between humanities and
natural sciences. The creation of ApoliMer at IUEM and
the recent arrival of economists and jurists from the AMURE
laboratory within a just-completed extension (opened in
2016) of the IUEM building, achieves now, nearly two
decades after the opening of the first buildings, the original
intentions of the University to construct facilities suitable
for interdisciplinary approaches by bringing together in
a single location, researchers concerned with the marine
environment.

This observation raises key questions that, we believe,
should be taken extremely seriously by those in charge of
the politics of science, concerning both research and training.
Trust is an essential component of these interactions among
scientists from different disciplines, and between science and
society, and it takes time to build. We have seen in section
Construction of a Basis for Interdisciplinary Knowledge About
the Bay of Brest that the interdisciplinary knowledge built,
first between pelagic and benthic scientists, and now between
biogeochemists, ecologists, and political scientists (all authors
on this manuscript), was and is possible mostly thanks to
the existence of permanent research staff remaining in place
over many years, and to the construction of infrastructures
and boundary settings that facilitate long-term interactions
among different epistemic communities. It appears that these
crucial needs for sustainability science and action diverge
strongly from the on-going growth of the scientific field,
still favoring positions on soft money, extreme mobility,
the precarious place of young researchers, and enhanced
competition. Even the scientific careers of permanent staff
continue to be evaluated mostly on the impact factor criteria,
neglecting the time it takes for these scientists involved
in inter- and trans-disciplinary approaches to build trust
and fundamental knowledge that needs to be co-constructed,
amongst various disciplines, and at the interface between
scientific and other forms of knowledge. Last but not least,
this evolution toward sustainability raises many other key
questions, especially about the training of the next generation
of students. Depth versus breadth is an important debate in
Master and Ph.D. programs. Do we encourage training of
“hybrid” students, better able to address complex problems
but probably less specialized in one particular field, or do
we train very specialized students and find new ways to help
them being able to interact with other researchers from very
distant fields? When should interdisciplinarity be introduced
in a student cursus? Does a student trained interdisciplinary
have equal chances to find a position related to his experience,
within or outside academia, as one trained in a specific field?
Most probably, the emergence of the field of sustainability
science offers a wonderful field for the sociology of science, be
it concerning training, or the many questions that this field
raises concerning our role of scientists on this path toward
sustainability.
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The silicified cell walls of diatoms have inspired the interest of researchers for several

centuries, and our understanding of their properties and formation has developed in

synch with the development of observational and analytical techniques. Over the past

20 years, approaches used to characterize the molecular components involved in cell

wall silicification have evolved, and this has provided significant insights into fundamental

aspects of silicification, and promises to continue to do so. Diatom cell wall formation

is highly dynamic but, apart from microscopic investigations, most previous molecular

characterizations have been on completely formed structures, and thus only provide

information on a static end point in the process. However, recent studies that monitor

when components are made, and how they are transported to the silica deposition

vesicle (SDV), indicate that investigation into the true dynamics of the process is

possible. Real-time imaging and genetic manipulation offer the promise of elucidating

the spatio-temporal dynamics of, and interactions between, components, which will

be essential to understand how structure formation is controlled and coordinated. This

review is aimed at describing the approaches that have been used to characterize diatom

silicification, integrating newer concepts based on results from diverse approaches,

and raising questions that still need to be addressed, leveraging the diverse tools and

techniques we now have.

Keywords: diatom, silicification, AFIM, silica, trafficking, cell wall synthesis, T. pseudonana

INTRODUCTION

The ability of diatoms to make silica-based cell walls has been the subject of fascination for
centuries. It started with a microscopic observation by an anonymous English country nobleman
in 1703, who observed an object that looked like a chain of regular parallelograms and debated
whether it was just crystals of salt, or a plant (Anonymous, 1702). The viewer decided that
it was a plant because the parallelograms didn’t separate upon agitation, nor did they vary
in appearance when dried or subjected to warm water (in an attempt to dissolve the “salt”).
Unknowingly, the viewer’s confusion captured the essence of diatoms—mineral utilizing plants.
It is not clear when it was determined that diatom cell walls are made of silica, but in 1939 a
seminal reference characterized the material as silicic acid in a “subcolloidal” state (Rogall, 1939).
Identification of the main chemical component of the cell wall spurred investigations into how it
wasmade. These investigations have involved, and been propelled by, diverse approaches including,
microscopy, chemistry, biochemistry, material characterization, molecular biology, ‘omics, and
transgenic approaches. The results from this work have given us a better understanding of cell
wall formation processes, establishing fundamental knowledge which can be used to create models
that contextualize current findings and clarify how the process works.
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The process of building a mineral-based cell wall inside the
cell, then exporting it outside, is a massive event that must
involve large numbers of genes and their protein products.
The act of building and exocytosing this large structural object
in a short time period, synched with cell cycle progression,
necessitates substantial physical movements within the cell as
well as dedication of a significant proportion of the cell’s
biosynthetic capacities.

It is nearly two decades since the first characterizations of
the biochemical processes and components involved in diatom
silicification (Hildebrand et al., 1997; Kröger et al., 1999, 2000,
2002). More recent work has provided insights into how higher
order assembly of silica structures might occur (Tesson and
Hildebrand, 2010, 2013; Scheffel et al., 2011). Very recent reports
describe the identification of novel components involved in
higher order processes, the dynamics documented through real-
time imaging, and the genetic manipulation of silica structure
(Kotzsch et al., 2017; Tesson et al., 2017). The approaches
established in these recent works provide practical avenues to
not only identify the components involved in silica cell wall
formation but to elucidate their interactions and spatio-temporal
dynamics. This type of holistic understanding will be necessary
to achieve a more complete understanding of cell wall synthesis.

The purpose of this review is to summarize previous work in
detail and provide a framework for future work which can take
advantage of recent discoveries and tools to explore the dynamic
nature of diatom cell wall formation.

GENERAL CHEMICAL FEATURES OF

SILICA POLYMERIZATION

Silicon dissolved in an aqueous solution at neutral pH is primarily
in the form of silicic acid, Si(OH)4 (Iler, 1979). The solubility
of a silicic acid solution is limited to around 2mM, above that
concentration silica (SiO2) begins to polymerize into polymers
with a range of lengths, forming an amorphous solid (Iler, 1979;
Kley et al., 2014). The surface of forming silica has a net negative
charge, and the morphology of the silica that forms varies
depending on the solution’s ionic strength and pH. In solutions
near neutral pH and with low ionic strength, silica polymerizes
as a sol consisting of individual particles which are formed due
to repulsion between negatively charged particle surfaces. At
lower pH or with higher ionic strength, the negative charges are
neutralized, leading to aggregation of smaller particles, and in
some conditions formation of a gel network. A gel network is
desirable for creating a physically robust structure, and is the
morphology generally observed in diatom silica, although silica
morphology can vary depending on cell wall features (Round
et al., 1990; Hildebrand et al., 2006).

SILICIC ACID TRANSPORT AND

INTRACELLULAR STABILIZATION

Although not the primary focus of this review, the processes of
silicic acid transport and stabilization at high concentrations are
important aspects of diatom silicification. As a small, uncharged

molecule, silicic acid can freely diffuse across membranes.
Kinetic data indicate that, under environmentally relevant
concentrations, diffusion can be the major mode of uptake
(Thamatrakoln and Hildebrand, 2008). Under relatively low
silicic acid concentrations, the silicon transporters (SITs) actively
facilitate uptake (Hildebrand et al., 1997; Thamatrakoln and
Hildebrand, 2008). SITs have been localized to the plasma
membrane but it is not clear what intracellular membranes
they may be targeted to (Shrestha and Hildebrand, 2015).
Silicic acid transport mechanisms within the cell are unknown.
Given the diffusibility of silicic acid, a transporter protein may
not be required. Several studies (reviewed in Martin-Jezequel
et al., 2000) have documented intracellular concentrations of
soluble silicic acid substantially greater than its 2mM saturation
limit. How such high concentrations are maintained is still a
mystery, but a likely hypothesis is that undescribed organic
compounds associate with intracellular silicic acid, preventing
polymerization. This hypothesis explains features of silicic acid
transport in terms of transport against a potential concentration
gradient (the gradient may not actually exist if the chemical form
of silicic acid—bound or unbound—differs on two sides of a
membrane) as well as high intracellular silicic acid concentrations
(Martin-Jezequel et al., 2000).

MICROSCOPIC EVALUATION OF VALVE

STRUCTURE AND FORMATION IN

THALASSIOSIRA PSEUDONANA

Thalassiosira pseudonana has developed as the most intensively
studied diatom species in regard to silicification, a schematic of
its major structural features is shown in Figure 1. Several
microscopic approaches, including scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and atomic force microscopy (AFM), have sufficiently high
resolution to evaluate details of silica polymerization and
structure formation in diatoms. The ability to enrich for cells
undergoing cell wall formation allows for larger numbers of
relevant images to be captured, providing more information
on ephemeral phenomena such as intermediate structural
stages. A synchronized culturing method was developed for T.
pseudonana which enriches for cells making valves (Hildebrand
et al., 2007). In this procedure, cells are starved for silicic acid for
24 h, during which time the majority (80%) of the cells arrest in
the G1 phase of the cell cycle. Upon silicic acid replenishment,
the cell cycle resumes, and cells complete G1, during which
time girdle bands are synthesized. Cells then move into S phase
succeeded by G2+M where daughter cells are formed within
the mother cell. G2+M is followed by valve formation, and
ultimately cell separation. The timing of cell cycle events is
well-conserved except for the length of G1, which can last 1–4 h
after silicic acid replenishment (Hildebrand et al., 2007). Based
on findings in yeast, the variability in G1 length could relate
to whether enough carbon is available for the cell to complete
mitosis (Hall et al., 1998). Despite the variability in the timing
of G1, the period of valve synthesis can easily be determined
by staining cells with the fluorescent dyes rhodamine 123 or
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FIGURE 1 | Cell wall structure for T. pseudonana. (A) Schematic of the entire frustule, indicating valves and girdle bands. (B) Scanning electron micrograph (SEM) of

the valve and associated first girdle band. (C) Transmission electron micrograph (TEM) of the valve, highlighting the rib and pore structure. White arrows denote a

subset of the fultoportulae. From Hildebrand et al. (2006), reproduced with permission.

PDMPO (Li et al., 1989; Shimizu et al., 2001; Hildebrand et al.,
2007), both of which incorporate into forming silica. Forming
valves are visualized by a sharp demarcation of fluorescence at
the cleavage area of the cell, and isolation of cells during this
time enriches for those making valves. Culture synchronization
is not perfect—in addition to less than 100% of all cells arresting
in G1, subpopulations of cells can progress through the cell cycle
at different rates. However, based on ongoing transcriptomic
analysis (Hildebrand et al., in prep), the timing of distinct cell
cycle related processes can be defined within 1 h windows.

The valves in T. pseudonana are circular, were measured
(Hildebrand et al., 2006) at an average of 3.8µm (±0.4) diameter,
and consist of ribs radiating from an area called the pattern
center (where valve formation is initiated) to the rim of the valve
(Figure 1B). The valve surfaces are interspersed with numerous
18 nm (±3.1) diameter circular pores positioned between the ribs
which cover∼4% of the valve area (Hildebrand et al., 2006). The
ribs are not strictly linear, but are consistently spaced (145 nm ±

13 between ribs) and branched to maintain this spacing when the
distance between them increases beyond 162 nm (±16). There
are also cross connections between the ribs (Figure 1C). The
other major feature of the valve is the fultoportulae, which are
larger cone shaped openings for secretion of chitin fibrils (Herth,
1979a,b; Round et al., 1990). Fultoportulae are always found on
the rim of the valve, and generally a single fultoportula (but
occasionally two or none) is found offset from the center of the
valve (Figures 1B,C).

As in other diatom species, valve formation in T. pseudonana
occurs in distinct steps. The first feature that resembles a
valve component is called the base layer, which will form
the proximal surface of the completed valve. The base layer
is a footprint of the valve which includes the ribs and
precursors to the fultoportulae, defining structure in the x
and y plane (Figures 2A,B). The structure is very flexible
at this stage (Figure 2C and Hildebrand et al., 2007). After
base layer formation, the rim of the valve is built up and
additional silicification occurs across the surface, eventually
resulting in a robust rigid structure (Figure 2D). This process
involves thickening the valve via expansion in the z-axis

direction toward what will become the distal valve surface
(Figure 2E).

The nanoscale morphology of the silica varies between
different features and during different stages of the process. The
ribs consist of an amalgam of nanoparticulate silica, whereas
the area between the ribs is filled with silica characterized
by a smooth branched morphology (Figures 3A–C). The
nanopores on the surface appear to be formed by objects
that obstruct silica polymerization, as they are initially
irregular in shape, but become circular as the silica fills
in around the proposed obstruction (Figures 3B,C). Such
an interpretation is supported by AFM analysis of silica-
associated organic material in other diatom species where
material associated with pores projects above the base layer
(Tesson and Hildebrand, 2013). In T. pseudonana, the
distal surface ornamentation is composed of a third silica
morphology which is deposited on top of the base layer ribs
(Figures 3D,E).

In summary, there are two distinct major stages in T.
pseudonana valve formation, 1) formation of the base layer which
defines the valve shape in the x/y plane and major features of
ribs, nanopores, and portulae, and 2) expansion in the z-axis
direction by additional polymerization of silica to form a rigid
structure. The silica morphology of the valve varies depending
on the structural feature being made.

AN OVERVIEW OF THE ORGANIC

MATERIALS ASSOCIATED WITH THE SDV

Silica structures in diatoms are formed within a membrane-
bound compartment called the silica deposition vesicle
(SDV) (Drum and Pankratz, 1964; Reimann et al., 1966;
Schmid et al., 1981). The membrane surrounding the
SDV is called the silicalemma. The SDV has not been
isolated, which has complicated characterization of its
components. Fortunately, both biochemical (Kröger
et al., 1999, 2000, 2002; Wenzl et al., 2008; Scheffel
et al., 2011; Kotzsch et al., 2017) and transcript response
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FIGURE 2 | Formation of the T. pseudonana valve. (A) SEM of the base layer. (B) Schematic of x/y axis expansion during base layer formation. (C) Intermediate stage

of valve formation showing buildup of the rim, but lack of extensive silicification in the center. (D) Fully formed valve. (E) Cross section schematic of silica deposition in

the distal z-axis direction with the lower image representing the initial base layer and the upper representing the fully silicified valve with the final rigid structure. From

Hildebrand et al. (2006), reproduced with permission.

FIGURE 3 | Silica morphology during valve formation in T. pseudonana. (A) SEM of initially formed ribs and a precursor to the central fultoportula. (B) Network

structure of initially deposited silica in the rib and pore area. (C) Mature pores, note circularity of the pores compared with (B). (D) SEM of nanoparticles of silica on top

of ribs on the distal valve surface. (E) Atomic force micrograph (AFM) of distal surface nanoparticles. From Hildebrand et al. (2006), reproduced with permission.

(Shrestha et al., 2012; Tesson et al., 2017) approaches
have proven useful for the identification of components of
the SDV.

To be described in more detail below, there are three general
classes of proteins known to be associated with the SDV based
on biochemical approaches used to purify them and sequence
characteristics. A diagram depicting our current understanding
of the relative arrangement of components associated with the
SDV and the outcomes of various purification procedures is
shown in Figure 4. Isolation and detergent cleaning of cell
wall silica, followed by dissolution with ammonium fluoride
(Figure 4D), isolated soluble silica-associated proteins and long
chain polyamines (LCPAs) embedded within the silica (Kröger
et al., 1999, 2000, 2002; Poulsen and Kröger, 2004; Wenzl
et al., 2008). Isolation of insoluble material resulting from the
same cleaning and dissolution procedure (Figure 4D) resulted
in characterization of ammonium fluoride insoluble material
(AFIM), or the insoluble organic matrix (Scheffel et al., 2011).
Most recently, proteins associated with the silicalemma which
are extracted by detergent treatment (Figure 4B) have been
characterized (Kotzsch et al., 2017; Tesson et al., 2017). To
date these are characterized by a single transmembrane domain
that spans the silicalemma and have an intralumenal and
cytoplasmic portion. Depending on their other associations,
such as with the AFIM, such proteins may or may not
be extracted solely by detergent (Figure 4D). Harsh acid
treatment of diatom cell walls strips away all exposed organic

material (Tesson and Hildebrand, 2013), but should leave silica-
embedded material intact depending on its degree of exposure
(Figure 4C).

In addition to protein-mediated structure formation, the
SDV can also be passively molded (Mann, 1984); diatom silica
structures have been observed molded around mitochondria
(Pickett-Heaps et al., 1979), compression between daughter
cells influences silica structure (van de Meene and Pickett-
Heaps, 2002), and microtubules can leave indentations in valve
structures (Tesson and Hildebrand, 2010). These observations
indicate that the plasticity of the silicalemma can influence shape.

Long chain polyamines (LCPAs) are critical components of
the silicification process, and appear to be abundant organic
components of diatom silica (Kröger et al., 2000). The LCPAs are
found embedded within the silica, and consist of repeating units
of N-methyl-propylamine or propylamine attached to ornithine
or putrescine which are methylated to different degrees. The
number of repeat units varies between species. Incubation of
purified LCPAs in a solution of silicic acid rapidly catalyzes the
polymerization of silica (Kröger et al., 2000). Altering the ratios
of different size classes of LCPAs impacts silica morphology,
generally by changing nanoparticle dimensions.

The cytoskeleton plays a significant role in forming diatom
silica structures, as evidenced by inhibitor studies and imaging
(Chiappino and Volcani, 1977; Schmid, 1980; Blank and Sullivan,
1983; Pickett-Heaps et al., 1990; Pickett-Heaps, 1998a,b; van de
Meene and Pickett-Heaps, 2002; Tesson and Hildebrand, 2010).
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FIGURE 4 | Diagram of valve and associated components detailing their solubility in different detergents and isolation treatments. (A) All components associated with

the valve during its formation including those embedded in the silica, or associated with the AFIM or silicalemma, including the cytoskeleton. (B) Components resulting

from detergent extraction, which removes the cytoskeleton, silicalemma, and proteins associated with the silicalemma that are not embedded in the silica, leaving a

soluble and insoluble fraction. (C) Components resulting from acid treatment, which removes all organic material external to the silica. It is assumed that embedded

material is at least partially protected from acid degradation. (D) Components resulting from detergent extraction and dissolution of the silica by ammonium fluoride,

resulting in a soluble fraction of silica-embedded and silicalemma components, and an insoluble fraction of the AFIM and any proteins that had become associated via

crosslinking to it.

Spatial constraints and imaging support that the cytoskeleton
is associated primarily, if not solely, with the proximal surface
of the SDV, although protrusions extending through silica
structures toward the distal side have been observed (Tesson
and Hildebrand, 2010). Microtubules appear to be involved
in providing a rigid framework for expansion of the SDV
and positioning of components within valves. Additionally,
microtubules define a major structure specific to pennate diatom
species called the raphe (Pickett-Heaps et al., 1979, 1990). Actin
defines the edges of active silica polymerization and both the
overall and detailed structure of the silica. In centric diatoms, a
ring of actin has been observed that defines the edge of the SDV,
this ring expands as the SDV grows (van de Meene and Pickett-
Heaps, 2002; Tesson and Hildebrand, 2010). In addition, there is
excellent correspondence between the pattern of actin assembly
over the valve and silica structure (Tesson and Hildebrand,

2010). These observations suggest thatmicrotubules and actin are
responsible for positioning components of the SDV that lead to
meso- and micro-scale structural features. Although they are not
a direct component of the SDV, they must interact with proteins
of the SDV in order to translate their organizational patterns into
a corresponding silica structure. A proposed mechanism for this
will be discussed below.

THE ROLE OF CARBOHYDRATE

POLYMERS IN SILICIFICATION

There is strong evidence for the involvement of carbohydrate
polymers in silicification and structure formation, but their
precise roles and contributions are not clear. For that reason,
carbohydrate polymers are not included in the diagrams of
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Figure 4. An additional complication is that different types of
carbohydrate polymers are associated with cell wall components
in different ways in different diatom species (Tesson and
Hildebrand, 2013).

Mannose-6-phosphate was identified to be tightly associated
with silica from Stephanopyxis turris, and because its amount
increased upon silica dissolution, it was suggested to at least be
partially embedded within the silica (Hedrich et al., 2013).

Evidence also indicates an association of chitin with diatom
silica structures. Tesson and coworkers (Tesson et al., 2008)
performed a solid state NMR analysis of SDS and H2O2 cleaned
silica from T. pseudonana which showed the presence of several
peaks corresponding to β (1→ 4) N-acetyl glucosamine of chitin.
The authors attributed the peaks to contaminating chitin fibrils
secreted from the cell, however, the signals were enriched as the
material was further purified, which should not be the case with
a contaminant. The data suggest an association between chitin
and the silica. H2O2 treatment in aqueous solution does not
necessarily degrade organic material, so it cannot be concluded
whether the chitin was associated with the surface of the silica, or
embedded within it.

Durkin et al. (2009) characterized chitin synthase genes from
different diatom species, and identified them in species which do
not secret chitin fibrils, suggesting another role for chitin. In T.
pseudonana they detected chitin using FITC-conjugated wheat
germ agglutinin and a chitin binding protein associated with the
girdle bands. The staining indicated that chitin was accessible
from the outer surface of the girdle bands. No chitin staining
was observed in the valves. Previously, a class of highly abundant
girdle band associated proteins with chitin binding domains were
characterized in T. pseudonana (Davis et al., 2005), consistent
with the observation of chitin associated with the girdle bands.

Brunner et al. (2009) used different centrifugation methods to
distinguish between secreted chitin fibrils and chitin that might
be otherwise associated with the cell. Cell walls were extracted
with SDS and EDTA, with no other treatment. Material isolated
by flow centrifugation had no visible chitin fibrils associated with
it, yet NMR signals characteristic of chitin were seen. NaOH
treatment removed NMR signals resulting from amino acid side
chains, and enriched the chitin signals, indicating that chitin
constituted 25–40% of the organic material associated with the
silica. The authors showed images of organic material resulting
from dissolution of the silica with HF, which mimicked the
overall shape and size of the valves. At the time, the AFIM
material had not yet been characterized, and given that the
cleaning treatment did not include acid exposure (Figure 4C),
the material imaged by Brunner et al., could have been the
AFIM associated with T. pseudonana valves (Kotzsch et al.,
2016). Considering that Durkin et al. (2009) only observed chitin
associated with the girdle bands, it is not clear whether chitin is
associated with the valves (the NMR signal could have been from
girdle bands), and if so, whether it is a component of the organic
material imaged by Brunner et al.

Tesson and Hildebrand characterized insoluble organic
material associated with valves and girdle bands from a variety
of diatom species, and included staining and carbohydrate
quantitation approaches to characterize associated carbohydrate

polymers (Tesson and Hildebrand, 2013). Two types of polymer
were identified. One was a DAPI-stainable (polyanionic) material
that was mannan-rich and found in all species. Staining only
occurred after SDS treatment, suggesting that the material was
masked in intact cells. The other was calcofluor-stainable and
enriched in glucose, and thus was likely a β-1,3 glucan called
callose previously identified in diatom cell walls (Waterkeyn and
Bienfait, 1987). Although the DAPI-stained material was always
immediately adjacent to the silica, the location and accessibility
of the DAPI- and calcofluor-stained materials relative to cell
wall components varied depending on the species, suggesting
distinct roles (Tesson and Hildebrand, 2013). In two species that
had calcofluor-stained material associated with forming valves,
treatment with mycafungin (a specific beta 1–3 glucan synthesis
inhibitor) dramatically altered silica structure morphology,
indicating a strong influence on the structure formation process,
but not on silica polymerization.

In summary, at least some form of carbohydrate polymer is
involved in controlling the morphology of forming silica, but
more work is needed to clarify the specific role(s) of carbohydrate
polymers in diatom cell wall synthesis.

SOLUBLE PROTEINS ISOLATED BY

DISSOLVING DETERGENT-CLEANED

SILICA

The first proteins isolated from purified dissolved silica were
the silaffins (Kröger et al., 1999). These were initially isolated
from Cylindrotheca fusiformis, and consisted of peptides 15–
22 amino acids in length with repeated sequence enriched in
lysine and serine. The lysines were post translationally modified
by methylation or addition of polyamine units, and the serines
were phosphorylated (Kröger et al., 1999, 2002). Purified silaffins
rapidly catalyzed polymerization of silica from a solution of silicic
acid, and the morphology of the silica varied depending on the
mixture of silaffins used (Kröger et al., 1999, 2002). Analysis
of the gene encoding silaffin indicated a single polypeptide that
was proteolytically processed into the shorter peptides, with
proteolytic cleavage occurring after an RXL amino acid sequence
(Kröger et al., 1999). A survey of silaffins in different diatom
species revealed that most were larger polypeptides—in contrast
to the smaller peptides in C. fusiformis (Kröger et al., 2000). A
detailed characterization of silaffins in T. pseudonana (Poulsen
and Kröger, 2004) provided key insights into properties of the
larger silaffins. Three proteins were identified, TpSil 1/2H, TpSil
1/2 L, and TpSil 3. TpSil 3 was a single polypeptide, and TpSil
1 and 2 were very similar proteins encoded by two different
genes. TpSil 1/2 were synthesized as single proteins that were
proteolytically cleaved into the H and L forms. The two forms
had distinct influences over silica formation. In contrast to
the C. fusiformis silaffins, none of the T. pseudonana silaffins
had silica forming activity in vitro in the absence of LCPAs.
In the presence of LCPAs, the H form of TpSil 1/2 initially
promoted silica formation, then inhibited it as its concentration
was increased, whereas the L form continued to promote
silica formation as its concentration was increased. TpSil 3
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also promoted silica formation at lower concentrations and
inhibited it at higher. These results led to the distinction between
“catalytic” silaffins that had a continuous stimulatory effect
on silica formation, and “regulatory” silaffins that could both
promote and inhibit silica formation depending on the protein
concentration. The activities were attributed to differences in
amino acid composition, and more specifically, posttranslational
modification to amino acids. TpSil 1/2H was enriched in
hydroxyamino acids, which were likely glycosylated as evidenced
by substantially higher carbohydrate content in TpSil 1/2H
relative to TpSil 1/2 L (Poulsen and Kröger, 2004). It had been
demonstrated with a particular silaffin from C. fusiformis, natSil2,
that carbohydrate and sulfate moieties inhibited polyamine-
dependent silica formation, whereas protein-bound phosphate
groups promoted it (Poulsen et al., 2003). TpSil 1/2 L lacked
those particular inhibiting posttranslationally-added groups, and
solely promoted silica formation due to the predominance of
posttranslationally-added phosphate groups. TpSil 3 contained
both types of side chain modifications, and displayed an
intermediate ability to promote or repress silica formation.

Characterization of the various silaffins demonstrated that
posttranslational modifications have a major influence on
silica formation activity. Thus, although amino acid sequence
comparisons are a valid way to assess the ability of proteins to
control silica formation, it should be kept in mind that it is
modification of the amino acids that are largely responsible.

Silica polymerization in vitro by LCPAs required the presence
of polyanions in the form of phosphate or pyrophosphate (Kröger
et al., 2000), which prompted a search for polyanionic organic
material embedded within diatom silica that could serve a similar
function. This resulted in the discovery of silacidin, a protein
enriched in serine and the acidic amino acids aspartic and
glutamic acid (Wenzl et al., 2008). In the presence of LCPAs
and in the absence of phosphate, silacidin rapidly promoted
silica formation in vitro, and was thus regarded as an excellent
candidate for performing the anion role in vivo. Silacidin was
encoded by a single open reading frame, but the protein was
proteolytically cleaved after RXL sequences into smaller repeated
peptides of 29–31 amino acids.

The described characterizations provided fundamental
insights into the role of soluble silica-associated material. In
vitro silica precipitation experiments have demonstrated a
relationship between the size of the catalytic organic material
and how ordered the resulting silica morphology was. The short
silaffin peptides isolated from C. fusiformis silaffins precipitate
silica spheres, with no higher order organization (Kröger et al.,
1999). Similarly, LCPAs (Kröger et al., 2000), fully processed
silacidins (Wenzl et al., 2008) and TpSil 1/2 L from T. pseudonana
(Poulsen and Kröger, 2004) generate silica structures in vitro
that lack higher order - they are agglomerations of randomly
organized fused silica particles. Only in the presence of higher
molecular weight silaffins do higher order structures form
(Poulsen and Kröger, 2004). We propose that the smaller
organic components are responsible for generating “filler”
silica which can assume structure either through interaction
with other peptides or by confinement within the SDV. Small
molecular size would facilitate this by enabling freer diffusion

and more degrees of freedom. Expansion of T. pseudonana
valves in the z-axis direction could be an example of this filling
process.

INSOLUBLE MATERIAL ASSOCIATED

WITH DETERGENT-CLEANED SILICA

The silaffins lacked amino acid sequence conservation, and
no clear homologs were found in genome searches, which
prompted the examination of genes encoding proteins with
similar amino acid composition, and not necessarily sequence,
to the silaffins (Scheffel et al., 2011). A search was made of
the T. pseudonana genome for proteins with an ER signal
sequence (consistent with targeting to the SDV) and≥18% serine
and ≥10% lysine residues. Eighty-nine genes were identified,
and a subset of six genes encoded proteins with conserved
repetitive features, which were called cingulins. There were two
types of cingulins, the “W” cingulins and the “Y” cingulins,
which were named based on enrichment of their sequences
for either tryptophan (W) or tyrosine (Y). GFP tagging of the
cingulins indicated that they were exclusively associated with
girdle bands (Scheffel et al., 2011). Subsequent characterization
of insoluble material resulting from dissolution of cleaned silica
revealed that the proteins were associated with “microrings” that
precisely mimicked the girdle band dimensions and structure.
The microring material was termed AFIM, or the insoluble
organic matrix (Figure 4). It was proposed that the insolubility
of the organic matrix was due to covalent cross-links between
its protein components, which may include O-phosphoester
bonds and O-glycosidic bonds (Kotzsch et al., 2016). Initial
characterizations in T. pseudonana found the AFIM associated
only with the girdle bands and not valves, although a valve
associated AFIM was found in Coscinodiscus wailesii (Scheffel
et al., 2011). Subsequent work identified a valve-like AFIM in
T. pseudonana (Kotzsch et al., 2016). An extensive microscopic
study of the insoluble organic matrix in a variety of diatom
species (Tesson and Hildebrand, 2013) determined that the
material was fibrous. Direct imaging showed that the material
was associated exclusively with the proximal surface of the
valves. The material could be DAPI-stained only after SDS
treatment, which is consistent with it being obscured by the
silicalemma, leading to the model for structural arrangement
shown in Figure 4. The AFIM precisely mimicked valve features
(Figure 5). Given its location and how it precisely mimics
the proximal surface, it is reasonable to hypothesize that the
AFIM constitutes an organized pattern for base layer formation.
Imaging of the matrix in the location of pores identified
projections of organic material (Figures 5D,E) around which
silicification occurred. Comparison of AFM imaging of the AFIM
with an SEM of the valve of S. turris shows that the pores in
the valve are occluded by this material (Figures 5E,F). These
observations support the hypotheses derived from observations
of forming pores in Figures 3B,C. A consequence of this is that
pores are not entirely open channels, but are at least lined, if
not occluded, by organic material. The proteins that constitute
these projections could impart a level of control over what passes
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FIGURE 5 | Characterization of the AFIM, or insoluble organic matrix from Coscinodiscus radiatus. (A) SEM of Proximal valve surface, highlighting the large openings

of the foramina. Scale bar = 5µm. (B) AFM of region of foramina in the AFIM. (C) Fibrous structure of AFIM from proximal surface. (D) AFM of AFIM from a girdle

band, showing projections that define pores. (E) AFM of AFIM from the valve of Stephanopyxis turris. (F) SEM of proximal valve surface of S. turris. Scale bar = 1µm.

Scan sizes are (B) = 1µm, (C) = 1.2µm, (D) = 2µm, (E) = 3.6µm. From Tesson and Hildebrand (2013), reproduced under the Creative Commons license.

through the pores. If so, this prompts a significant re-framing of
how we think about transport processes of diatoms.

An elegant nuclear magnetic resonance (NMR) study
substantiated the presence of an organic layer associated with
the surface of silica in S. turris (Jantschke et al., 2015). Dynamic
nuclear polarization solid state NMR on SDS/EDTA cleaned
silica (which would not remove the AFIM—Figure 4B) identified
an estimated 3 nm thick surface layer, which corresponded
to direct measurements using AFM (Tesson and Hildebrand,
2013), enriched in protein and carbohydrate. Predominant
amino acids were Asp, Gly, Ser, Glu, and Ala, as confirmed
by both NMR and MS analyses. The bulk silica was enriched
in LCPAs, and there was excellent agreement between the
estimated thickness of the silica structure by NMR and the
actual measured thickness. Several lines of evidence supported
an abundance of β-strand protein secondary structure and
random coils, which the authors proposed would help to establish
compactness as well as intermolecular networking. These features
correspond well with other studies mentioned previously related
to the AFIM.

Biochemical and proteomic analysis of the AFIM from T.
pseudonana identified seven proteins called “SiMats” which
generally had amino acid sequence characteristics of known
silicification proteins (Kotzsch et al., 2016). Most lysine residues
in the identified AFIM proteins were post-translationally
modified to contain short polyamine chains. SiMat1 was localized
to the girdle band AFIM.

Two silaffins initially identified as being associated with
the soluble fraction of cleaned dissolved silica, and one other
protein later associated with the silicalemma, were also found
associated with the insoluble fraction. A GFP fusion of TpSil3
was incorporated into the AFIM, although its abundance was
lower than the cingulins (Scheffel et al., 2011). Mass spectrometry
characterization of the T. pseudonana AFIM also identified a
peptide from the C-terminal L form of TpSil 1/2 (Kotzsch
et al., 2016). Although not noted in previous work, the extreme
C-term of TpSil 1/2 has a transmembrane domain (Table S1)
as predicted by TMHMM v.2.0 (Sonnhammer et al., 1998), so
the L form could be associated with the silicalemma. Another
explanation for the predominance of TpSil 1/2 and 3 in the
soluble fraction, with a lesser amount in the insoluble fraction,
could be incorporation of the silaffins in the latter (Figure 4D)
by the proposed cross-linking phenomenon (Kotzsch et al.,
2016). Described in more detail in the following section, a

silicalemma-associated protein called Sin1 was initially isolated
from the AFIM and named SiMat7 (Kotzsch et al., 2016).

SILICALEMMA-ASSOCIATED PROTEINS

As stated previously, the cytoskeleton has a substantial
influence over silica structure, and in particular actin assembly
patterns have been correlated with silica structures (Tesson
and Hildebrand, 2010). Actin assembles outside of the SDV;
therefore, its assembly pattern must be transmitted into the SDV
lumen for it to influence silica patterning. Robinson and Sullivan
(1987) proposed that silicalemma-spanning proteins could serve
as intermediates that translate cytoskeletal assembly patterns into
similar silica structures. Such proteins would be predicted to
have a transmembrane domain, a cytoplasmic portion that could
interact with the cytoskeleton (either directly or indirectly), and
an intralumenal portion that would either have characteristics
of silicification proteins, or domains that would facilitate
interactions with such proteins or LCPAs (Figure 6). They also
could have different characteristics depending on which region
of membrane they are in. In the proximal silicalemma, they could
interact with the AFIM. These interactions would not be possible
from the distal membrane unless they extended completely across
the SDV lumen (Figure 6), if the interactions do not occur
one would surmise that this subset of silicalemma associated
proteins might be extractable by detergent. Examination of genes
upregulated during valve formation in synchronized cultures
of T. pseudonana resulted in the identification of a multiple
silicalemma-associated candidate proteins with predicted ER
targeting, a single transmembrane segment, and sequence
features characteristic of silica-associated proteins (Tesson
et al., 2017). One protein, called SAP1 (Silicalemma Associated
Protein), was used to identify two other proteins (SAP2 and 3)
with similar characteristics in the T. pseudonana genome. These
proteins constitute a gene family in diatoms, and are found
mainly in other centric diatom species. They have a longer N-
terminal portion which is enriched in serine, and which in SAP3
was associated with silica in the SDV lumen. The SAPs also
have a shorter C-terminal portion which contains a conserved,
but undefined, sequence domain found in the other SAPs. The
SAPs have the structural organization predicted by Robinson and
Sullivan, but the C-terminal portion does not match any known
cytoskeleton-interacting sequence. It is possible that (1) the
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FIGURE 6 | Schematic representation of transmembrane protein organization into the SDV membrane showing putative interactions of phosphorylated serine with

Long Chain Polyamines (LCPAs) or silaffins inside the SDV lumen and interaction with cytoplasmic proteins via the cytoplasmic domain. This figure was modified from

Tesson et al. (2017) and is based on a model by Robinson and Sullivan (1987).

conserved sequence is a novel cytoskeleton-interacting sequence,
(2) the SAPs interact indirectly with the cytoskeleton via other
proteins, or (3) these particular proteins have no interaction
with the cytoskeleton. SAP1 and SAP3, when tagged with GFP
on their C-termini, were seen associated with forming silica
structures in both the girdle bands and valves. In addition, SAP3
was associated with a relatively large intracellular vesicle, and an
increase in GFP fluorescence over time during silicon starvation
suggested that the protein accumulated there (Tesson et al.,

2017). The C-terminal GFP tagged proteins were never observed
in the completed cell wall, and evidence was presented that
proteolytic cleavage to remove the C-terminus of SAP3 occurred.
If the C-terminus was involved in interacting with other proteins,
this cleavage could cease the interaction. One possibility in
this scenario is that interactions with the cytoskeleton must be
terminated in order for the valve to be exocytosed. Tagging of
SAP3 in the N-terminal region with GFP indicated that this
portion was embedded in the silica. Transcript knockdown of
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SAP1 and 3 using antisense and RNAi approaches generated
distinct phenotypic changes in silica structure. These were the
first demonstrations of genetic manipulation of silica structure
in a diatom. SAP3 knockdowns displayed a lack of decoration
of the distal surface where silica particles are normally found
on top of the ribs (Figure 7). SAP1 knockdowns displayed
aberrations in proximal surface silicification separately or in
addition to alterations in the location of their pattern forming
centers (Figure 7), which is the characteristic location of valve
formation initiation. It is known that the pattern forming
center is positioned by microtubules (Pickett-Heaps et al., 1990),
therefore, it is possible that SAP1 knockdown interferes with
the interactions of SDV-associated proteins and microtubules.
These results demonstrate that manipulation of a single gene can
generate a consistent alteration in silica structure. This indicates
that the role of specific proteins can be probed using genetic
manipulation approaches.

A distinct silicalemma-associated protein, called Silicanin-1
(Sin1) has also been characterized (Kotzsch et al., 2017),
which was the same protein characterized as the AFIM-
associated SiMat7 (Kotzsch et al., 2016). Similar to the SAPs,
Sin1 has a long intralumenal N-terminal region, a single
transmembrane segment, and a short cytoplasmic sequence.
The N-terminal region was shown to be embedded within the
silica and the C-terminal region appeared to be proteolytically
released. Sin1 was found associated with both girdle bands
and valves. The dynamics of Sin1 localization over time were
determined, showing that the protein was associated with the
plasma membrane as well as an intracellular vesicle (similar in
appearance to that found with SAP3). Sin1 was recruited to
the SDV during silica formation, and then dispersed into the
plasma membrane afterwards. Unique targeting signals must be
involved to accomplish this. No direct function of the protein
in valve formation was demonstrated, but it was shown that
recombinantly-expressed protein assembled into clusters in a
pH-dependentmanner—at lower pH (similar to the SDV lumen),
clusters formed, and at higher pH, they disaggregated. pH-
dependent aggregation was also demonstrated for the cingulins
(Kotzsch et al., 2016).

For Sin1, antibody accessibility experiments indicated that
<20% of the protein was accessible in the silica relative to the
AFIM (Kotzsch et al., 2016), meaning that most of the protein
was embedded in the silica. As such, SDS extraction would not
be expected to produce the highest yields, although it would
isolate protein localized to other cellular locations such as the
plasma membrane or an intracellular vesicle. A similar situation
may exist for the SAPs; SAP3 was found embedded in the silica
(Tesson et al., 2017) but also could be extracted with detergent
only. In this case the most abundant source of the protein could
have been from the intracellular vesicle.

One hypothesis regarding the role of silica- or silicalemma-
associated proteins is that if they are exclusively localized to
one particular macroscale structure (valve or girdle band) they
could be involved in formation of the specific features of that
structure, but if they are localized to different structures, theymay
be involved in more general silicification processes. Following
this line of reasoning, because SAP3 was associated with both

FIGURE 7 | Alterations in T. pseudonana valve structure resulting from

antisense knockdowns of TpSAP1 (A,B) and TpSAP3 (C,D). Wild-type

controls are (E,F). From Tesson et al. (2017), reproduced under the Creative

Commons license.

valves and girdle bands, both structures contain nanoparticulate
silica on their distal surfaces (Hildebrand et al., 2006), and
knockdown of SAP3 prevented formation of the distal valve
nanoparticulate silica, perhaps SAP3 performs a general function
of facilitating distal nanoparticulate silica formation. Similarly,
although a specific function for Sin1 has not been defined, we
would propose that it plays a similar role in valve and girdle band
silicification. In contrast, the cingulins have only been identified
associated with girdle bands, suggesting that they are involved
in the meso- or micro-scale processes specifically associated with
shaping the girdle bands.

TRANSCRIPT EXPRESSION PATTERNS

Because formation of diatom cell wall structures is intimately
associated with the cell cycle, it may seem logical that the
induction of transcripts for silicification proteins relate to the
formation of particular structures at particular times in the cell
cycle. TpSil3 served as the first marker for valve formation,
because it was specifically upregulated during that period
(Frigeri et al., 2006). However, analysis of transcript expression
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patterns obtained from synchronized cultures of T. pseudonana
(Shrestha et al., 2012) indicated that known and proposed
genes encoding proteins involved in silicification have distinct
expression patterns and maxima (Hildebrand and Lerch, 2015),
which do not necessarily relate to the timing of formation of
structures. A recent microarray analysis confirms this conclusion
(Brembu et al., 2017). As detailed in the following, there appear
to be four major types of responses, which cover all major stages
of the cell cycle.

In Figure 8, we examine a whole genomemicroarray response
(Shrestha et al., 2012) of three classes of genes encoding proteins
peripherally involved in silicification, the silicon transporters
(SITs), chitin synthases, and aminopropyltransferases (APTs)
and a spermidine synthase that may be involved in polyamine
synthesis.

Transcript behavior for SITs was previously documented
(Shrestha and Hildebrand, 2015; Brembu et al., 2017)—SIT1
and 2 are upregulated during silicon starvation, then generally
downregulated upon silicon replenishment until an increase in
M phase, followed by downregulation thereafter (Figure 8). As
suggested, because silicic acid can freely diffuse into the cell, the
SITs do not have to substantially contribute to uptake, and appear
to play more of a regulatory role over silicic acid metabolism
(Shrestha and Hildebrand, 2015). Shrestha and Hildebrand
proposed that SIT upregulation during M phase could be due to
a need to populate the new daughter cell with SITs rather than a
silicic acid requirement.

Various enzymatic steps are involved in polyamine and LCPA
synthesis, and key enzymes to elongate the polyamines have
fused aminopropyltransferase (APT) and S-adenosylmethionine
decarboxylase (SDS) domains (Michael, 2011). Polyamines also
contain spermidine and therefore require its synthesis (Michael,
2016). We plot the expression pattern for four APT/ SDS genes
and one spermidine synthase in T. pseudonana in Figure 8. Four
of the five genes are upregulated during valve formation. Two of
the three APTs (Thaps3_267946 and 261161) had predicted ER
targeting, which could be consistent with elongation of LCPAs in
the steps prior to formation of the SDV or within the SDV itself.
The spermidine synthase, Thaps3_17140, also had predicted ER
targeting, and was upregulated during valve formation.

As discussed, chitin is closely associated with the cell wall and
plays some role in its formation. Three chitin synthases were
identified in the genome, and all three were at least somewhat
upregulated during valve formation (Figure 8). Although this
increase in transcripts occurs when chitin putatively involved in
valve formation would be needed, it is also at a time when the
fultoportulae should be made. The synthesizing machinery for
chitin fibril extrusion is positioned under the fultoportulae, and is
likely to be a permanent fixture once in place (Herth, 1979a,b). It
is therefore unclear whether upregulation of the synthases during
valve formation relates to making chitin for valve formation or
positioning the chitin synthesizing machinery for daughter cells.

In Figure 9, we show the transcript response of genes
encoding proteins known to be involved in silicification, which
includes the silaffins, silacidin, cingulins, SiMat proteins, the
SAPs, and Sin1. These encompass proteins embedded within the
silica, in the AFIM, and associated with the SDV membrane. The

FIGURE 8 | Whole genome microarray analysis of transcript level changes of

proteins peripherally involved in T. pseudonana silicification. Log base 2 fold

changes relative to 0 h are plotted. Transcripts were measured in a

synchronized culture where cell cycle progression began after silicic addition to

a silicon-starved culture. Approximate timing of different cell cycle stages is

shown at top. Data are from Shrestha et al. (2012).

responses fell into four categories. The valve formation response,
which was modeled after the established Sil3 pattern (Frigeri
et al., 2006), included Sil3, CinW1 and 2, SiMat3 and 5, and
SAP1. The S orM phase response (Figure 9) displayedmaximum
upregulation between 2 and 4 h, and included the Y cingulins,
Cin W3, SiMat1, 2, 4, and SiMat7/Sin1. The valve and S/M phase
responses have been substantiated in a recent transcriptomic
analysis (Brembu et al., 2017). In our analysis, four genes
exhibited patterns of either little change related to cell cycle stage,
or down regulation during the synchrony (Figure 9), including
Sil1 and 4, silacidin, and SAP2. SAP3, which was examined in
a distinct RNAseq time course synchrony (Tesson et al., 2017),
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exhibited a distinct pattern from previously described (Shrestha
et al., 2012; Brembu et al., 2017), with maximal upregulation
during pre-valve formation, betweenmitosis and valve formation
at 5 h (Figure 9).

AMINO ACID SEQUENCE FEATURES OF

KNOWN SILICIFICATION PROTEINS

The amino acid composition of known proteins involved in
silicification is shown in Figure 10. The most abundant amino
acids (5% or higher) were Ser, Gly, Lys, Asp, Ala, Thr, Glu,
and Pro. Since these proteins play different functional roles,
we compared the amino acid composition (Table S2) between
subsets of proteins, separating them into categories as the
silaffins, AFIM associated proteins, and silicalemma-associated
proteins (silacidin has a highly distinct amino acid composition
and different properties than the silaffins and was therefore
excluded). We acknowledge that individual proteins in a given
category could also have different functional roles which would
influence amino acid composition, hence we do not include any
statistical comparison between categories. Differences between
the categories were accentuated by comparing ratios of all three
and plotting them on a log2 scale (Figure 10). The silaffins were
enriched over the other two categories in Ala, Glu, and Met,
and depleted in Asn, Cys, Gln, Trp, and Tyr. The silaffins were
also depleted in Gly relative to the AFIM proteins. The AFIM
proteins were enriched in amino acids depleted in the silaffins
and depleted in those enriched in the silaffins. The silicalemma
associated proteins were generally enriched in Ala, Arg, Asn,
Gln, and His relative to the silaffins, and depleted in those same
amino acids relative to the AFIM. Phe, Pro, Ser, Thr, and Val were
similarly conserved across all categories. Comparing the averages
of the ratios for all amino acids in each pairwise comparison
indicates that the AFIM and silicalemma associated proteins had
more similar amino acid composition than either compared with
the silaffins. In context of the transcript data discussed below
these trends may have implications for temporal regulation of
different types of proteins based on amino acid based functions.

We examined whether specific amino acids or amino acid
motifs were enriched in the known silicification proteins (Table
S1). Cysteine was completely absent in 9 of the 20 proteins, but
was enriched above the average found in all proteins (1.55%)
in 7 of them, specifically in Sil1H, CinY1, SiMat3-7, and SAP3
(Table S1). Even though Cys is not very highly enriched in
Sin1/SiMat7, analysis indicates that 8 cysteines are conserved in
a large protein family related to Sin1/SiMat7 in T. pseudonana
and Phaeodactylum tricornutum (Brembu et al., 2017), indicating
an important functional role. Cysteine is typically involved in
disulfide bonding as a means of stabilizing protein tertiary
structure. Tryptophan was not highly abundant among the
proteins with the exception of the CinW’s. SAP1 and 3 were
somewhat enriched in Trp. It was proposed that Trp could
facilitate aggregation of the CinW’s under acidic conditions
(Kotzsch et al., 2016). The “KXXK” motif (which includes KXK,
KXXK, and KXXXK) has been proposed to promote silicification
via posttranslational modification of the lysines and be involved

FIGURE 9 | Whole genome microarray analysis of transcript level changes of

proteins known to be involved in silicification in T. pseudonana. Log base 2 fold

changes relative to 0 h are plotted. Transcripts were measured in a

synchronized culture where cell cycle progression began after silicic addition to

a silicon-starved culture. Approximate timing of different cell cycle stages are

shown at top. Data are from Shrestha et al. (2012).
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FIGURE 10 | Amino acid composition of silicification proteins based on analysis of their published sequences. Top, amino acid abundances of all proteins, bottom,

ratio of amino acid abundances for different classes of proteins, including silaffins (Silaf), those associated with the AFIM (AFIM), and the SDV membrane or

silicalemma (Memb).

in targeting proteins to the SDV (Poulsen et al., 2013). It is highly
enriched in many of the proteins, up to 45% of the total amino
acids in Sil1/2 L are KXXK (Table S1). Recent analyses have
identified other KXXK motif containing silicification candidate
proteins in T. pseudonana (Brembu et al., 2017). If X=Ser,
then that side chain could be phosphorylated. If repeated every
4 amino acids in an alpha helical structure, the side chains
would consistently orient toward one side, providing a spatial
constraint. Analysis of the silaffins and cingulins indicates a
prevalence of clusters of KXXKs, with the average spacing
between lysines of 4.4 residues. In an alpha helix, that would
be equivalent to 1.25 turns between lysines. If in a beta strand
structure, which was shown to be enriched in silica associated
proteins by NMR in S. turris (Jantschke et al., 2015), side chains
repeated on average of 4.4 residues would tend to orient in the
opposite directions. These data lend credence to the concept
of specific orientation of the side chains in these motifs. The
SAPs lack a KXXK motif entirely, and in Sin1 and silacidin it
is depleted relative to its average prevalence in all proteins. PT
or TP repeats were common in the known silicification proteins,
and have been noted in other candidate silicification proteins
implicated by transcript response (Brembu et al., 2017). In the
context of the threonine being glycosylated, the glycosyl group
would be found on the same face of the helix in a repeat, or in a
beta strand structure, facing in the same orientation. It has been
noted that repeated sequence patterns generates regular arrays
of spatial and functional groups, useful for structural packing or
for one to one interactions with target molecules (Katti et al.,
2000). Glycosylated residues can stimulate silica formation at low
concentration, and inhibit it at higher concentration (Poulsen
and Kröger, 2004), thus proteins containing PT repeats could
regulate the extent of silicification. Sil1/2H has a high percentage
of PT repeats, and it has been shown to regulate the extent of
silicification (Poulsen and Kröger, 2004). The CinY’s are enriched
in PT repeats, also suggesting a regulatory role. Sil3 and 4 were
specifically enriched in MS or SM motifs (Table S1), which were
largely absent from the other proteins. It is unclear what their

effect would be on silicification, although the serine could be
phosphorylated.

All of the known silicification proteins have a signal peptide
based on Signal P (Bendtsen et al., 2004) prediction, indicative
of ER targeting, however six of them actually had predicted
periplastid compartment (PPC) targeting because they have a
predicted ER signal peptide along with a robust chloroplast
targeting prediction (Emanuelsson et al., 1999) lacking the
characteristic ASAFAP sequence (specifically lacking an aromatic
residue at the F-position—Kilian and Kroth, 2005; Gruber et al.,
2007) at the cleavage site between the two targeting sequences.
GFP fusions of all of these proteins were experimentally localized
to within the silica or silicalemma, therefore we interpret the PPC
targeting as a prediction artifact. Interestingly, in an examination
of SDV targeting signals, Poulsen et al. (2013) determined that
particular sequences targeted TpSil3 to a sub-compartment in the
ER, which looked very similar to authentic PPC localization. This
suggests that silicification proteins with a PPC targeting motif
could be targeted to the SDV by a distinct route than other SDV-
associated proteins. Dynamic localization data indicates that Sin1
is targeted to the plasma membrane and then recruited to the
SDV (Kotzsch et al., 2017).

The concept of identifying conserved domains in silicification
protein amino acid sequences will be important moving forward
since conserved domains should endow specific functional
properties. This is especially important considering that the
amino acid composition, and not sequence, appears to be relevant
to function in many of the proteins. A conserved domain
stands out from such background sequence. The conserved
domain identified in the SAPs and its presence in a protein
family conserved across diatom species (Tesson et al., 2017)
indicates that it has some importance for the function of the
proteins. A conserved set of eight cysteines is diagnostic of a
Sin1/SiMat7 protein family in T. pseudonana and P. tricornutum
(Brembu et al., 2017). The Marine Microbial Eukaryote
Transcriptome Sequencing Project (MMETSP) dataset, which
contains 650 assembled, functionally annotatedmarinemicrobial
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transcriptomes (Keeling et al., 2014), is a good resource to
perform cross-species comparisons of these and other candidate
genes (Brembu et al., 2017). Sequences that are conserved across
diverse species could either be involved in general aspects of
silicification or not involved at all, whereas sequences conserved
in a subset of species, for example the Thalassiosirales, could be
involved in processes related to formation of specific structures
in those species.

THE RELATIONSHIPS BETWEEN

EXPRESSION PATTERNS, AMINO ACID

COMPOSITION, AND TARGETING

Transcript expression patterns, when combined with
observations of amino acid composition and targeting, give
a more comprehensive picture of silicification protein regulation
than any single line of evidence can provide. This data shows
interesting trends relating the timing of transcript induction
to encoded protein properties and has implications for the
trafficking and regulation of silicification related proteins.

A subset of genes involved in silicification are upregulated
during either S or M phase, or have expression patterns which
do not respond to any canonical cell cycle events (Figure 9).
SAP3 transcripts are also induced between M phase and valve
formation. We are particularly intrigued by the expression
pattern of SAP3 as its transcript peak coincides with the
period when we propose that SDV assembly is occurring. This
hypothesis is supported by dynamic localization of Sin1, where
it is localized to the silicalemma prior to or concurrent with the
initiation of silica polymerization (Kotzsch et al., 2017).

The responses described above do not relate to the formation
of a particular silica structure. It should be noted that Figure 9
shows changes in transcript levels, not absolute abundance, so
lack of induction does not mean a protein is not being expressed.
However, transcript induction at a particular time is consistent
with an increase in the protein encoded by that transcript
(with the caveat that the relation between transcript and protein
abundance can vary). Upregulation of silicification related genes
when cell wall structures are not being made suggests that
encoded proteins are synthesized in advance of when they are
needed for cell wall synthesis. The cingulins were localized to
the girdle bands (Scheffel et al., 2011), yet transcripts for Cin
W1 and 2 have a valve response, and the other cingulins have
an S or M phase response (Figure 9). Sil3, SAP1 and 3, and Sin1
were localized to both valves and girdle bands (Scheffel et al.,
2011; Kotzsch et al., 2017; Tesson et al., 2017), but have valve-
formation, S or M phase, or pre-valve transcript responses. Sil1,
the only protein that has been localized exclusively to the valves,
had relatively little change in transcript abundance over the cell
cycle. These observations are also consistent with intracellular
accumulation of silicification proteins prior to their use. SAP3
and Sin1 were directly shown to accumulate in the cell (Kotzsch
et al., 2017; Tesson et al., 2017). Intracellular accumulation
of GFP-tagged protein was not documented for Sil1/2 and 4
(Poulsen et al., 2013), the cingulins (Scheffel et al., 2011) or
SAP1 (Tesson et al., 2017), even though the transcript data

suggests that accumulation could occur. These proteins either
didn’t accumulate prior to use, the GFP tag could have been
rapidly removed and degraded, or GFP fluorescence could have
been inhibited if the protein was present in an acidic environment
(Poulsen et al., 2013).

One possible explanation for the accumulation of silicification
proteins is that it would be challenging for the cell to make the
large amount of all proteins required to create the cell wall in the
short time period allotted. Stockpiling protein that could then
be targeted en mass to the SDV would circumvent overloading
the synthesis system. Such an approach could also impart a level
of regulation over the process if particular proteins can co-exist
in storage locations such that they don’t catalyze silicification,
but then can do so when combined with other separately stored
proteins.

Following this concept, a potentially interesting observation
stems from categorizing the amino acid composition of proteins
according to transcript expression patterns, in which we compare
the three expression categories (valve formation, S or M phase,
and other) to the mean of all proteins irrespective of category
(Figure 11). The “other” category proteins are enriched (at least
1.5-fold log2) in Arg and Glu, and depleted (at least 0.5-fold
log2) in Cys, Gly, Trp, and Tyr relative to proteins in the other
expression categories. The valve formation and S or M phase
response proteins are similar to each other, with exceptions being
that the valve formation response group is depleted for Thr
and enriched in Trp. The general tendency is that amino acids
that have interaction or aggregation properties are enriched or
depleted. These include electrostatic (Arg, Glu), covalent (Cys),
and hydrophobic (Trp, Tyr) interactions. The average pI of
proteins in the different expression categories also differ, with
the other category (pIave = 9.13 ± 2.1, n = 4) being basic, and
the valve (pIave = 6.52 ± 2.1, n = 6) and S or M phase (pIave
= 6.29 ± 1.9, n = 8) categories being slightly acidic. Given the
proposedmodels for electrostatic interactions and pH-dependent
aggregation phenomenon demonstrated for silaffins and Sin1
(Kröger et al., 1999; Kotzsch et al., 2016, 2017), this data infers
that expression stage-specific biases could relate to functional
requirements related to protein-protein interactions at different
stages in the process.

Direct observational data indicates that there are multiple
means of targeting and trafficking proteins to the SDV. One
way is direct targeting to the SDV, apparently through a sub
compartment of the ER, as demonstrated in Sil3 (Poulsen et al.,
2013). Amino acid substitution experiments (Poulsen et al., 2013)
were consistent with posttranslational modification of lysines and
serines being essential for silaffin targeting. The former can be
modified by methyl groups and polyamine chains, and the latter
by phosphate or carbohydrate moieties (Poulsen and Kröger,
2004). An analogy was made (Poulsen and Kröger, 2004) to
the targeting of proteins from the trans Golgi network to the
lysosome, which involves a post-translational modification to
incorporate mannose 6-phosphate. This suggests in this case
that modifications to the amino acids, and not the amino acid
sequence, determine targeting. A second mode of targeting is
through large intracellular vesicles, as seen with GFP fusions
of SAP3 and Sin1 (Kotzsch et al., 2017; Tesson et al., 2017).
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FIGURE 11 | Amino acid enrichments based on expression response

category. The ratios of the abundances of particular amino acids are plotted,

comparing three of the different transcript expression patterns defined in

Figure 9, specifically, valve, S or M phase, and “other”.

Initial data is consistent with these being the location of protein
accumulation (Tesson et al., 2017). Presumably, these vesicles
fuse with the SDV during valve formation. The third documented
mode of targeting is recruitment from the plasma membrane, as
occurs with Sin1. This protein is targeted to both the intracellular
vesicle and plasma membrane, and is recruited to the SDV from
the plasma membrane during valve formation, then returns to
the plasma membrane afterwards (Kotzsch et al., 2017). Because
the protein is also localized to both valves and girdle bands,
there must be versatility built into the targeting and possibly a
repurposing process beyond what is typical for secreted proteins.
Although a role in silicification is likely for SDV associated Sin1,
it is unclear what role the protein might play in the plasma
membrane.

The reason(s) for these diverse targeting and trafficking
processes is unclear, but we can return to hypotheses about
the need to synthesize and store particular proteins in
advance and/or to maintain particular combinations of proteins
separately until assembly in the SDV. The system could provide a
means of checks and balances, for example, unless requirements
(e.g., adequate abundance) for a particular protein are met, then
subsequent processes will not occur. This would be especially
important in terms of valve formation, where ideally the cell
would be able to assess whether it was capable of completing the
valve before attempting to make it, as an incompletely formed
valve could severely compromise cellular integrity. There is
support for this hypothesis in relation to function and expression
patterns of some known silicification genes. Silaffin 1/2 and
silacidin lack cell cycle specific transcript responses, and silacidin
and Sil1/2 L solely promote silica formation (Poulsen and Kröger,
2004;Wenzl et al., 2008). Under depleted silicon conditions, there
is increased processing of Sil 1/2 from H to L form and also an
increase in the amount of silacidin in the cell wall (Richthammer
et al., 2011), consistent with silica formation capability being
favored. In contrast, TpSil3 has regulatory activity with regards
to silica formation (Poulsen and Kröger, 2004), and is expressed
during valve formation. Because of the substantial differences
in their timing of maximal expression, TpSil3 may also use a

distinct targeting route compared with TpSil1/2 and silacidins.
A simplistic view is that under silicon limiting conditions the
cell prepares for silica formation by increasing the amount of
silicification promoting proteins, but it is not until some level of
regulation over silica formation can be imparted that structures
such as the valve are made.

A HYPOTHESIS ABOUT THE TIMING OF

EVENTS IN VALVE FORMATION

Based on the expression and targeting discussion, as well as
other data in the literature, we propose a series of events that
occur during valve formation in T. pseudonana. These events
are delineated by hypothesized checkpoints, events which must
be completed in full before cell wall formation can progress. An
initial checkpoint is related to the availability of silicic acid. In T.
pseudonana, the majority of cells arrest in the G1 phase of the cell
cycle if silicic acid levels are insufficient (Brzezinski et al., 1990;
Hildebrand et al., 2007). This prevents initiation of the division
process. During valve formation, the cytoskeleton appears to be
involved in positioning mesoscale structures via microtubules,
and patterning the overall surface features by actin (Tesson and
Hildebrand, 2010). For this to occur, an interaction between the
cytoskeletal components and SDV must exist, and based on the
model of Robinson and Sullivan (1987), this is facilitated through
the silicalemma associated proteins. Thus, the assembly of the
cytoskeleton and the SDV must be coordinated. Additionally,
because the AFIM precisely mimics mesoscale silica structure, its
constituent proteins must be assembled in the SDV with similar
timing. We suggest that the silicalemma associated proteins
either appear first, or concurrently with proteins of the AFIM.
Either scenario would facilitate cytoskeletal-based positioning of
components to organize them for base layer formation. It should
be noted that the initial deposition appears to occur prior to
when the SDV has reached its final position and dimensions,
ion abrasion SEM (IASEM) of an extremely early stage of silica
deposition showed a flexible structure with base layer features,
which was positioned near one edge of the cell (Hildebrand
et al., 2009). Because complete base layer intermediate structures
are commonly observed by standard SEM (Hildebrand et al.,
2006), we propose that their complete formation, likely mediated
in part via actin controlled expansion of the SDV (Tesson and
Hildebrand, 2010) and the AFIM (Tesson and Hildebrand, 2013)
as previously described, serves as the second checkpoint in valve
formation. This would ensure that z-axis expansion was triggered
only after x/y axis expansion was complete, ensuring that z-axis
structures covered the entirety of the valve.

An important question related to the process of z-axis
expansion and the hypothesis that proteins of the SDV are
accumulated as precursors, is what prevents silica polymerization
at cellular locations other than the SDV, and what stimulates
silica formation to occur? For the former, the lack of high
enough silicic acid concentrations might be a factor, but because
silicic acid freely diffuses across membranes (Thamatrakoln and
Hildebrand, 2008), there would be a lack of control over its supply
once it entered the cell. We suggest that a shift in pH within the
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SDV is an important trigger for silicification, and that a lack of pH
change in other compartments could prevent silica formation.
Data supports the importance of low pH for silica formation;
non-postranslationally modified C. fusiformis silaffins had a silica
forming optima at pH 7, whereas the native silaffins were optimal
at pH 5 (Kröger et al., 1999). Recombinant Sin1, cingulins CinY2
and CinW2 all exhibited silica polymerization and aggregation
at low pH (Kotzsch et al., 2016, 2017). Lower pH is also
a fundamental chemical characteristic of formation of silica
network structures (Iler, 1979), such as those seen in diatoms.
Lowering the pH in intracellular compartments typically occurs
by proton pumping by the vacuolar H+-ATPase or VHA (Finbow
and Harrison, 1997), and we suggest VHA involvement in SDV
acidification. This would provide an overall control over the
process distinct from the involvement of silicification proteins
and LCPAs. Some aspects of structure formation may not be pH
dependent, for example, given the distinct stage of base layer
formation, and its distinct silica structure compared with the bulk
of the valve silica, it could be formed in the absence of a pH shift.
Z-axis expansion in which the existing base layer valve structure
is filled in could be an example of a pH dependent process.

AREAS FOR ATTENTION MOVING

FORWARD

The continuing investigation into understanding how diatoms
make their silica cell walls has involved a variety of techniques
which were state-of-the-art when initially applied. These
techniques have not only have improved our understanding
of cell wall formation, but in combination, provide different
perspectives on the process (Hildebrand and Lerch, 2015).
Understanding the outcomes of various cell wall extraction
procedures has affected our interpretations of the role of specific
organic components in silicification. The logical approach of
isolating organic material embedded within detergent-cleaned
silica as essential components of the silicification process resulted
in the seminal discoveries of the silaffins, LCPAs, and silacidins
(Kröger et al., 1999, 2000, 2002; Poulsen and Kröger, 2004;
Wenzl et al., 2008). Consistent with our hypotheses about soluble
silicification proteins, silica formed by them exhibits nanoscale,
but not highly organized meso- or micro-scale order. Later
characterization of insoluble organic material resulting from the
same isolation procedure identified material (the AFIM) that has
a clear relation to higher order structural features (Scheffel et al.,
2011; Tesson and Hildebrand, 2013). As discussed, although
chitin appears to play an important role in structure formation,
to date purification procedures have not enabled distinction
between a possible structural arrangement of chitin and the
AFIM. To completely remove organic material associated with
the surface of the silica, acid treatment is required (Figure 4C)—
detergent or peroxide treatment is insufficient. A model that
addressed the relation between the cytoskeleton and silica
structures formed within the SDV (Robinson and Sullivan,
1987), led to the investigation of silicalemma-associated proteins
(currently the SAPs and Sin1), and the genetic manipulation
demonstration that they are involved in structure formation

(Tesson et al., 2017). It is not clear, however, whether these
proteins interact with the cytoskeleton.

Microscopic approaches have provided fundamental insights
and will continue to be important in understanding the spatial
relationships of organic components and silica structures, these
relationships are essential for understanding the function of the
organic components. A current limitation in linking molecular
entities with ultrastructure is the insufficient resolution of
confocal or other optical sectioning microscopy to image
fluorescent proteins. The first application of super-resolution
fluorescence microscopy on TpSil3 (Gröger et al., 2016) suggests
a direction to move toward. In this study, three different
fluorescent proteins fused to TpSil3 displayed fluorescence of the
protein embedded in silica, with resolution on the order of 25 nm.
One issue is that the three proteins exhibited distinct localization
patterns in the silica, with the exception of a lack of localization
at the fultoportulae, thus it is unclear which protein provides
the most accurate assessment of localization, or whether any do.
Independent verification using another microscopy technique
such as immunogold labeling could clarify that. An unanswered
question is whether incorporation of a normally soluble protein
(GFP) into silica within the acidic SDV will affect the assembly or
localization properties of native silica associated proteins—this
also indicates a need for independent localization verification. A
combination of localization with genetic manipulation could be
especially useful.

We are still in the process of identifying the complete set
of proteins involved in silicification, and although significant
progress has been made, considering the total number of
proteins that must be required, there is more to be done. Both
biochemical characterization and transcriptomic analyses have
been useful approaches for identifying silicification proteins.
Reference transcriptomic datasets may also be good sources for
further identification, particularly if efforts are made to identify
novel conserved motifs or domains. In this and a previous review
(Hildebrand and Lerch, 2015), we identified distinct transcript
expression patterns for silicification genes, which expand upon
the initial use of only the valve expression pattern (Frigeri et al.,
2006; Shrestha et al., 2012) these expression patterns may be
useful in further candidate protein identification (Brembu et al.,
2017).

In addition to identifying new proteins involved in cell wall
formation there are also many unknowns in relatively well-
studied areas of this process. Although it has been established
that the cytoskeleton is largely responsible for shaping the SDV
and positioning structures within it, the dynamics of cytoskeletal
movements during structure formation has not been extensively
investigated in T. pseudonana. Although not discussed in this
review, the process of cell wall exocytosis and the required
dynamics of the cytoskeleton and silicalemma associated proteins
are also important processes. If SAP3 and Sin1 do associate with
in some way with the cytoskeleton or other proteins, proteolytic
cleavage of their C-termini could be related to the need to release
the SDV after silica formation is complete, enabling exocytosis.
The involvement of carbohydrate polymers in silicification is
also not well-understood, though they are closely associated with
diatom silica, and play a role in structure formation (Tesson et al.,
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2008; Brunner et al., 2009; Durkin et al., 2009; Hedrich et al.,
2013; Tesson and Hildebrand, 2013).

A major emphasis for future work should be better
understanding the dynamic processes of cell wall formation.
Dynamic imaging approaches have only recently applied to
follow the course of events in silicification (Kotzsch et al.,
2017). Given the previous discussions, understanding the
trafficking processes and timing of key events should provide
essential information to understand SDV assembly and
associated regulation of its components. Synchronization
is a useful approach, but is limited by the fact that even
under synchronization individual cells differ in their precise
stage of cell wall synthesis—thus details about precise timing
are obscured. Imaging single cells progressing through the
cell cycle should provide the necessary temporal resolution,
thus high-resolution time course imaging on single cells,
coupled with co-localization of proteins tagged with
different fluorescent markers, is a particularly promising
approach.

Given the power of genetically-based approaches to
elucidate complex cellular phenomenon such as the cell
cycle in yeast, application of genetic manipulation approaches
should contribute substantially to clarifying the processes of
silicification. Understanding the roles of an individual protein
found in a complex assembly of other proteins can be facilitated
by selectively removing or decreasing the amount of that protein
by knockdown or knockout approaches. One consideration
is that the effects of knockdown on structure could be so
severe that daughter cells are inviable, and the change in silica
structure could not be propagated, and hence, not visualized.
In this case, conditional knockdowns could be useful. The most
well-developed conditional promoter for diatoms is for nitrate
reductase (Poulsen and Kroger, 2005; Poulsen et al., 2006), which
is upregulated in the presence of nitrate, and downregulated
in ammonium. However, experiments done in our lab (Lerch,
unpublished data) indicate that T. pseudonana valve morphology
can vary significantly depending on the nitrogen source in the
growth medium, which puts a practical limitation on the use of
the nitrate reductase promoter in silicification investigations.
Identifying another inducible promoter would be a great help. If
a suitable inducible promoter was developed, it could be coupled
with a synchronized cultivation approach where the knockdown
was induced and cells could be isolated after valve formation
to evaluate its effect. In this scenario, lack of propagation of
daughter cells would not be an issue. Genetic approaches could

also improve our understanding of the biochemistry involved by
enabling sequence specific alterations in proteins to probe their
functions.

Despite an abundant fascination with diatom silica structures,
and the growing number of applications which use them,
improvement in our understanding of how the structures are
made is needed. One reason for this is the lack of precedence
for a phenomenon similar to diatom silicification in other
biological systems. Each significant discovery in the diatom
realm has been novel and required demonstration at a
fundamental level. The proteins involved also have unique
characteristics, which makes understanding their functions more
challenging. Despite the challenges, multiple aspects of cell
wall formation have been described through a combination
of experimental approaches. We expect that the recent
breakthroughs in identifying a new class of SDV associated
proteins (Kotzsch et al., 2017; Tesson et al., 2017), the presence
of transcriptomic datasets to probe for candidate silicification
genes (Shrestha et al., 2012; Keeling et al., 2014; Brembu
et al., 2017), dynamic and higher resolution imaging (Gröger
et al., 2016; Kotzsch et al., 2017) and genetic manipulation
approaches (Tesson et al., 2017) will complement the previously
established characterization approaches to allow the field to
move forward with a better understanding of the dynamic
spatial and temporal protein interactions that are responsible
for generating silica structure in a coordinated and controlled
manner.
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Light is important for the growth, behavior, and development of both phototrophic

and autotrophic organisms. A large diversity of organisms used silica-based materials

as internal and external structures. Nano-scaled well-organized silica biomaterials are

characterized by a low refractive index and an extremely low absorption coefficient in the

visible range, which make them interesting for optical studies. Recent studies on silica

materials from glass sponges and diatoms, have pointed out very interesting optical

properties, such as light waveguiding, diffraction, focusing, and photoluminescence.

Light guiding and focusing have been shown to be coupled properties found in spicule of

glass sponge or shells of diatoms. Moreover, most of these interesting studies have used

purified biomaterials and the properties have addressed in non-aquatic environments,

first in order to enhance the index contrast in the structure and second to enhance

the spectral distribution. Although there is many evidences that silica biomaterials can

present interesting optical properties that might be used for industrial purposes, it is

important to emphases that the results were obtained from a few numbers of species.

Due to the key roles of light for a large number of marine organisms, the development of

experiments with living organisms along with field studies are require to better improve

our understanding of the physiological and structural roles played by silica structures.

Keywords: diatoms, sponges, photonics materials, light-silica interaction, biosilica

INTRODUCTION

Silica biominerals are the results of various internal or external biological processes that lead to
the formation of composite materials with a large variety of composition, hierarchical structures,
and probably functions. Silicon biomineralization capability is encountered in various organisms
from bacteria to humans, including organisms that belong to the Archaeplastida as well as a large
diversity of other photosynthetic and non-photosynthetic protists (i.e., unicellular organisms that
are free-living or aggregated into simple colonies, such as eukaryotic algae, protozoans, or slime
molds; Raven and Giordano, 2009; Ehrlich et al., 2010a).
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The formation of these silica structures might however
contribute to the protection of cell in such harsh environment.
In terrestrial environments, a large number of land plants were
known to mobilize significant quantities of silica in different
tissues, where silica might serve as a structural scaffolding
element, and can be involved in defense against herbivores and
pathogens (Liu et al., 2017; Luyckx et al., 2017;Wang et al., 2017),
or against various abiotic stresses (Cooke and Leishman, 2016).
Silica minerals where also shown to contribute to optimize the
light regime in the leaf (Pierantoni et al., 2017), and proposed
to be involve in protecting the land plants against UV-radiation
(Schaller et al., 2013).

In the marine environment, the silica frustule made by
diatoms which can present extraordinary mechanical strength
(Hamm et al., 2003; Aitken et al., 2016), contribute to their
mechanical defense against grazers and it was shown that the
silicification level can influence interactions between diatoms and
grazers (Pondaven et al., 2007; Schultes et al., 2010; Liu et al.,
2016), for example heterotrophic dinoflagellates preferentially
feed on diatoms with low silica content (Zhang et al., 2017).
The overall density of the silica wall also affects the overall
sinking rate of diatoms, and help the cells in escaping from
predators and parasites, avoiding high light intensity, or finding
new resource areas (Raven and Waite, 2004). The silica spicules
provide support and defense to marine sponges (Burns and
Ilan, 2003; Rohde and Schupp, 2011), correspond to an import
feature that can serve as anchoring structure to hold on the
sea floor (Ehrlich et al., 2010b; Monn et al., 2015; Monn and
Kesari, 2017). However, the exact roles and properties of such
silica structures for light perception, UV protection or signal
transduction has been rarely investigated in vivo. One of the
reason is the difficulty to develop precise measurement with
living cells also because of the interferences of the organic matter
but also the large impacts of organelles like the chloroplast which
can greatly interfere with light and fluorescence signal analyses.
Nevertheless, understanding the physical properties of purified
silica-based biomaterials which is important to novel develop
industrial applications, might also give some insight to better
understand their putative biological. The interactions between
light and silica material is the focus of this review starting from
some theoretical background to the recent advances in this field.

THEORETICAL BACKGROUND

Light Guidance and Reflection
In order to understand guiding light ability, fundamental physical
principles on the injection of light into materials structure and
propagation of electromagnetic waves must be recalled. Light
propagation over long distances is based on the total reflection
phenomenon. When a light ray falls on a diopter that is a plan
surface separating two different media of different refractive
index n1 and n2, a part of this beam is reflected and leaves again in
the medium of incidence at an angle θR equal to that of incidence
θi, while the remaining part continues its path in the second
medium at an angle θr different from the angle of incidence,
so called refracted beam. The famous law of Snell-Descartes
connects these different angles:

{

θi = θR

n1 sin(θi) = n2 sin(θr)
(1)

After the diopter, the refracted ray deviates from the normal one
with an angle that depends on the two indexes values difference
(Figures 1A,B). When the incidence angle exceeds a critical θc

value (calculated by dividing n2 by n1), the refracted light is
tangential to the surface: there is no longer refraction and the
light is totally reflected (Figure 1C). For this exact angle, it is said
the wave is evanescent and propagates by damping rapidly along
the surface.

Now for an optical fiber which consists of a core presenting
an nH index slightly higher than nc the cladding index, when a
light wave penetrates into the core at an angle > θc it propagates
from one end to the other without any loss (Figure 1D). If the
incidence angle at the fiber inlet is too high, part of the beam is
transmitted through the cladding at each reflection, and the wave
is quickly damped (Figure 1E). As is often the case for fibers in
the air or immersed, the index of the external environment is
lower than that of the cladding, the light can penetrate and spread
in the cladding (Figure 1F), so called “cladding modes.” Optical
fibers are characterized by their numerical aperture (N.A) that
define light cone acceptance of the fiber, where the critical angle
is related to the indexes of the core and the cladding by:

N.A = sin θc =

√

n2H − n2C (2)

If a ray of light penetrates the fiber by its cone, then it will be
guided by internal total reflection, otherwise, it will not be guided.

Light in Photonic Structures
We shall also briefly recall the fundamental principles of
photonics and show how it differs from wave optics. As the
name suggests, photonics is the art of manipulating photons.
We therefore use the corpuscular model of light, established by
Einstein and Planck in the early twentieth century. In this model
light is a flux of particles called photons characterized by their
energy E, spin S, and wave vector k. The wave vector is related to
the momentum that contains all information on the direction of
propagation. Well-known relations relate these quantities to the
different characteristics of the electromagnetic field in the wave
model:

{

E = hν

k = 2π
λ

(3)

where ν is the frequency of the wave and λ its wavelength. The
spin is connected to the circular polarization of the wave, but we
will not use this quantity in these reminders.

In an interaction between light and matter, matter is
characterized by its complex index

N = n− ikm (4)

where n is the refractive index of the material. The imaginary
part km will be considered as negligible in our purpose. In
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FIGURE 1 | Schematic representation of light reflection and guiding. (A) Schematic light refraction between two different media with θi < θc and n2 > n1; (B) Light

refraction with θi < θc and n2 < n1; (C) Total light reflection with θi ≥ θc that indicates the evanescent field; (D) Light in-coupling at one fiber end with θi > θc. It

propagates without losses all along the fiber; (E) Light in-coupling with θi < θc. Part of the wave penetrates the cladding and can escape in the outer medium; (F)

Cladding modes, the wave penetrates and propagates in the cladding.

periodically structured materials also called “photonic crystals”
(Johnson et al., 1999; Johnson and Joannopoulos, 2001) a proper
way to deal with, is to consider the periodic material as a particle
of a lattice constant “a” and a wave vector |Ka| = 2π/a. In the
same way, a wave of spatial period λ can be represented as a
particle (photon) of wave vector |k| = 2π/λ. The interaction
between these two particles is then treated as an elastic shock
satisfying the conservation principles of energy, momentum,
and angular momentum. Quantum mechanics shows that
momentum exchanges are quantified and occur withK multiples.
An incident photon of wave vector k will emerge from the
structure with a wave vector k′ such that:

k− k′ = ± nKa (5)

In linear optics, k and k′ having the same modulus, this relation
(5) allows an easy diffraction wave direction determination.
Moreover, each time |k| is a multiple of |Ka| there is an exchange
of momentum where light can no longer propagate in the
structure and it is totally reflected. The consequence is the
appearance of forbidden frequency bands whose width depends
on the contrast of the index of the materials. This mechanical
approach of the light-matter interaction allows the diffractive and
interferential phenomenon explanation.

LIGHT PROPAGATION IN GLASS SPONGE

MATERIALS

A huge variety of marine and freshwater sponges have been
described, with an estimated diversity in the order of 9,000
species (Van Soest et al., 2012), and trace fossil record down
to the lowest Cambrian (Chang et al., 2017). Among them the
Demospongiae (> 7,000 species) and the Hexactinellida (∼ 600
species) can present silica spicules of different structure and

morphology, ranging from a few microns (microscleres), to
millimeters and up to several meters long (megascleres).

Spicule structure investigations reported that silica spheres
are arranged in microscopic concentric rings bind together by
organic matrix that elaborate laminated spicules. However, the
number and the thickness of the layers depend not only on the
diameter of the spicule, but also on the species considered, and
on the age of the sponge. In Euplectella sp. spicules are assembled
into bundles and form macroscopic cylindrical square-lattice
consolidated by diagonal ridges (Figures 2A,B). In this species
the alternation between the central and the surrounding silica
materials was show to present light collecting effects and to allow
strong mechanical rigidity and stability (Aizenberg et al., 2004,
2005). Ptychographic nano-tomography methods were used for
deeper investigation of the internal structure of anchoring spicule
from Euplectella aspergillum (Birkbak et al., 2016). This technic
revealed that the central filament is composed of organic (protein
volume fraction ∼70%) and highly mineralized part, which
exhibits circular symmetry. But interestingly, the axial filament
was shown to be slightly offset from the spicule’s central axis
(Birkbak et al., 2016). Recently, other analyses of the structure
and composition of the spicules of Suberites domuncula and
Tethya aurantium showed that axial filament of both species is a
three-dimensional crystal lattice of six-fold symmetry, with silica
nano-spheres embedded within the organic lattice. Their axial
filament found to play a scaffolding role in the final morphology
of the spicule due to its enhanced growth in [001] direction
(Werner et al., 2017).

Studies on the needle-shaped structures called strongyloxea
spicules (axisymmetric silica rods) of Tethya aurantia have
shown that spicule’s tapering structures enhanced the buckling
resistance compared to the same cylindrical structure (Monn
and Kesari, 2017). Strongyloxea spicules have a strong Young’s
modulus of 72 GPa, which might be explained by the gathering
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FIGURE 2 | (A) Cross-section Scanning Electron Microscopy image of Euplectella aspergilium spicule. (B) Zoomed SEM image on spicule’s edge showing part of the

core region and the concentric silica layers. The multilayer set (silica + organic) surrounding the core of the spicule, forms a homogeneous medium of an effective

refractive index different from spicule core refractive index.

of spicules into bundles to increase mechanical properties. It was
also proposed that structure-property connection is also related
to buckling resistance, and spicule’s tapering structures can be
considered as an optimal form for this purpose (Monn et al.,
2015; Monn and Kesari, 2017). Overall, spicules have been shown
to present remarkable mechanical properties in different axes as
buckling resistance and toughness enhancement.

Due to their resemblances to manmade fiber optics, spicules
are interesting materials to investigate their optical properties,
and to our knowledge the first investigations of optical properties
of biosilica were performed with purified frustules (Gaino and
Sara, 1994; Cattaneo-Vietti et al., 1996). Optical properties of
Hyalonema sieboldi spicule have been studied by Nd:YAG laser
pulses by second harmonic pulses method. It shows by laser
irradiation that the fluorescence intensity of spicules increases
in the long wavelength range and show a maximum at 770 nm.
Saturation and large fluorescence lifetimes were also reported
(Kul’chin et al., 2009). Recently, a study by femtosecond (fs)-
pulsed laser method, demonstrated the optical properties of
Sericolophus hawaiicus spicules. Such spicules were assumed
to act as a natural supercontinuum generator that involves
wavelengths between 650 and 900 nm and a maximum spectral
propagation at λ = 750 nm. This optical property was assumed
to be due to its bio-composite nature combining mineral biosilica
and organic matrix, including chitin (Ehrlich et al., 2016).

Alternatively, fabrication of an artificial spicules by bio-
mimicry have been reported along with their waveguiding ability
(Polini et al., 2012). It’s believed that spicules made by natural
glass sponges or by biomimetic approaches have a great potential
for applications in optics and might “replace” industrial fiber
optics due to their advantages of low cost and low temperature
fabrication (for reviews see Müller et al., 2006, 2009).

OPTICAL PROPERTIES OF DIATOMS

THECAE

Diatoms are unicellular eukaryotic microalgae. They are
represented in nature with a large variety of species and
shapes, circular, pennate, cylindrical, and star shape. Since
longtime, diatoms attracted the attention of scientists to address

their important ecological roles (i.e., in carbon and silicon
biogeochemical cycles Armbrust, 2009) and to describe their
Si-biomineralization process (Hildebrand, 2008; Kroger, 2008;
Ehrlich and Witkowski, 2015; Hildebrand and Lerch, 2015).
Their fascinating silica shell architecture called frustule has
evolved along millions of years to ensure the vitality of the
cell by protecting it from predators and infections, ensuring
metabolic exchange, maintaining the cellular integrity, and
eventually interacting with incident light. Frustules present
pillbox like shapes comprising two valves (epivalve and
hypovalve) connected by porous silica rings named the girdle
bands. Periodicity of the porous structure, symmetry, and the
number of porous layers is species dependent.

Frustules: Interest for Optical Studies
Among the entire diatom studied, material scientists have
focused on Coscinodiscus species, probably because of their
relatively large cell size in the range of 100–200µm width.
Coscinodiscus present a highly structured frustule not only in
two dimensions but also in 3-D (Sumper, 2002; Sar et al., 2008;
Romann et al., 2015a,b; Aitken et al., 2016; Xing et al., 2017).
The valve consists of three overlapping silica layers; the external
side named cribrum, it includes smaller porous silica connections
called cribellum and finally a third internal layer named foramen.
The cribrum is connected to the foramen by silica walls named
areola (Figure 3). The areola shows a honeycomb-like structure
whereas foramen displays a hexagonal array of circular pores.
More, foramen holes are aligned at the same time with the
hexagonal pattern of areola and cribrum pores. It is also believed
that the formation of these patterns is the result of a self-
organized phase separation process (Sumper, 2002). There is
no doubt that such porous biosilica nano-structured patterns
have been found to be very interesting for optics and photonics
investigations.

From an optical point of view two features are important
to consider: the physical dimension of the periodic structure
(number of porous silica layers, thickness, and holes diameters)
and the refractive index contrast made by the complementarity
of silica (refractive index n ≈ 1.45) and air pores (n = 1) in the
visible range. Indeed, most studies have been performed from
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FIGURE 3 | Images of Coscinodiscus sp. diatom valve from X-Ray tomography data obtained at the European Synchrotron Radiation Facility (ESRF). (A) A complete

valve view from the cellular face. On the right we see part of the needle used as a support to handle and rotate the valve face to the X-Ray beam. (B) 3D

reconstruction image of the structure of the valve, where the up-side, foramen, is in the interior side of the cell. Foramen represents a periodic pores layer leading to a

hexagonal network. (C) The areola layer connecting the Foramen (big holes inside the valve) to the cribrum. (D) The cribrum layer of the valve. (E) The cribellum layer.

purified materials and in air conditions, in order to ensure a
relatively good refractive index contrast needed to enable and
quantify some optical properties (i.e., light diffraction through
silica/air patterns). The scale of holes, of specific layers should be
in the order of light wavelengths, which then allow interaction
with incoming wavelengths whether diffracting, scattering or
guiding them. In addition, some diatom valves, such as the one
from Coscinodiscus, present a periodic pattern of holes in one
directional slab (alternation of slica/air holes) resembling to a
slab waveguide photonic crystal. Periodicity and porosity in the
structure enable light-frustule interaction and can be regarded
as particle (photon)-particle (matter) interaction as described in
the theoretical part before, so then incoming wavelengths can be
diffracted, scattered, or guided.

Light Focusing and Concentration
The frustule of the diatom can be considered as a nano-
structured biosilica shell that can act as a photonic crystal because
of its hierarchical structure, which enable to envision several
applications as for example micro-lenses, optical filters, and
waveguides. Table 1 summarizes most of recent studies reported
in literature on the optical properties of diatoms frustules.

Light concentration and focusing ability of centric frustules
was first studied forCoscinodiscus wailesii by illuminating a single
valve by a red laser beam. It was demonstrated that the initial
beam diameter of 100µm was reduced about 12 times (∼ 10µm
diameter) at a distance around 104µm from the valve position
(De Stefano et al., 2007). This lens behavior was attributed to

a coherent superposition of the transmitted unfocused wave
fronts through the quasi-regular areolae of the valve. In 2010,
it was further suggested that the light confinement could be
attributed to the regular pore pattern and the superposition of
diffracted wave fronts (De Tommasi et al., 2010). However, it
was also shown for C. wailesii valve that the focusing distance
from the reference’s valve position (named z∗) is wavelength
dependent, where by illuminating with laser beam of 532, 557,
582, and 633 nm wavelengths result in the focused distances at
130, 115, 110, and 105µm, respectively (De Tommasi et al.,
2010). Furthermore, similar focusing behavior was shown for the
centric single valve of Arachnoidiscus sp. where a 633 nm laser
beam was confined at 163µm from the valve (Ferrara et al.,
2014).

These results suggest that light propagation through the
valve doesn’t only depend on the interaction with the silica
itself but likely on the spatial distribution of the pores in the
periodic structure, therefore centric valve can be considered
as multifocal lens. Multifocal lens and waveguide ability by
confocal hyper-spectral imaging was investigated for two centric
diatoms Cosinodiscus centralis and C. wailesii, it was shown, at
several wavelengths (485, 535, 625, and 675 nm), that multiple
light cones were transmitted through the centric valve (Romann
et al., 2015a,b). These authors also shown that light convergence
depends on the valve orientation, where the intensity of
transmitted light decreases strongly when the incident light
illuminate the internal side of the valve (i.e., the foramen
side), whereas the light intensity increases upon illumination of
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TABLE 1 | Summary of studies on the optical properties of diatoms frustules.

Species Method Light source

/Collected signal

Main results References

Melosira variance Microfiber spectroscopic

method

Xenon/Transmitted Absorption near 420 nm-efficient light

harvesting antenna owing to their photonic

crystalline characteristics

Yoneda et al.,

2016

Coscinodiscus granii &

concinnus

Spectroscopy Halogen/Transmitted Valves more transparent to visible spectrum

than in UV

Ellegaard et al.,

2016

C. wailesii & C. centralis Confocal hyperspectral

imaging

Tungsten-halogen/Spatial

distribution

Light trapping depends on wavelength and the

valve orientation, independently of the incident

light angle

Romann et al.,

2015a

Coscinodiscus centralis Confocal

micro-spectroscopy

Tungsten-

halogen/Transmitted

Transmitted light enhanced at 636 and 663 nm.

Focusing light depends on valve’s orientation.

Romann et al.,

2015b

Coscinodiscus sp. Spectroscopy Halogen/Transmitted &

reflected

Light trapping by frustule’s layer hence

enhancement between 400 and 700 nm.

Chen et al.,

2015

Coscinodiscus wailesii Broadband supercontinuum

laser

Supercontinum/Transmitted Valve’s filtering effects by position dependent

optical diffraction.

Kieu et al., 2014

Arachnoidiscus sp. Spectroscopy. Digital

holography

Deuterium-Halogen &

Laser/Transmitted

Green and red light more concentrated rather

than bleu. Confinement of 633 nm wavelength

occurs at 163µm

Ferrara et al.,

2014

Coscinodiscus wailesii Spectroscopy Tungsten/Transmitted Lambda 532, 557, 582, and 633 nm are

focalized at 130, 115, 110, and 105µm,

respectively. Focus distance depends strongly

on the wavelength.

De Tommasi

et al., 2010

Melosira variance Spectroscopy Xenon/Absorption Absorption in bleu light wavelengths region at

200µm from reference

Yamanaka et al.,

2008

Coscinodiscus wailesii Spectroscopy Laser/Transmitted The Laser beam of 100µm diameter was

focused to almost 10 um by the Cw valve at a

distance near 104µm

De Stefano

et al., 2007

Coscinodiscus granii Band diagram simulations (three dimensional calculations) Valves and girdle bands can influence incoming

light by coupling into waveguides with different

photonic crystal modes. Red can only be

coupled in the valve not in the girdle

Fuhrmann et al.,

2004

Thalassiosira

pseudonana

Spectrophotometer with an

integrating sphere

Halogen/Absorption Absorption in the range of 380–540 nm and

650–700 nm. Light limitation for cultures

resulted in increased chlorophyll “a.”

Stramski et al.,

2002

external side (i.e., the cribrum side). Furthermore, tilting the
incident light of 10◦ doesn’t change the concentration behavior
(Romann et al., 2015a,b). All of these reported strengthen the
light focusing ability of valves from centric species.

A recent study by Chen et al. highlighted the light trapping
effect of Cosinodiscus sp. species in photovoltaic application
(Chen et al., 2015). For this purpose,Coscinodiscus sp. valves were
deposited by floating assembly method on a 50 nm layer of low
band-gap polymer PTB7:PC71BM photovoltaic active material.
Absorption spectra of polymer coated diatoms sample showed a
broadband enhancement (between 400 and 700 nm) estimated to
be about 28% comparing to diatoms free sample.Moreover, in the
same study, RCWA and FDTD simulation methods were applied
to evaluate transmitted light behavior over the active layer.
Results suggested that placing diatoms internal plate faced to the
top of the PV active layer enhances the absorption efficiency by a
factor of 1.41 from 380 to 800 nm. In addition, it was shown that
this enhancement effect is the combination of the enhancement
contribution by each separated layer in the valve’s structure (Chen
et al., 2015).

The light focusing, guiding, and trapping ability of frustules
described above highlight the photonic crystal behavior of silica
shells. T. Fuhrmann et al. were the first to perform band diagram
simulations for valve and girdle bands of a centric species
Cosinodiscus granii (Fuhrmann et al., 2004). Generated crystal
photonics modes depend on the periodicity of the structure
(lattice constant of each silica grid) the slab thickness and
the incident wavelength. For C. granii valve and girdle bands
influence incident light by coupling it into waveguides with
distinct photonic crystal modes, for example red light was shown
to be coupled in the valve but not in the girdle. It is also
believed that to be able to exhibit a complete 2-D photonic
crystal band-gaps, a refractive index contrast in the material of
about 2 is needed (Knight, 2003). Kieu et al. reported the optical
properties of a C. wailesii valve fixed on the top of an optical
fiber by the external valve’s side, by irradiating with coherent
supercontinuum broadband laser (400–1,700 nm) a region of
∼20µm (Kieu et al., 2014). Then they studied the diffracted
and transmitted light through the valve as a function of the
lattice constant in the periodic structure. When irradiated by
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wavelengths at different angles, the hexagonal pattern generated
colorful transmitted patterns. As a consequence, a white spotlight
was observed on the screen without the valve in the setup, while
changing the irradiated spot area on the valve changed its color.
In addition, it was shown that the hexagonal colorful patterns
resulted from the interaction with the periodic structure (Kieu
et al., 2014).

All the above-mentioned studies were performed with
frustules from centric diatoms, therefore with radial symmetry,
so what about cylindrical frustules? Recently, the photonic
crystalline characteristics of the cylindrical frustule of the diatom
Melosira variance were reported (Yoneda et al., 2016). Clean
frustules were studied with a microfiber spectroscopic method.
The frustule was put on a micromanipulator and illuminated
by a 10µm sophisticated fiber optic end connected to a 300W
Xe lamp (300–1,100 nm) and transmitted light was collected
and analyzed with a spectrometer. This method showed a fine
space resolution due to the deployed micro-scale, which make
it suitable to study the photonic crystallinity. When a frustule
was irradiated through its internal side a transmittance valley was
observed between 400 and 500 nm, while when it was irradiated
perpendicular to the silica side wall, no particular valleys
was observed. The authors concluded that transmitted spectra
observed were related to the periodicity of the refractive index
in the structure, and that the photonic crystalline characteristics
assist light absorption but depending on the orientation (Yoneda
et al., 2016).

Light Filtration
Frustules have also been investigated for their capability in
protecting the cells against harmful wavelengths and excessive
light intensities. In other word, acting as optical filters. It
is known that diatoms use blue and red wavelengths for
photosynthesis, so excess supply of blue light might generate
active oxygen molecules that are dangerous for the living cell.
It was proposed that the ordered porous silica shell might
protect from dangerous UV and excessive wavelength intensities
(Ellegaard et al., 2016).

Using Melosira varians frustules it was shown that the
transmission of incident light was principally dependent in
the wavelength, with enhanced transmission of red light and
absorption in the blue range (Yamanaka et al., 2008). Such
filtering behavior was also shown for circular valve from
Arachnoidiscus sp. for which green and red wavelengths were
shown to be more concentrated than blue light (Ferrara et al.,
2014). In addition, in the case of UVB light it was shown that
the light spot was very weak, and far away from the valve.
These results were consistent with simulations (Ferrara et al.,
2014).

Photoluminescence
A distinctive optical feature, photoluminescence (PL), was also
observed with frustules. When porous biosilica was irradiated
by UV wavelengths it emitted one or more PL peaks in
the visible spectral region (Yoon and Goorsky, 1995; Cullis
et al., 1997). Scientists investigated such features and their
potential applications, for example in gas detection (Table 2).
Photoluminescence responses of Thalassiosira rotula valves were

examined when exposed to several gases and volatiles substances.
Frustules irradiated by a He-Cd laser (325 nm) showed a
multiband PL (between 450 and 690 nm) that was attributed to
oxidized silicon nanocrystals (533 nm), porous silicon (609 nm),
and hydrogenated amorphous silicon (661 nm). As a result,
valves PL were quenched with electrophilic gases while they were
enhanced for nucleophilic ones (De Stefano et al., 2005; Bismuto
et al., 2008). Furthermore, PL of T. rotula frustules was quenched
when exposed to NO2(g) flux, showing a high sensitivity in the
order of sub-ppm level that it is strongly dependent on the
structure, porosity, and gas nature (Bismuto et al., 2008). PL
properties of the frustules from other centric and pennate species
(T. rotula, Cosinodiscus. Wailesii, and Cocconeis scutellum) were
also demonstrated, and high gas detection sensitivity was shown
at room temperature (Setaro et al., 2007).

Photoluminescence was also investigated for chemically
modified diatoms frustules. Townley et al. report a study on
nickel sulfate modified C. wailesii frustules. When irradiated
with a He-Cd laser (442 nm), intact frustules exhibit a broad PL
peak (500–650 nm) while those growing with NiSO4 quenched
the PL (Townley et al., 2007). Photoluminescence of chemically
modified frustules have been investigated, for medical purposes,
by fixing antibodies on the silica shells. Antibodies doped
frustules were irradiated by 325 nm laser’s wavelength, which
show a high sensitivity in the order of 1.2 nm.µm−1 and
detection limit around 100 nmol.L−1 (De Stefano et al., 2009).
Recently, frustules from the pennate diatom Psammodictyon
panduriforme were investigated under 325 nm laser excitation.
Frustules showed two emission peaks at 417 and 534 nm that
were considered as radiative luminescence generated by oxygen-
vacancy defects in the structure (Camargo et al., 2016). However,
under pulse laser excitation, a single narrow emission peak
was observed near 475 nm. This result was interpreted as the
consequence of a putative quantum confinement effect due to
the mesoporous silica and the quasi-regular pores in frustules
structure (Camargo et al., 2016).

POTENTIAL APPLICATIONS OF BIOSILICA

Biosilica materials from marine organisms, and in particular
diatom frustules have been proposed and used in several
industrial applications from filtration, insulation, fine abrasion,
mineral fillers, catalysts, pesticides, building materials, food
additives, anti-caking agent, carriers, or coating (Harwood,
2010), and have been proposed to develop new bio-chemical
sensors or nanotechnologies. Some of the present and future
applications have to be based on the optical properties of the
frustule (Figure 4).

The advances in the understanding of the biomineralization
processes, have inspired the development of new materials.
The identified biomineralization enzymes from sponges
(i.e., silicateins) and diatoms, were used for applications in
biomedicine such as prototyping and 3D bio-printing of
customized structures for biomedical purposes (Lopez et al.,
2005; Schröder et al., 2016). Several applications in vision
such as bacterial sensors (by immobilization of the biosilica-
encapsulated bacterial cells on a sensor chip); development of
core-shell nanomaterials for nanomedicine applications and 3D
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TABLE 2 | Photoluminescence studies on diatom frustules.

Species Modified

chemically

Main results References

Psammodictyon panduriforme No PL emission peaks at 417 and 534 nm. Camargo et al.,

2016

Coscinodiscus concinnus Yes PL of frustules acts as synthetized quantum dots. PL of modified

frustules shows high sensitivity toward antibodies.

De Stefano et al.,

2009

Coscinodiscus wailesii (modified by nickel sulfate) Yes Intact diatoms exhibit a broad PL peak (500–650 nm). Growth with

NiSO4 quenches the PL.

Townley et al.,

2007

T. rotula; C. wailesii and C. scutellum No Sensitivity depends on the used bio-silica (structure and porosity)

and gases.

Setaro et al., 2007

Thalassiosira rotula No PL was quenched by NO2 gas with high sensitivity in the order of

the sub-ppm level.

Bismuto et al.,

2008

Thalassiosira rotula No PL of diatoms was quenched with electrophiles and enhanced

with nucleophilic gases.

De Stefano et al.,

2005

FIGURE 4 | Schematic representation of biosilica properties and their potential applications.

cell printing as promising materials for regenerative medicine.
Modified biosilica from diatoms was also reported for biomedical
applications as for example in drug delivery (Yang et al., 2011; Jo
et al., 2016).

Frustules from diatoms have been investigated for their
potential in biosensing, by exploiting their photoluminescence
properties for gas detection. Frustules from Aulacoseira or
Thalassiosira have been showed to be useful to detect trace of
pure gas, as for example NO(g), H2(g), and NO2(g) (Bismuto et al.,
2008; Leonardo et al., 2016). Since intact biosilica is still not
efficient to distinguish substances in very complex mixtures, to

increase sensitivity and specific substance identification, frustules
were chemically modified on their silanol groups which could
increase PL intensity and peak (Medarevic et al., 2016). Biosilica
materials might have also great potential in the energy field. For
example, in solar cells technologies, the ability of light trapping
by diatoms valves could enhances light harvest (Chen et al.,
2015), and for Dye Sensitized Solar Cells (DSSC) technology,
TiO2 modified frustules (Jeffryes et al., 2011). In these cited
examples, the solar cells efficiency was increased by themediation
of natural silica. In lithium batteries, biosilica materials might
also found application as anode material because of their Li
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storage capability. Silicon nanostructures, obtained by reducing
silica by magnesiothermic process, increase Li storage capacity
in battery. For supercapacitors application, metal oxide modified
biosilica seemed to enhance capacitance and cyclic stability
(Sun et al., 2017). Natural silica is also under investigation
for its potential as photoelectrodes for solar water electrolysis,
production of hydrogen from water electrolysis, an important
renewable source of energy. Biosilica is reduced to obtain porous
silicon, a semiconductor necessary to enable water electrolysis
reaction (Chandrasekaran et al., 2015).

Finally, biosilica was also explored for photonics applications
due to their remarkable micro and nano-scalable 3D structures.
The integration of luminescent dyes in the periodicity of the
diatoms frustules is of high interest for scientists to elaborate new
bio-hybrid luminescent materials that would be of great potential
for application in photonics and laser technology. Organic dyes
modified frustules had been reported in the literature. For
example, the use of fluorescein-5-isothiocyanate and thiophene-
benzothiadiazole-thiophene molecules, where shown to present
interest in photonics and optoelectronics due to their important
charge transport and high PL quantum yields in solid state (Vona
et al., 2016). Furthermore, diatoms have been explored for their
potential as nano-plasmonic sensors. In-situ growth of silver
nanoparticles in frustule photonic crystal structures, show a label-
free chemical and biological sensing based on surface enhanced
Raman scattering, which can be of great interest for medical and
food sensing applications (Kong et al., 2016).

CONCLUSION

We have focused here on light interaction in air condition
mainly from purified biosilica materials, and have tried to
emphases the importance of the structural organization of
the sophisticated structured encountered in glass sponges and
diatoms. Indeed, beside key roles in mechanical toughness and
protection against predators, we question if is there any need
for light modulation? This question arises because light-guiding
process was demonstrated for biomaterials (i.e., glass-sponge
spicules) extracted from marine organisms at depth where no
light can reach. However, remarkable optical properties of sponge
spicules were shown to compete manmade optical fibers in light
guiding, and enable us to learn from nature and to envision soft
processes to design new materials.

As mentioned above, most of the studies concerning the
diatoms, have explored the optical properties of isolated
frustules with hopefully almost no organic material remaining;
even if the presence of trace contaminants has not been

systematically analyzed. It remains that optical measurements
have mostly failed to properly address the putative interaction
of the incident light with the organic material. According
to our knowledge such question remains open because on
one side the presence of organic materials in the bio-silica,
could eventually generate scattering effects, and therefore
affect the propagation of light over long distances, but on the
other side the low concentration of organic materials, might
makes effects practically negligible. In addition, measurements
have been generally performed in air and not in water.
Valve orientation has also to be further considered as well
as the complete structural organization. Indeed, in the
environment the light hits the diatom cells from different
directions.

Recent evidences suggested that the interaction between
light and silica-based materials also applied in living organism
(Ellegaard et al., 2016). Therefore, there is hope that in the future
we might have more evidences on the role of the silica frustule
to perform selective wavelength filtering, for example to collect
specific photosynthetic wavelengths or to protect from dangerous
once. Indeed, the putative roles of biomaterials in UV protections
is a key question that should attract more and more attention for
both marine (Xu et al., 2016) and terrestrial organisms (Schaller
et al., 2013).
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Diatom production is mainly supported by the dissolution of biogenic silica (bSiO2) within

the first 200m of the water column. The upper oceanic layer is enriched in dissolved

and/or colloidal organic matter, such as exopolymeric polysaccharides (EPS) and

transparent exopolymeric particles (TEP) excreted by phytoplankton in large amounts,

especially at the end of a bloom. In this study we explored for the first time the direct

influence of TEP-enriched diatom excretions on bSiO2 dissolution. Twelve dissolution

experiments on fresh and fossil diatom frustules were carried out on seawater containing

different concentrations of TEP extracted from diatom cultures. Fresh diatom frustules

were cleaned from the organic matter by low ash temperature, and fossil diatoms were

made from diatomite powder. Results confirm that newly formed bSiO2 dissolved at a

faster rate than fossil diatoms due to a lower aluminum (Al) content. Diatom excretions

have no effect on the dissolution of the newly formed bSiO2 from Chaetoceros muelleri.

Reversely, the diatomite specific dissolution rate constant and solubility of the bSiO2

were positively correlated to TEP concentrations, suggesting that diatom excretion may

provide an alternative source of dSi when limitations arise.

Keywords: exopolysaccharide, diatom excretion, diatomite, Chaetoceros muelleri, biogenic silica, bSiO2

dissolution, TEP

INTRODUCTION

The terrestrial lithosphere is composed of 27% (by weight) silicon. As a nutrient and required
element of various marine organisms, silicon has an important part in biogeochemical processes.
At a global scale, silica and carbon cycles are coupled by silicifying organisms via photosynthesis.
In the marine realm, diatoms (Bacillariophyceae), unicellular phytoplankton with an absolute
requirement for silicon to build their frustules composed of amorphous polymerised silica (bSiO2),
are key silicifying organisms that play an important role in the marine biogeochemical cycling
of carbon. They are responsible for nearly 40% of the global primary production (Nelson et al.,
1995; Rousseaux and Gregg, 2013). This contribution to the carbon cycle varies greatly according
to the oceanic region and period of the year. For example, the contribution of diatoms to the global
primary production varies between 25% in oligotrophic conditions (Brzezinski et al., 2011) to 75%
in eutrophic ocean areas (Nelson et al., 1995). Diatoms are also a major component of the marine
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biological carbon pump (Smetacek, 1999; Jin et al., 2006; Sanders
et al., 2014) and are the base of some of the most successful food
webs (Irigoien et al., 2002).

Approximately 50–60% of diatomaceous biogenic silica
(bSiO2) produced in the euphotic layer is remineralized within
the first 100–200m of the water column (Tréguer et al., 1995;
Van Cappellen et al., 2002; Passow et al., 2003). This process of
bSiO2 dissolution provides diatoms with their main source of
dissolved silicon, in the form of dissolved silica (dSi), which in
turn, supports diatom growth for 50% of the global silicon budget
established by Tréguer and De La Rocha (2013). Silica dissolution
in the surface ocean of the northwest African upwelling regions
was sufficient to supply all silicic acid taken up by phytoplankton
(Nelson andGoering, 1977; Nelson et al., 1981). As such, biogenic
silica dissolution is an important process that needs to be
better understood and quantified, with particular emphasis on its
variability in different environmental contexts. The dissolution
of bSiO2 depends on abiotic factors, such as specific surface area,
temperature, salinity, pressure, pH, and aluminum concentration
(Van Cappellen et al., 2002; Loucaides et al., 2012). Less studied,
biotic factors also influence bSiO2 dissolution. Diatom frustules
are surrounded by an organic coating that needs to be removed
by prokaryotes before dissolution of the frustule can begin (Bidle
and Azam, 2001). In addition, biogenic silica dissolution depends
on nutritive growth conditions of the diatoms (Boutorh et al.,
2016). The process of silicification is known to be influenced
by stressful conditions, such as nutrient limitation (Boyle, 1998;
Takeda, 1998; Lasbleiz et al., 2014) and/or the presence of grazers
(Pondaven et al., 2007).

Polysaccharides (EPS) are abundant in the surface waters of
the global ocean and are typically found in the nutrient limited
conditions at the end of a phytoplankton bloom (Passow, 2002a;
Claquin et al., 2008). EPS are mainly secreted by diatoms and
bacteria, though other types of phytoplankton can also contribute
(Passow, 2002a). EPS are sticky and easily aggregate to form
transparent exopolymeric particles (TEP), an essential trigger
for mass flocculation during a phytoplankton bloom (Mari and
Kiørboe, 1996; Passow, 2002b). Their size ranges from colloidal
(1 kDa) to 100 µm, and they can reach abundances of 40,000
particles mL−1 or 11mg Xeq L

−1 (Mari and Burd, 1998; Passow,
2002b), contributing to ∼10–25% of the DOM pool in surface
waters (Passow, 2002b; Thornton, 2014). In such conditions,
when turbulence favors collisions, TEP promote aggregation with
cells included in the TEP matrix. In diatom aggregates bSiO2

dissolution is slower than in the surrounding seawater (Moriceau
et al., 2007b). The decrease of bSiO2 dissolution rates inside
aggregates have, for the first time, been attributed to the longer
viability of aggregated diatoms (Garvey et al., 2007) and to higher
dSi concentrations in the pore water due to adsorption processes
(Moriceau et al., 2007a, 2014). Another hypothesis is that the
TEP matrix also protects the bSiO2 against dissolution. EPS
inhibits the dissolution of Al-enriched lithogenic silica (lSiO2),
such as feldspar, kaolinite, and quartz (Welch and Ullman, 1993,
1996; Ullman et al., 1996). Conversely, in some cases, bacterial
byproducts such as organic acids promote lSiO2 dissolution
(Welch and Ullman, 1993, 1996; Vandevivere et al., 1994) which
is much more resistant to dissolution than bSiO2. If this is true,

it can be of great importance for the dissolution occurring both
in the surface layer and in sediments. Similar to what can be
found in the surface layer, TEP are sometimes concentrated at the
surface of sediments due to massive sedimentation of aggregates
or from the direct activity of benthic organisms (Wotton, 2004).
Despite their abundance in the surface waters and sediments, two
important components of the water column for bSiO2 dissolution
processes, no study has measured the influence of TEP on the
dissolution of diatomaceous bSiO2. In this context, the goal
of the present study is to understand the influence of TEP
concentrations on the dissolution of freshly cleaned and fossil
diatom bSiO2.

MATERIALS AND METHODS

In order to understand how diatom excretion products influence
bSiO2 dissolution, we conducted two sets of dissolution
experiments under batch conditions. Each set of conditions
consisted of amorphous silica dissolution experiments in
seawater containing different concentrations of TEP-enriched
diatom excretion products. The dissolution of two different types
of silica: Fossil diatoms and fresh diatoms, were evaluated. For
the first set of experiments we used diatomite (fossil diatoms), for
the second set of experiments we used dead diatoms Chaetoceros
muelleri cleaned from their organic coating.

Samples Preparation
bSiO2 from diatomite (fossil diatoms) exists as a commercial
product, a fine powder that is a chalk-like, soft, friable, earthy,
very-fine grained, and siliceous sedimentary rock, usually light in
color. The measured Si:Al ratio (moles:moles) of the diatomite
was 4.8. Fresh bSiO2 from diatoms came from a culture of
C. muelleri (strain CCAP 1010-3) provided by Ifremer’s Argenton
experimental station (Argenton, France). Fresh algae cultures
were grown using a Conway culture medium (Salinity = 35.2
PSU), at 20◦C with 100µmol m−2 s−1 light on a 24:0 h light:dark
cycle. The final cell concentration was 3.9 × 106 cells mL−1

after we isolated diatom byproducts and bSiO2. Ten liters of this
culture solution was centrifuged at 3,000 g for 10min at 15◦C
(Thermo Scientific Heraeus R© Multifuge R© 3SR Plus). Following
protocols commonly used for bSiO2 dissolution experiments,
the pellets were rinsed three times with milliQ water to remove
salts and residual dSi, centrifuged, and then frozen at −20◦C
prior lyophilisation during 72 h. Fresh diatom bSiO2 was cleaned
from the external organic membrane by low ash combustion
in a plasma oven (Gala intrumente R© Plasma—ACE5; Dixit and
Van Cappellen, 2003; Loucaides et al., 2008). Despite the 10 L of
highly concentrated diatom culture, we were only able to collect
254 µmol of bSiO2.

TEP Gradient
In order to extract byproducts from diatoms, another 10 L of
C. muelleri culture at the stationary phase was kept in the dark
for several days at 20◦C. Diatom by-products were isolated from
the diatoms by filtration through a 1 µm polycarbonate filter
(C. muelleri, single cell size range from 4 to 6 µm). The resulting
seawater was strongly enriched in TEP (TEP > 0.4 µm: 4.1 ±
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1mg Xeq L−1) and contained no diatoms. Five solutions were
prepared from different mixtures of the TEP-enriched medium
and natural seawater from the Bay of Brest, pre-filtered using
a 0.22 µm polycarbonate filter (Salinity = 33.5 PSU, [SiOH4]
= 8 µmol L−1, [NO3] =18.35 µmol L−1, [NO2] = 0.20 µmol
L−1, [PO4] = 0.45 µmol L−1). We expected an increasing
TEP concentration range from the mixing of the two mother
solutions. TEP-enriched to seawater vol:vol ratios were 0 for D1,
0.25 for D2, 0.5 for D3, 0.75 for D4, and 1 for D5. The salinity
change in our medium from D1 to D5 did not exceed 1.7 PSU.

Batch Preparation
Nine 500 mL polycarbonate batches were used in the diatomite
experiment: D1, D2, D3, D4, and D5, with D1 and D5 in
triplicate. Each batch contained 15mg of diatomite. For the
second set of experiments with freshly cleaned diatoms, due to
the low amount of bSiO2 collected from the 10 L of C. muelleri
culture, only three polycarbonate batches of 125 mL were
prepared using three dilutions: D1, D2, and D5. The initial bSiO2

concentrations were∼500 µM in all batches.

Dissolution Experiment
All batches were incubated in the dark, at 16◦C, during 30 days
on a shaking table for continuous agitation, allowing for a better
homogenization of the particles in the batch. Batch cultures
were kept ajar during the 30 days, in order to preserve gases
exchanges, which have been proven to limit CO2 surplus and pH
changes (Suroy et al., 2014, 2015; Boutorh et al., 2016). The dSi
concentrations were measured on a daily basis for 4 days, and
every second day until the end of the experiment.

TEP Sampling and Measurement
The method of Passow and Alldredge (1995) was used for TEP
measurements. Three to five replicates for each solution were
sampled at the beginning of the experiment. Under low-pressure
conditions, 15 ml was filtered onto 0.4 µm polycarbonate filters
(according to Passow and Alldredge, 1995) and stained with 0.5
mL of a 0.02% aqueous solution of pre-filtered Alcian blue in
0.06% acetic acid (pH 2.5). Filters were kept at −20◦C until
analysis. Filters were soaked for 2 h in 6 mL of 80% H2SO4
under agitation. The absorption measured at 787 nm in a 1 cm
cuvette was converted into grams of GumXanthan equivalent per
liter (g Xeq L−1) using a calibration curve done for our working
solution of Alcian blue.

Dissolved and Particulate Biogenic Silica
Measurements
Samples were filtered through 0.4 µm polycarbonates Millipore
filters. Filtrates were preserved at 4◦C in 15 mL polycarbonate
falcon tubes prior to analysis for dSi. Millipore filters were
dried during 24 h at 55◦C inside Petri box, and then kept at
room temperature before digestion and analysis for bSiO2. Filters
were digested in 8 mL of NaOH (0.2 M) during 4 h at 90◦C
under constant agitation. Digestion was stopped by cooling the
solution and neutralized with 2 mL of chloride acid (1 M). All
samples were then centrifuged at 3,000 g at 20◦C during 5 min.

Supernatants containing the dissolved silica (dSi), were analyzed
by AutoAnalyzer.

Chemistry Analysis
Silicic Acid (dSi) was analyzed using the automated colorimetric
method on a Technicon AutoAnalyzer according to the protocol
established by Tréguer and Le Corre (1975) and optimized by
Aminot and Kérouel (2007). Samples are guided by a pump
in a continuous flux, through a circuit in which dissolved
silica (dSi) reacts with ammonium molybdate, at low pH, to
produce β-silicomolybdique acid. This acid is then reduced by
methylamino-4-phenol sulfite and a sodium sulfite solution,
resulting in a final product absorbing at 810 nm.

Kinetic Calculation
In the present study, bSiO2 dissolution was monitored by
following the dSi concentration with time (Equation 1) as
described as:

dSi (t) = dSi (e).
(

1− e−Kt
)

(1)

The specific dissolution rate constant (K, d−1) was
determined using the slope at the origin of the plot of the

ln
(

dSi (e)−(dSi(t)−dSi(0))
dSi (e)

)

vs. time (Equation 2), which corresponds

to exponential dissolution phases (Kamatani and Riley, 1979;
Greenwood et al., 2001; Truesdale et al., 2005; Roubeix et al.,
2008).

d
[

ln
(

dSi (e)−(dSi(t)−dSi(0))
dSi (e)

)]

dt
= − K (2)

Where dSi(t) is dSi concentration (µmol L−1) measured at time t
(day), dSi(0) is initial dSi concentration (µmol L−1), and dSi(e)
is the dSi concentration reached at the plateau (µmol L−1).
For diatomite dissolution experiments, dSi(e) corresponds to the
apparent solubility of the bSiO2, because the 500 µM bSiO2

initially added was never totally dissolved in the dissolution
batch. For the bSiO2 dissolution experiments using the freshly
cleaned diatoms, dSi(e) is equal to the initial bSiO2 concentration
(µmol L−1).

Statistical Analysis
Correlations between the kinetic parameters of bSiO2 (specific
dissolution rate constant and apparent solubility of the
bSiO2) and TEP concentrations are tested with non-parametric
Spearman rank correlation, using R software with function:
cor.test() method= “Spearman.”

RESULTS

TEP concentrations (>0.4 µm) increased from D1 to D5, with
values from 2.4± 0.2 to 4.7± 0.2mg Xeq L

−1 (Table 1).
The dissolution of bSiO2 was clearly visible in the two

sets of experiments from the progressive increase of the dSi
concentrations with time (Figures 1, 2). This increase was steeper
for freshly cleaned diatoms than for fossil diatoms. In the
fresh bSiO2 dissolution experiments, a small plateau of dSi
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TABLE 1 | Initial TEP concentrations for each experimental batch condition, calculated specific dissolution rate constant (K), and apparent solubility of the bSiO2 for fossil

diatoms cleaned diatoms.

Batches TEP > 0.4µm

(mg Xeq L−1)

TEP > 0.2 µm

(mg Xeq L−1)

bSiO2 Specific dissolution

rate constant (d−1)

Apparent solubity of

bSiO2 (µmol L−1)

D1 2.4 (±0.2) 5.7 (±0.8) Cleaned diatoms 0.3 –

Fossil diatoms 0.17 (±0.01) 62 (±6)

D2 2.7 (±0.2) 7.0 Cleaned diatoms 0.3 –

Fossil diatoms 0.19 87

D3 3.7 (± 0.5) 7.3 Fossil diatoms 0.19 1,02

D4 4.7 (±0.2) 9.1 Fossil diatoms 0.29 127

D5 4.1 (±1.6) 7.7 (±0.5) Cleaned diatoms 0.18 –

Fossil diatoms 0.24 (±0.07) 163 (±18)

concentration was observed when all the bSiO2 initially added to
the batch was dissolved. In the dissolution batch containing fossil
diatoms, the dSi concentrations stabilized after 120 h when they
reached a plateau (Figure 1) equivalent to the apparent solubility
of the bSiO2. The apparent solubility of the bSiO2 also increased
from D1 to D5, with values from 62 µM in D1, 87 µM in D2,
102 µM in D3, 127 µM in D4, and 163 µM in D5 (Table 1,
Figure 1).

Diatomite specific dissolution rate constants varied from 0.16
to 0.35 d−1 from D1 to D5 (Table 1). The specific dissolution
rate constants of the freshly cleaned diatoms (C. muelleri) varied
from 0.18 to 0.31 d−1 (Table 1). Our constants are close to
the average specific dissolution rate constants of 0.15 ± 0.15
d−1 given for cleaned frustules by Roubeix et al. (2008). For
diatomite dissolution, a significant correlation was revealed
between specific dissolution rate constants and >0.4µm TEP
concentrations (Figure 3; Spearman correlation = 0.7∗, p-value
= 0.022, N = 9 experiments). Similarly, a significant correlation
was found between apparent solubility of the bSiO2 and >0.4
µm TEP concentrations (Figure 3; Spearman correlation =

0.867∗∗, p-value = 0.002, N = 9 experiments). By contrast, no
correlation between specific dissolution rate constants and TEP
concentrations was observed for the freshly cleaned diatoms
(Figure 3).

DISCUSSION

Specific dissolution rate constant and apparent solubility of
bSiO2 were correlated with TEP concentration. We were able
to create a concentration gradient of TEP in the dissolution
batches from the different dilutions between the TEP-enriched
medium and the natural filtered seawater. TEP concentrations
in D1 that contained only 0.22 µm filtered natural seawater
were negligible (2.4 ± 0.2mg Xeq L−1). TEP are sticky particles
(Passow, 2002b; Mari et al., 2017) that aggregate easily in
solution, especially under continuous agitation. The different
solutions also contained <0.2 µm TEP. With this fraction, TEP
concentrations were on average twice as high (Table 1). Our
measurement suggests that in the filtered seawater, small TEP
particles (lower than 0.2µm) have aggregated into TEP particles
with diameters larger than 0.4 µm. As most of the studies are
measuring TEP >0.4 µm, we decided to refer only to these

measurements when talking about TEP concentrations in the
following discussion. Finally, we obtained TEP concentrations
ranging from 2 to 6mg Xeq L−1 that reflect what can be seen
in situ according to Passow and Alldredge (1995), who gave
natural values in a range of 0.02–11mg Xeq L

−1.
Dissolved silica (dSi) concentrations increased with time

following the pattern generally seen in similar dissolution
experiments. We observed some variability in the dissolution
pattern with dSi concentrations data higher or lower than
expected from Equation (1). At such high TEP concentrations,
as seen in situ with high concentrations of phytoplankton, the
seawater viscosity is influenced, affecting the swimming behavior
of the zooplankton (Seuront, 2006). High viscosity decreases
the diffusion of the dSi (Eyring, 1936), which may explain the
variability of dSi concentrations as compared to the normal
pattern, despite the mixing of the batches.

The bSiO2 from cleaned frustules dissolved on average five
times faster than bSiO2 still surrounded by an external membrane
(0.03 vs. 0.15 d−1, Roubeix et al., 2008). In our study, we
measured similar dissolution rates for the cleaned bSiO2 from
freshC.muelleriwith an average specific dissolution rate constant
of 0.22 d−1. bSiO2 dissolved at 0.3 d−1 in the two batches
containing less TEP, while in the third dissolution experiment
the rate constant was 0.18 d−1. One experiment is not sufficient
to clearly demonstrate a potential influence of diatom excretion
on bSiO2 dissolution. However, a similar trend was observed
in the study by Roubeix et al. (2008), in which they suggested
a possible “blockage effect,” due to the physical coating of the
bSiO2 surface that may slow down access to the surface by water
molecules.

At similar TEP concentrations, bSiO2 from freshly cleaned
frustules dissolved slightly faster than bSiO2 from diatomite (0.3
vs. 0.18 d−1, Table 1). During its stay in the sediment, “reverse
weathering” processes such as Al-Si substitutions progressively
decreased the reactivity of the bSiO2 (Van Bennekom et al.,
1991). A partial explanation for the difference in the dissolution
rate constant measured between diatomite and fresh bSiO2

could be a different Al content: The Si:Al ratio of the
diatomite used in this study was 4.8 compared to the 20–
40 commonly found for fresh diatoms (Ragueneau et al.,
2005). In our study, most of the amorphous silica from the
diatomite stayed in its particulate phase, with the apparent
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FIGURE 1 | bSiO2 dissolution of diatomite expressed as the increase in dSi concentration (µmol L−1) with time (days) for each TEP concentration D1 to D5 (see

Table 1 for corresponding TEP concentrations). Dashed lines represent the linear regression for the initial part of the graphs. Gray lines represent the mean apparent

solubility of the bSiO2.

solubility of the bSiO2 going from 62 to 165 µmol L−1.
By comparison, the solubility measured by Loucaides et al.
(2008) for diatomite was 1,150 µM at 25◦C and a pH of
8. However, the diatomite used in his study contained a lot
less Al, and Al incorporation inside diatom frustules can also
change solubility (Van Bennekom et al., 1991). An important
result of our study is the correlation between the apparent
solubility of the bSiO2 in the fossil diatoms batch and the
TEP concentrations (Spearman correlation = 0.867∗∗, p-value
= 0.002). It has been suggested that dSi may adsorb on
the TEP (Moriceau et al., 2014), which would explain the
high dSi concentrations measured inside aggregates despite
sometimes very low dSi concentrations in the surrounding

seawater (Brzezinski et al., 1997). Our correlation between TEP
concentrations and solubility of the bSiO2 tends to strengthen
this hypothesis.

In our experiment, the influence of diatom byproducts on
bSiO2 dissolution was monitored using the TEP concentrations
because (1) diatoms generally produced EPS and TEP in larger
quantities (Myklestad and Haug, 1972; Myklestad, 1974, 1995;
Myklestad et al., 1989) and (2) previous experiments already
showed an influence of polysaccharides on lithogenic SiO2

dissolution (Welch and Vandevivere, 1994). The bSiO2 specific
dissolution rate constants of fossil diatoms were also correlated
to TEP concentrations. As it was impossible to extract TEP
from the rest of the diatom byproducts, and because the
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FIGURE 2 | bSiO2 dissolution of freshly cleaned diatom frustules of C. muelleri expressed as the increase in dSi concentration (µmol L−1) with time (days) for three

TEP concentrations (see Table 1). Dashed lines represent the linear regression for the initial part of the graphs. Gray lines represent the dSi concentrations at the

plateau, in these cases the initial bSiO2 concentrations.

FIGURE 3 | Correlations between the dissolution kinetics measured during the 12 dissolution experiments and TEP concentrations. On the left panel, bSiO2 specific

dissolution rate constants (d−1) are plotted vs. TEP concentrations (>0.4 µm TEP, mg Xeq mL−1). On the right panel, bSiO2 apparent solubility of the bSiO2

(µmol L−1) are plotted vs. TEP concentrations (mg Xeq mL−1). Open squares represent C. muelleri and solid squares represent diatomite.

culture was not axenic, we must also have created a gradient
of other molecules and bacteria concentration in the other
dissolution batch. Analyses of diatom excretions at the end of a
phytoplankton bloom or at the stationary phase in the culture
showed considerable amounts of amino acids, proteoglycans, and
extracellular polysaccharides containing residues of rhamnose,
fucose, and galactose, with the carbohydrate contribution
sometimes reaching 80–90% of the total extracellular release
(Myklestad and Haug, 1972; Myklestad, 1974, 1995; Myklestad
et al., 1989). Previous studies evidenced that fresh microbial EPS
extracted from bacteria inhibit or promote the dissolution of
lSiO2 (Welch and Vandevivere, 1994; Ullman et al., 1996), and
organic acids such as glucuronic acids favor lSiO2 dissolution
(Welch and Ullman, 1993, 1996; Vandevivere et al., 1994).
However, the variation of the bSiO2 specific dissolution rate
constants with the concentration of diatom byproducts could

also be due to compounds other than polysaccharides, or to
bacteria. To our knowledge no study has directly measured the
potential influence of other byproducts such as amino acids.
Concerning bacteria, proteolytic activities have little effect on
bSiO2 dissolution, except for the removal of organic matter
associated to the frustules occurring in the first days of the
dissolution (Bidle and Azam, 2001). In our study we used
frustules cleaned from their organic coating and indeed the
dissolution of the bSiO2 from freshly cleaned diatoms was
not increased by the bacteria gradient possibly resulting from
our protocol. Roubeix et al. (2008) also hypothesized that
bacterial colonization increases bSiO2 dissolution by creating
a microenvironment with high ectoproteolytic activity at the
diatom surface or by releasing organic compounds that can
facilitate diatom bSiO2 dissolution (Roubeix et al., 2008). Rather,
in their experiment they observed (1) no influence of bacterial
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activity and (2) a decrease of the dissolution rates when using
cleaned frustules. Dissolution of the fossil bSiO2 was influenced
by the gradient of diatom excretion/associated bacteria but
had no influence or, possibly, an opposite effect on the bSiO2

dissolution of freshly cleaned frustules. If true, this would mean
that diatoms or associated bacteria from the C. muelleri cultures
are able to selectively increase the dissolution of bSiO2 from fossil
diatoms but not the bSiO2 dissolution from the freshly cleaned
diatoms.

More recently, other works from Akagi’s team showed that
by measuring rare earth elements on diatom frustules the
dissolution of lithogenic silica in surface water could be an
unexpected source of dSi for diatom growth (Akagi et al., 2011,
2014; Akagi, 2013a,b). Our experiment nicely complements their
findings by adding a “how.” Indeed, as it has been shown
in a forest where mycorrhizal symbiosis with the roots of
trees promotes the weathering of nutrients by releasing organic
molecules (Griffiths et al., 1994), we can propose a similar
hypothesis with diatoms. Bacteria associated to diatoms can
selectively increase dissolution of silicate minerals (Vandevivere
et al., 1994). Diatoms have acquired an ability to exudate specific
organic molecules that can increase the dissolution of lithogenic
silica and not their own biogenic silica. This strategy could
be advantageous during silicate limitation episodes, whereby
lithogenic silica becomes a source of silicon. This would be
possible if diatoms produce organic ligands with a high affinity
for Al. Removal of Al in preference to Si in Al enriched silica
would increase lithogenic silica and fossil bSiO2 dissolution
without weakening their own frustule.

CONCLUSION

The main goal of this study was to understand the influence of
TEP on biogenic silica dissolution. We used two different

types of bSiO2: fossil diatoms (diatomite) and cleaned
frustules of cultured diatoms (C. muelleri). Our results
evidenced a correlation between TEP concentrations and
bSiO2 dissolution rate constants and solubility of the bSiO2

for fossil diatoms, however diatom excretions had no influence
on bSiO2 dissolution from freshly cleaned frustules, except for
possible protection at the highest TEP concentration.

In the light of the results obtained here, diatom byproducts
seem to favor Al-enriched silica dissolution, such as bacterial EPS
do for feldspars and aluminosilicates (Welch and Ullman, 1993,
1996; Vandevivere et al., 1994) as compared to fresh bSiO2. In
case of limitations, TEP are produced in greater quantities by
diatoms that may provide them with an unexpected source of
nutrients through the increase of weathering. This would explain
the Rare Earth concentrations sometimes measured on diatom
frustules and confirm the theory that diatomsmay directly uptake
silica on lithogenic particles.
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The fraction of net primary production that is exported from the euphotic zone as

sinking particulate organic carbon (POC) varies notably through time and from region to

region. Phytoplankton containing biominerals, such as silicified diatoms have long been

associated with high export fluxes. However, recent reviews point out that the magnitude

of export is not controlled by diatoms alone, but determined by the whole plankton

community structure. The combined effect of phytoplankton community composition

and zooplankton abundance on export flux dynamics, were explored using a set of 12

large outdoor mesocosms. All mesocosms received a daily addition of minor amounts of

nitrate and phosphate, while only 6 mesocosms received silicic acid (dSi). This resulted

in a dominance of diatoms and dinoflagellate in the +Si mesocosms and a dominance

of dinoflagellate in the −Si mesocosms. Simultaneously, half of the mesocosms had

decreased mesozooplankton populations whereas the other half were supplemented

with additional zooplankton. In all mesocosms, POC fluxes were positively correlated to

Si/C ratios measured in the surface community and additions of dSi globally increased

the export fluxes in all treatments highlighting the role of diatoms in C export. The

presence of additional copepods resulted in higher standing stocks of POC, most

probably through trophic cascades. However it only resulted in higher export fluxes for the

−Si mesocosms. In the +Si with copepod addition (+Si +Cops) export was dominated

by large diatoms with higher Si/C ratios in sinking material than in standing stocks. During

non-bloom situations, the grazing activity of copepods decrease the export efficiency in

diatom dominated systems by changing the structure of the phytoplankton community

and/or preventing their aggregation. However, in flagellate-dominated system, the

copepods increased phytoplankton growth, aggregation and fecal pellet production, with

overall higher net export not always visible in term of export efficiency.

Keywords: biogenic silica, POC, marine snow, zooplankton, mesocosm, Bay of Hopavågen, plankton community,

biological pump
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INTRODUCTION

The export of particulate organic carbon (POC) from the surface
ocean, in terms of the overall amount or as the fraction of local
net primary production, varies seasonally as well as regionally
(Lutz et al., 2002; Boyd and Trull, 2007; Honjo et al., 2008;
Buesseler and Boyd, 2009; Lam et al., 2011; Henson et al., 2012;
Siegel et al., 2016). Numerous factors intervene in this variability:
turbulence, stratification, and mixed layer depth; phytoplankton
community composition; the rates, timing, and extent of
seasonality of primary production; meso- and microzooplankton
abundance and feeding strategies; the aggregation of particulate
organic matter (POM) into large, rapidly sinking particles of
marine snow; and the occurrence of ballast particles like biogenic
silica, calcium carbonate, and dust. The actions and interactions
of these factors determine the ocean food web, which either
recycles most of the organic matter in the surface ocean (resulting
in only minor export to depth) or is “leaky” (exporting a large
portion of the net primary production to depth). It is necessary
to understand food web interactions in order to predict the
biological pump’s variability and its ability to sequester CO2 in
a future ocean with warmer temperatures, higher CO2, more
acidity, and differing nutrient inputs and ratios compared to the
present ocean (Bopp, 2005; Passow and Carlson, 2012; Alvain
et al., 2013; Bopp et al., 2013).

Relationships between food webs, ballast minerals and fluxes
have been investigated in various physical regimes. On the
smaller scale of such investigations are microcosm studies of
sinking particles in rolling tanks (Shanks and Trent, 1980;
Passow and De La Rocha, 2006) and flow through systems
(Ploug et al., 2008; Long et al., 2015) that allow controlled
examination of selected processes and interactions. At the
other extreme are regional and global scale studies based on
models, remote sensing, and observational data from time-series,
cameras, autonomous platforms, and sediment traps (Klaas and
Archer, 2002; Honjo et al., 2008; Klaas et al., 2008; Lee et al., 2009;
Lam et al., 2011; Assmy et al., 2013; Quéguiner, 2013; Giering
et al., 2014; Sanders et al., 2014; Guidi et al., 2016). However,
whereas small scale laboratory investigations allow full control
over environmental variables and mechanistic investigations,
they often lack natural community composition. Field studies
allow identification of larger scale patterns and correlations with
environmental variables but no clear identification of causal
relationships owing to complex confounding factors. Mesocosms
offer a middle ground, where some of the control of small
scale laboratory experiments is combined with parts of the
complexity of environmental variables of field observations.
Mesocosms enclose part of an in situ water column allowing
manipulations of target parameters. Mesocosms are large enough
to host a reasonably complex food web (e.g., including micro-
and mesozooplankton) (Wassmann et al., 1996; Svensen et al.,
2001; Sommer et al., 2004; Stibor et al., 2004; Olsen et al., 2006;
Stange et al., 2017) while still allow controlled manipulations of
parameters such as nutrients, ballast minerals, turbulence, and
phytoplankton and zooplankton community composition.

A small number of mesocosm experiments have been used to
study phytoplankton community interactions and POC export.

Early work noted a strong link between the addition of silicic
acid (in addition to nitrate and phosphate) and POC export
fluxes (Wassmann et al., 1996). It was hypothesized that the
addition of silicic acid promoted the growth of diatoms, which
increased export of POC (Engel et al., 2002; Kemp et al., 2006;
Kemp and Villareal, 2013; Rynearson et al., 2013; Lasbleiz et al.,
2014). However, later studies showed that artificial mixing of
upper water layers also initiated aggregate formation even in
the absence of diatoms, suggesting that diatoms (and indirectly
silicic acid) were not the sole trigger of high POC fluxes (Svensen
et al., 2001, 2002). Several factors could results in high POC
export, including phytoplankton aggregation of both diatom and
non-diatom phytoplankton and zooplankton grazing, suggesting
that the whole plankton community structure - more than just
presence of diatoms–is important to determine export fluxes
(Gehlen et al., 2006; Guidi et al., 2016).

Generally carbon export follows the seasonality of primary
production but is even more dependent on the fraction of slow-
sinking versus fast-sinking aggregates, with higher export for fast
sinking aggregates (Moriceau et al., 2007; Henson et al., 2015).
However, the influence of seasonality and plankton community
composition on global export efficiency (proportion of primary
production that is transported below the mixed layer depth) is
still poorly understood. Except for recent studies on the impact
of acidification or elevated CO2 concentrations (Paul et al., 2015;
Bach et al., 2016; Spilling et al., 2016; Gazeau et al., 2017) most
mesocosms studies have focused on the processes that lead to
export during phytoplankton bloom conditions, even though
non-blooming periods can potentially be important for global
export fluxes, and can be periods of efficient export of carbon and
bSiO2 (Fujii and Chai, 2005; Morris et al., 2007; Lam et al., 2011).
Efficient export during non-bloom conditions has been linked to
zooplankton abundance, which can repackage small particles into
dense, fast-sinking particles (Lalande et al., 2016).

We designed amesocosm study to investigate the link between
plankton composition and export flux during non-blooming
conditions. We explicitly tested the impact of zooplankton
abundance on export fluxes for two different phytoplankton
populations.

MATERIALS AND METHODS

Study Area
The experiment was conducted in 2012, between August 2 and
24 in the Bay of Hopavågen (63◦ 36′ N, 9◦ 33′ E), a tidally-driven,
semi-enclosed marine lagoon on the west coast of Norway, 20 km
west of the outlet of the Trondheimsfjord (Figure 1). This semi-
enclosed marine lagoon has a maximum depth of 32m, a volume
of roughly 6.7× 106 m3, and exchanges roughly 14% of its water
daily with the ocean through a narrow inlet (van Marion, 1996).

Nutrient concentrations in the lagoon at the time of the
experiment were extremely low (< 1µM for silicic acid,<0.3µM
for ammonium, and<0.1µM for nitrate, nitrite, and phosphate).
Concentrations of chlorophyll a (Chl) in the upper 10m of
the lagoon at the time of the experiment ranged from 0.5 to
2.4mg m−3, corresponding well to the typical average summer
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FIGURE 1 | The Bay of Hopavågen.

concentrations for this lagoon (between 1–3mgm−3, Olsen et al.,
2006).

Mesozooplankton commonly found in the Bay of Hopavågen
include the ctenophore Bolinopsis sp., calanoid copepods (such
as Temora sp., Centropages sp., and Pseudocalanus sp.) at an
average summer concentration of 20 ind L−1, the cyclopoid
copepod Oithona sp., and the appendicularian Okipleura sp.
(van Marion, 1996; Stibor et al., 2004; Vadstein et al., 2004).
The phytoplankton community in the lagoon consists of
diatoms (e.g., Rhizosolenia sp., Skeletonema sp., Thalassiosira sp.,
Nitzschia sp., and Pseudonitzschia sp.), autotrophic picoplankton,
dinoflagellates (e.g., Gymnodinium sp., Prorocentrum sp.), and
nanoflagellates (Sommer et al., 2005).

Mesocosms
Each mesocosm consisted of a 10m deep polyethylene tube, with
a diameter of approximately 1m, a volume of roughly 9 m3, and
a sealed, conical bottom. The twelve mesocosms were filled on
August 2 by lowering the entire mesocosm bag to a depth of
10m and then raising the top gently back up to the surface. The
filled mesocosms were secured to a raft that was anchored in the
deepest part of the Bay of Hopavågen.

The light conditions in eachmesocosmwere similar, with light
intensities of 15–20% of surface light at 1m depth (generally
around 100 µmol m−2 s−1) and ∼1% at ∼6m depth (Figure 2).
These conditions were similar to the light intensities observed
in the Bay of Hopavågen (around the mesocosms) during the
experiment (∼40%∼300 µmol m−2 s−1 at 1m and 8% at 6m).

To avoid disturbances of formed aggregates within the
mesocosms and to avoid interfering with sinking fluxes, the
mesocosms were not mixed during the experiment. However,
some small-scale mixing and turbulence might have occurred
within the mesocosms due to waves and tidal currents within
the Bay of Hopavågen during the study. According to the Chl
profiles, the upper 2m of the mesocosm bags were well-mixed

(Figure 2). Turbulence was not measured during the experiment,
but previous work in similar types of mesocosms suggested that
the energy dissipation rates in the mesocosms would have been
on the order of 10−9–10−8 m2 s−3, corresponding to a wind
velocity of 3–6m s−1 (Svensen et al., 2001).

In the Bay of Hopavågen, nutrients are resupplied daily by
the natural water inflow (Sommer et al., 2004). We mimicked
the natural nutrient input by manually adding nutrient to
the enclosed mesocosms, using nitrogen concentrations that
compensated for the loss of N caused by sedimentation and
Redfield ratios for phosphorus and silicon additions as described
in previous studies (Sommer et al., 2005; Olsen et al., 2006). Such
nutrients additions maintained the low natural phytoplankton
concentrations yet avoided accumulation of unrealistically high
concentrations of phytoplankton biomass (Børsheim et al., 2005).

Twelve mesocosms were set up in total, allowing the
investigation of four different treatments in triplicate. The
treatments were (1) silicate addition and decreased copepod
abundance (+Si −Cops), (2) silicate addition and increased
copepod abundance (+Si +Cops), (3) no silicate addition and
decreased copepod abundance (−Si −Cops), (4) no silicate
addition and increased copepod abundance (−Si +Cops).
Nutrients were added via an 8-m long tube. The tube was lowered
slowly to a depth of 8m in each mesocosm and then fully
filled with a nutrient solution calculated to add the required
concentration of nutrients to each mesocosm. The tube was then
slowly lifted out to minimize disturbances of the water in the
mesocosms. Through the process of displacement, this allowed
the nutrients to distribute evenly throughout the water column
of the mesocosms (Olsen et al., 2007). Nutrients uptake are lower
in the dark (Dortch and Maske, 1982; Litchman et al., 2004) and
samplings were done in the morning. Nutrients were added in
the evening to avoid contamination of the morning sampling,
and began the day after the bags were filled (on the evening of
August 3) and 4.5 days before the first day of sampling. Previous
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FIGURE 2 | Typical physical conditions within the mesocosms as exemplified by bag 3 (+Si −Cops) on August 23–24 (experiment Days 16–17).

study evidenced that such a time lag allows the phytoplankton
communities to differentiate depending on nutrient additions
(Gismervik et al., 2002; Sommer et al., 2004; Larsen et al.,
2015).

Following Stibor et al. (2004), mesozooplankton
concentrations were reduced in the −Cops treatments by
repeated vertical hauls with a 150-µm plankton net (Sommer
et al., 2004; Stibor et al., 2004). We refer to these mesocosm as
‘+Si −Cops’ and ‘−Si −Cops’, respectively. In the evening of
August 7 (5 days after the filling of the bags and 1 day before
the first sampling day), we increased the copepod abundance
in the +Cops treatments by adding copepods (4 copepods per
liter), mainly Centropages sp. and Oithona sp., collected from the
lagoon using a 150-µm plankton net.

Sample Collection and Analysis
Day 1 of the sampling was on the morning of August 8, 5.5 days
after filling the bag and 4.5 days after the first nutrient addition.
The sampling period lasted 17 days in total. On Days 1, 3, 6, 10,
13 and 16 of the sampling period, depth-integrated samples of
the upper 4.5m of the mesocosms were collected between 7:00
and 8:00 in the morning. Sampling was done by repeated and
slow deployments of a 1m long integrated water sampler. We
collected a total of 12-20 L from each mesocosm (0.1–0.2% of

initial water volume), depending on the sampling strategy of the
day. Water samples were placed in opaque 20 L LDPE carboys
(Nalgene), which were subsampled for total and fractionated
particulate organic carbon (POC) and nitrogen (PON), biogenic
silica (bSiO2), pigments, nutrients, phytoplankton cell counts,
and microscopic taxonomy of phytoplankton.

Sinking particles were collected with sediment traps from 8m
depth three times during the course of the experiment, from
Day 3 to Day 8, from Day 9 to Day 12, and from Day 14 to
Day 17. This was done with cylindrical sediment traps with an
aspect ratio (height to width) of 6 in mesocosms in two of each
treatment triplicate. In the four remaining mesocosms (one of
each treatment triplicate), we deployed gel traps (McDonnell
and Buesseler, 2010) at 8m to collect and preserve the size
and structure of the sinking particles. The gel traps were only
deployed for 2 days in order to avoid individual particles landing
on top of each other in the gel. Gel traps were deployed on Day 3,
8, and 14.

Phytoplankton community compositions were determined
for one of each treatment triplicates (four mesosocosms in
total) four times during the sampling period. Water samples
were preserved with Lugol’s iodine (1% final concentration)
and taxonomically identified to species level using an inverted
microscope (Utermöhl, 1958).
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Samples for particulate organic carbon (POC) and for
particulate organic nitrogen (PON) were filtered onto
precombusted (450◦C, 5 h) 25-mm GF/F filters (0.7-µm
nominal pore size, Whatman). Every second sampling day,
POC/PON samples were size fractionated before filtration using
different screens. Size fractions were 0.7–2.7, 2.7–20, 20–44,
44–100, and >100µm. Filters were rinsed with MilliQ water
to remove salts and dried overnight at 60◦C. Inorganic carbon
was removed from the filters by fuming with HCl before analysis
with a Flash 1112 Series elemental CN analyzer (ThermoQuest).

Samples for Chl a were filtered onto GF/F filters (0.7-µm
nominal pore size, Whatman) and immediately frozen in liquid
nitrogen. The filters were stored at−80◦C until analysis by HPLC
(Shimadzu LC-10A HPLC system with LC Solution software;
Shimadzu). The HPLC system was calibrated with pigment
standards (DHI Water and Environment).

Samples for biogenic silica (bSiO2) were filtered onto 0.4-µm
polycarbonate filters (Millipore), dried overnight at 60◦C and
stored at room temperature until digestion and analysis. bSiO2

in the samples was dissolved in 0.2M NaOH at 100◦C for 60min
(Ragueneau et al., 2005) and neutralized with 1M HCl for silicic
acid analysis by colorimetry. Particulate bSiO2 concentrations
were corrected for lithogenic contribution following a second
digestion of the particulate matter to yield the Si:Al ratio of
the lithogenic silica (Ragueneau et al., 2005). Aluminum was
determined via inductively coupled plasma optical emissions
spectroscopy (ICP-OES).

Samples for nitrate, nitrite, silicic acid, phosphate and
ammonium were filtered through 0.4-µm polycarbonate filters
(Millipore) and analyzed using a Bran+Luebbe AAIII auto-
analyzer. Concentrations of ammonium in water samples were
measuredmanually on a spectrophotometer (Shimatzu UV 1700)
following Koroleff (1969).

Statistical Analysis
To test and differentiate the effect of time from the effect of the
different treatments: +Si vs. −Si and +Cops vs. −Cops, a two-
way or three-way analysis of variance (ANOVA) with a multiple
comparison procedure (Holm-Sidakmethod) were applied to our
data set (Sigmaplot 12, Systat Software, Inc.,) except for sediment
traps data for which only two replicates were done. The overall
significance level was chosen as p < 0.05.

RESULTS

Nutrient Concentrations and Uptake
At the beginning of the sampling period, phosphate
concentrations were lower in the +Si mesocosms than in
the −Si mesocosms (0.02 ± 0.02µM vs. 0.06 ± 0.03µM).
Phosphate concentrations in the mesocosms increased during
the first 10 days of the experiment. After Day 10, however,
concentrations of phosphate decreased in all but the +Si +Cops
mesocosms (Figure 3A). The total net phosphate uptake during
the sampling period (Figure 4A, Table 1) in the −Si −Cops
mesocosms (0.11 ± 0.02µM) was lower than in the other three
treatments (+Si −Cops: 0.17 ± 0.04µM; +Si +Cops: 0.16 ±

0.04µM;−Si+Cops: 0.18± 0.01µM).

Concentrations of silicic acid (dSi) in the −Si treatments
remained close to zero throughout the experiment (Figure 3B),
suggesting no measureable net dSi uptake in these mesocosms.
In the +Si mesocosms, there was no dSi uptake between Days 6
and 10, with net dSi uptake between Day 1 and 6 and between
Day 10 and 16 (Figure 4C). The total net dSi utilization in the
mesocosms during the sampling period was 1.4 ± 1.0µM (+Si
−Cops), 2.5± 0.9µM (+Si+Cops), 0.0± 0.1µM (−Si−Cops),
and−0.1± 0.1µM (−Si+Cops) (Table 1).

Continuously increasing cumulative net utilization of DIN
in the +Si mesocosms resulted in lower concentrations
compared to −Si mesocosms (Figures 3F, 4E, Table 1). In
addition to the daily external input of nitrate of 0.22µM,
we observed DIN production likely caused by ammonium
regeneration within the mesocosms. This was evident from
the mid-experiment peak in ammonium concentrations in all
mesocosms (Figure 3E). Following Day 10, however, ammonium
concentrations decreased, except in +Si +Cops, were the
decrease started at Day 13, suggesting that uptake exceeded
regeneration in all mesocosms in the final days of the experiment.
During the same period, nitrate, nitrite and overall DIN
concentrations declined (Figures 3C,D), suggesting increased
rates of DIN uptake rather than a decrease in the rates of
ammonium regeneration (n.b. over the 17 day duration of the
experiment, we would not expect to see notable amounts of
nitrate being regenerated).

In the +Si mesocosms, net removal rates of DIN were, on
average, 2–3 times faster than net removal rates of dSi (Table 1).
Since dSi removal rates were undetectable in the−Si mesocosms,
we could not calculate a net uptake ratio of DIN to dSi for
these mesocosms. DIN to phosphate uptake ratios remained
reasonably close to Redfield values of 16:1 in most of the
mesocosms (Table 1).

Standing Stocks and Phytoplankton

Composition
Integrated standing stocks of POC (upper 4.5m) decreased
during the first days of the experiments and stabilized after
Day 3 for +Cops mesocosms and after Day 6 for −Cops
mesocosms (Figure 5A). The mean POC concentrations over the
experimental period were 18.5 ± 6.4 µmol POC L−1 in the +Si
−Cops, 24.7 ± 7.7 µmol POC L−1 for the +Si +Cops, 14.4 ±

4.9 µmol POC L−1 for the −Si −Cops and 21.0 ± 4.1 µmol
POC L−1 for the −Si +Cops treatments, with values ranging
from 10 to 37 µmol POC L−1. Average POC concentrations
were similar to those measured in the lagoon at the end of
the experiment (19.5 µmol POC L−1; Figure 5A) and to those
obtain at similar nutrient additions in Børsheim et al. (2005).
Standing stocks of POC in the upper 4.5m of the mesocosms
differed more between treatments than between the replicates for
each individual treatments or for each replicate over time (two
way ANOVA α = 0.01; p <0.001). POC standing stocks were
higher in +Si mesocosms than in the other treatments at the
beginning of the sampling period. Differences in POC standing
stocks decreased over time. POC standing stocks were similar for
+Cops and −Cops treatments until Day 3, but started to differ
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FIGURE 3 | Concentrations in the upper 4.5 m of the nutrients (A) phosphate, (B) silicate, (C) nitrate, (D) nitrite, (E) ammonium, and (F) total DIN. Data points and

error bars represent averages and standard deviations for the three mesocosms of each treatment.

FIGURE 4 | Cumulative net uptake in the different mesocosm treatments of (A) phosphate, (B) nitrate, (C) silicate, and (E) total DIN. (D) show the cumulative net

regeneration of ammonium. Data points and error bars represent averages and standard deviations for the three mesocosms of each treatment.
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TABLE 1 | Total net nutrient removal during the experiment, ratios between removal, and average number of species during the duration of the experiment.

Mesocosms Total net removal Ratios of total net removal Average number of species

PO4 DIN Si(OH)4 DIN/Si DIN/P total Diatoms Dinoflagellates

+Si −Cops 0,17 2,8 1,4 2,0 16,6 13 4 8

+Si +Cops 0,16 3,8 2,5 1,5 23,9 19 4 12

−Si −Cops 0,11 2,0 0 - 18,5 11 2 8

−Si +Cops 0,18 2,7 −0,1 - 15,1 16 2 12

after Day 6, with more POC present in the +Cops mesocosms.
Over the whole sampling period, POC concentrations were
significantly higher in the six mesocosms that had received a
supplement of copepods compared to those where copepods had
been removed (Three way ANOVA; p<0.001). We also observed
significantly higher POC concentrations in+Si−Cops compared
to−Si−Cops and in+Si+Cops compared to−Si+Cops (Three
way ANOVA; p= 0.006).

On the last sampling day (Day 16), the+Si+Copsmesocosms
reached an average standing stock of POC of 25.3 ± 0.9 µmol
POC L−1 and the −Si +Cops mesocosms an average of 23.6 ±

2.4 µmol POC L−1 compared to 17.6 ± 2.6 µmol POC L−1 and
15.6 ± 0.7 µmol POC L−1 in the +Si +Cops and −Si −Cops
mesocosms, respectively.

Concentrations of total PON were also relatively stable during
the experiment with significant differences between +Cops
and −Cops mesocosms. However, unlike POC standing stocks,
differences between +Si +Cops and −Si +Cops or +Si −Cops
and −Si −Cops treatments were not significant (Figure 5B). C
to N ratios (C/N) of the organic matter in the upper 4.5m of
the +Si mesocosms decreased from 6.7 ± 0.8mol mol−1 on Day
1 to 4.4 ± 0.5mol mol−1 on Day 6 and remained close to that
for the rest of the experiment. The C/N of the −Si mesocosms
averaged 4.4 ± 0.3mol mol−1 during the experiment. The C/N
ratios of the standing stocks were very similar between treatments
with an average for the entire experiment of 4.7± 0.8mol mol−1

(Figure 5C).
Concentrations of Chl a ranged from 0.5 to a maximum of

4.7 µg L−1 (Figure 5D). Chl a concentrations were generally
within the range for non-bloom conditions, in accordance with
the nutrient addition (Børsheim et al., 2005). Standing stocks of
Chl a decreased rapidly in the+Si mesocosms, from 3.0± 0.5 and
4.2 ± 0.4 µg/L on Day 1 for the +Cops and −Cops respectively,
to 0.6 ± 0.2 and 0.7 ± 0.2 µg/L on Day 6. After Day 6, Chl a
increased until the end of the experiment to reach 2.3± 0.4 µg/L
in +Si +Cops and 1.1 ± 0.6 µg/L in the +Si −Cops. Except
for the first day of the sampling period, Chl a concentrations
were higher in the +Cops mesocosms (three way ANOVA; p <

0.001; Figure 5D). The −Si −Cops mesocosms also experienced
a decrease from Day 1 to Day 6 (1.9 ± 0.2 µg/L to 0.5 ± 0.1
µg/L), before increasing to 0.9 ± 0.4 µg/L at the end. The −Si
+Cops mesocosms Chl a concentrations was less variable. Chl
a concentrations slightly decreased from 2.2 µg/L on Day 1 to
1.4 ± 0.4 µg/L at the end. The final average concentrations of
Chl a in the−Si+Cops mesocosms were lower than those in the
+Si+Cops (1.4± 0.4 µg L−1 vs. 2.3± 0.4 µg/L, respectively, on

Day 16), but they were still ∼30% greater than the average final
concentrations in the +Si −Cops and−Si −Cops (1.1± 0.6 and
0.9± 0.4 µg L−1, respectively).

Integrated concentrations of bSiO2 in the upper 4.5m of the
−Si mesocosms, decreased to 0 and 0.1 µmol/L for −Cops and
+Cops at Day 6 respectively. At the beginning of the sampling
period, bSiO2 concentrations were 0.8 ± 0.1 µmol/L and 0.7 ±

0.1 µmol/L for the −Cops and +Cops respectively. In the +Si
mesocosms, bSiO2 concentrations generally increased from Day
1 to Day 3 and then declined until Day 10 before increasing again
until the end of the experiment (Figure 5E). At the end of the
experiment, the bSiO2 integrated concentrations in the upper
4.5m of the +Si +Cops mesocosms, averaged 1.6 ± 0.6 µmol
L−1, which was roughly 3-fold higher than that measured in the
+Si −Cops mesocosms (0.5 ± 0.6 µmol L−1). The molar Si to
POC ratios (Si/C) of standing stocks mirrored the changes in
bSiO2 concentrations rather than reflecting overall patterns in
the POC standing stocks (Figure 5F). Outside the mesocosms,
Si/C ratios were around 0.015, which is similar to the lowest ratios
reported for North Atlantic Waters (Ragueneau et al., 2002). The
+Si mesocosms had Si/C ratios of 0.04–0.10, similar to global
ocean average (0.04–0.25, Ragueneau et al., 2002). The Si/N ratios
in the nutrient stocks of +Si treatments were higher than 1, the
average Si/N utilization in the+Si mesocosms was around 1 with
fluctuations from 0.6 and 2.1.

POC standing stocks and Chl a concentrations were both
high at the beginning of the experiments especially in the +Si
mesocosms. Chl a estimated from CTD measurements 2 days
before the beginning of the sampling period gave an average
value of 2 mg/L. The daily uptake rate estimated from the
total nutrient additions were also lower than the first uptake
calculated during the experiment (0.2 vs. 0.3µM/days for nitrate,
0.004 µM/days vs. 0.02 µM/days for phosphate and 0.3 vs. 0.3
µM/days for silicate), suggesting that no phytoplankton bloom
had developed before the sampling period. Throughout the entire
experiment, and in all treatments, 30–50% of the total biomass
was in the 2.7–20µm size fractions, while the other four size-
fractions (0.7–2.7µm, 20–44µm, 44–100µm, and > 100µm)
each had between 10 and 20% of the total biomass.

Taxonomic analysis confirmed that differing nutrient
additions induced changes in phytoplankton population, with
diatoms and flagellates dominating the +Si treatments, and
flagellates alone dominating the −Si treatments (Figure 6). We
identified up to 43 phytoplankton species in the +Si +Cops
mesocosms with an average of 19 over the entire sampling
period (Table 1). By contrast, a maximum of 23 species were
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FIGURE 5 | Composition of standing stocks of biomass in the upper 4.5m of the four treatments: (A) POC, (B) PON, (C) C/N, (D) chlorophyll a, (E) bSiO2, and (F)

Si/C. Data points and error bars represent averages and standard deviations for the three mesocosms of each treatment. Gray lines represent concentrations in the

Bay outside mesocosms as measured at the end of the experiment (Day 16).

found in the +Si −Cops, with an average of 13. For the −Si
mesocosms, the maximum number of species in +Cops and
−Cops treatments was 24 and 17, respectively, with an average
total amount of species of 16 and 11 for −Si +Cops and −Si
−Cops treatments, respectively. In the +Si +Cops treatments,
diatom concentrations decreased from Day 3 to Day 10, after
which their abundance increased (Figure 6). At Day 13, diatoms
concentrations were much lower in the +Si mesocosms. This
result was not mirrored by standing stock measurement of
bSiO2 concentrations or by total cell concentrations according
to cytometry. This sudden change of diatom concentrations
may therefore potentially be due to analytical problems with
phytoplankton enumeration at this sampling day.

In the +Si treatments, 97% of the diatom populations were
constituted by small species (cell volume < 2500 µm3) until
Day 6. Skeletonema marinoii (diameter ∼10µm) dominate all
treatments until Day 3 and disappeared from −Si mesocosms
thereafter. From Day 13 the diatom population of the +Si
−Cops treatments switched from small S. marinoii to medium
sized-diatoms, with Cylindrotheca closterium (50 to 125µm
length) forming most of the population in +Si −Cops while
Leptocylindrus danicus constituted more than 90% of the +Si
+Cops diatom population. The +Si treatments also developed
a large population of dinoflagellates, with the Gymnodinium sp.
dominating the dinoflagellates population, except for the +Si
−Cops after Day 6 when Scripsiella contribute for more than 50%
to the dinoflagellates population.

Dinoflagellates dominated the −Si treatments from Day 3
until the end of the experiments, with Gymnodinium sp. and

Scrippsiella (trochoida and sweenea) making up 60 to 95% of
the total dinoflagellates community in terms of cell abundance.
Gymnodinium sp. dominate the community before Day 6 and
Scrippsiella after.

Sinking Fluxes
Gel traps showed that sinking particles mostly consisted of fecal
pellets and large aggregates such as marine snow. During the
first trap deployment the +Si −Cops mesocosms particle fluxes
were characterized by a higher contribution of marine snow
and fewer fecal pellets than the +Si +Cops treatments. The
flux composition between these two treatments became more
similar toward the end of the study. At the end of the study,
particle fluxes in the+Si treatments where characterized by more
marine snow aggregates than the −Si that had a much higher
contribution by fecal pellets (Figure 7). Sinking fluxes of POC,
PON, and bSiO2 decreased over time (Figure 7), not mirroring
standing stocks in the upper 4.5m of the mesocosms (Figure 5).
The total POC exported during the experiment was 1.47± 0.30 g
of C m−2 in the +Si −Cops, 1.05 ± 0.28 g of C m−2 in the +Si
+Cops, 0.78 ± 0.10 g of C m−2 in the −Si −Cops and 0.86 ±

0.24 g of C m−2 in the −Si +Cops (Figure 8). The C/N ratio
of the material sinking into sediment traps was higher than the
C/N ratios found in the suspended particles with more variability
between traps than between treatments (C/N in standing stocks
= 4.5± 0.6; C/N in sinking particles= 7.6± 2.0). The difference
between C/N in sediment traps and standing stocks was very
pronounced in the −Si −Cops at the end of the experiment,
when flux C/N ratios value reached an average of 10.6 ± 5.
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FIGURE 6 | Phytoplankton community structure in the different mesocosm treatments, in percentage, total cell numbers and biovolume.

The ratios of bSiO2 to POC of sinking particles (Si/C) were
twice those measured in suspended particles (Figure 8). This
difference increased with elevated copepod abudances. Despite
the lack of measurable bSiO2 in the suspended particles after day
6, Si/C ratios for the sinking material were still 0.02 in the −Si
mesocosms and some diatoms were observed in the sediment
traps. The POC fluxes were positively correlated to the Si/C ratios
of the standing stocks (Figure 9). Only the sinkingmaterial of the
traps set up at day 8 and 16 were analyzed for the phytoplankton
taxonomy. Small diatoms formed 96 to 100% of the diatom
fluxes collected in all traps except at the end of the experiment.
In the +Si −Cops the medium sized (<125µm) Cylindrotheca
closterium formed 60% of the diatom cell numbers found in the
sediment traps. The contribution of Proboscia alata increased in
the+Si+Cops to achieve half of the sinking at the end.

DISCUSSION

Diatoms with their ballasted frustule (Armstrong et al., 2002;
François et al., 2002) have long been recognized to be efficient
for downward transport of matter (Smetacek, 1985; Nelson et al.,
1995; Sarmiento et al., 2004). Recent studies are challenging this
belief highlighting rather potential links between export and the

structure of the whole plankton community (Henson et al., 2012;
Lima et al., 2014; Guidi et al., 2016). Additionally a combination
of poorly understood processes, such as gravitational settling
as aggregates or fecal pellets, physical transport of particulate
and dissolved organic matter, or zooplankton disaggregation
or migration may also contribute substantially to downward
transport of matter (Sanders et al., 2014; Turner, 2015; Siegel
et al., 2016).

Impact of Phytoplankton Community

Structure
Daily addition of small amount of dSi triggered the growth
of diatoms in the +Si mesocosms and globally increased POC
fluxes (Figure 8), with however, 50 to 100-fold less carbon
exported per unit dSi in our non-blooming situation compared
to similar bloom simulating experiment (Wassmann et al., 1996).
All treatments showed strong positive correlations between the
POC fluxes and the Si to POC ratios of suspended material
in the upper 5m of the mesocoms (Figure 9) suggesting
that the magnitude of POC export was first driven by the
presence of diatoms. This is supported by the high POC
flux in the +Si −Cops at Day 6 (Figure 7) and by the high
export efficiency in the +Si −Cops mesocosms, in terms
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FIGURE 7 | Composition of the particle fluxes in the four treatments, measured from images of gel traps and POC fluxes in sediment traps.

of the amount of POC produced reaching the sediment
traps (Figure 10). Globally, POC flux intensities follow the
aggregate contribution to the flux, with downward trend when
the aggregate contribution to fluxes decrease (Figure 7). On
the +Si mesocosms the aggregate contribution was slightly
lower than the average aggregate contributions in the flux of
the −Si mesocosms at Day 6 and 11, when Gymnodinium
sp. dominate the phytoplankton population. However, when
aggregate contribution to the flux is similarly high such as
seen at Day 6 for +Si −Cops and −Si −Cops, the flux
is almost twice as high in the diatom dominated treatment
compared to −Si treatments. Aggregation capacity is not
restricted to diatom species (Cataletto et al., 1996), but
diatom aggregates transport more carbon than non-ballasted
aggregates due to higher density and sinking rates (Long
et al., 2015). However, even for non-diatom species, decreased
aggregation involved lower fluxes as seen at the end of the

experiment in−Si mesocosms in association to the growth of
Scrippsiela sp..

Aggregate contribution to the fluxes stay around 82% in
the +Si −Cops, where the aggregating species Skeletonema
marinoii, and Pseudonitzschia sp and Cylindroteca closterium
prevailed (Cataletto et al., 1996). In the +Si +Cops the
aggregating S. marinoii constituted most of the diatom
population at the beginning of the sampling period. The
non-aggregating Leptocylindrus danicus (Cataletto et al., 1996)
that dominate diatom population at the end were not
visible in the sediment traps where the aggregates still
formed 70% of the particles collected. Instead the large
non-aggregating Proboscia alata and the small aggregating
S. marinoii were majoritary in the sediment traps confirming
that size may be also an important factor, together with
ballast and aggregation capacity for an efficient carbon
export.
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FIGURE 8 | Flux of material into the sediment traps and its elemental composition averaged for each mesocosm treatment. (A) POC, (B) PON, (C) bSiO2, (D) the

C/N of the sinking flux, and (E) the Si/C of the sinking flux.

The Importance of Zooplankton

Abundance to POC Flux
The global role of zooplankton for POC export is difficult
to quantify since zooplankton indirectly influence export by
changing the structure of the phytoplankton community, from
small to larger species as seen in the previous paragraph and in
other study (Quéguiner, 2013). Moreover, zooplankton activity
may both (1) increase POC fluxes by converting slow-sinking
single cells into fast-sinking fecal pellets and (2) reduce the flux by
fragmenting large aggregates into small particle with slow sinking
velocities and high degradation in the surface ocean (Iversen
and Poulsen, 2007; Giering et al., 2014; Sanders et al., 2014).
In our mesocosm study, higher copepod concentrations resulted
in higher standing stock of phytoplankton (Figure 4) and in
higher phytoplankton diversity (Table 1). The flagellate diversity
appeared to be mainly driven by the copepod presence. Diatom
diversity was more influenced by the silicic acid addition but the
dominant species change depending on the copepod abundances
(Table 1). Higher phosphate and nitrate uptake in the +Cops
treatments compared to the −Cops treatments (Figure 4),

suggest that the phytoplankton community benefitted from the
presence of mesozooplankton. Such a counter-intuitive influence
of meso-zooplankton addition on phytoplankton growth has
already been observed in other studies (Sommer et al., 2001,
2004, 2005). The silicate uptake also increased with copepods
addition (Figure 4). This could be explained by the change

of diatoms community toward more silicified species (Assmy

et al., 2013; Quéguiner, 2013), or by the increase of diatom

silicification in the presence of grazers (Pondaven et al., 2007).
Grazers feeding activity may also increase the remineralization of

the dead diatom frustules (Schultes et al., 2010). Such an effect

would benefit diatom growth but couldn’t be seen in our study
because we only measured the net uptake. Moreover, the trophic
connections are much more complex than only copepods and
prey. Additionally, trophic cascades can explain the increased
phytoplankton biomass in the +Cops mesocosms (Gismervik
et al., 2002; Sommer et al., 2004; Stibor et al., 2004). Copepods
may partially feed on microzooplankton. The grazing pressure
of micro-zooplankton on phytoplankton would then be reduced
as observed in previous mesocosm experiments (Gismervik
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FIGURE 9 | POC fluxes versus Si/C ratios in the standing stocks in the upper

4.5m.

FIGURE 10 | Export efficiency: proportion of the POC produced in the surface

layer, collected in the sediment traps versus time for the four treatments +Si

−Cops, +Si +Cops, −Si −Cops and −Si −Cops.

et al., 2002; Stibor et al., 2004). In this case, an increase of the
copepods abundance mean a decrease of the grazing pressure on
phytoplankton, and an increase of the phytoplankton net growth.

In terms of export fluxes, we observed that elevated copepod
concentrations decreased the POC flux in the +Si while the
opposite was observed for−Si treatments (Figure 8). The highest
difference can be seen for +Si at Day 6 where copepods strongly
impact the flux composition decreasing aggregate contribution
to the flux (from 92 to 68% for −Cops and +Cops, respectively,
Figure 7). This could have resulted from two mechanisms, a

mechanic breakage of the aggregates (Alldredge et al., 1990;
Dilling and Alldredge, 2000) or by changing diatom community
because diatoms are not equal in terms of aggregation capacity
(Cataletto et al., 1996). However until Day 6 the aggregating
species Skeletonema marinoii dominate the two treatments
suggesting at this time that physical breakage of aggregates
by zooplankton feeding and swimming activities must have
prevailed. But copepods activities also influenced the diatom
community: in the +Si +Cops, the biovolume of the diatom
population increased toward the end (Figure 6) with larger
species progressively dominating the diatom community (from
S. marinoii to L. danicus).We also observed an impact of copepod
activity on the species composition of the sinking material.
Similarly to observations done in the Kerguelen area, preferential
feeding by copepods resulted in an increased proportion of
heavily silicified diatoms in the sinking flux (Quéguiner, 2013)
even when they are not so well represented in the surface water
populations. Diatom composition of the export fluxes in +Si
−Cops reflected that of the suspended diatom community, but
most of the material recovered in the +Si +Cops traps were
constituted by the large and heavily silicified Proboscia alata and
aggregates of S. marinoii.

Reversely in the −Si mesocosms, higher copepod
concentrations were associated with increased POC fluxes,
with a stronger contribution of aggregates at Day 11 and of intact
fecal pellets toward the end of the mesocosm study (Figure 7).
While the intensity of the POC fluxes generally follow the
aggregate contribution to the flux, the slight decrease of the
flux intensity at the end in the −Si +Cops mesocosm traps
confirm that fecal pellets production can compensate for the
disaggregation process in a non-diatom situation.

Overall, our data suggests that zooplankton decreased the
efficiency of the system to export POC in diatom dominated
ecosystem (Figure 10). For dinoflagellates dominated systems,
the net export is increasing due to the positive effect of
copepod activity on phytoplankton growth. However, except at
Day 6, the efficiency of the system in terms of how much of
POC production was exported was not affected by copepod
abundance (Figure 10). Instead of copepods simply ingesting
and repackaging phytoplankton into fecal pellets in proportions
similar to the community composition in the mixed layer,
copepods actively shape the phytoplankton community structure
in the surface layer and in the export fluxes by selective
grazing which determines which phytoplankton species are being
retained in the upper ocean, and which ones are being exported.

CONCLUSIONS

In our large scale experimental non-bloom conditions, POC
fluxes were positively correlated to Si/C in all mesocosms,
highlighting the global importance of diatoms for POC
export. The addition of dSi increased POC fluxes, confirming
the results by Wassmann et al. (1996). Lightly silicified
diatoms, which dominated water column in most mesocosms
during our study, drive the export through aggregation when
copepods concentration is decreased. With elevated copepod
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concentrations, net phytoplankton growth globally increased,
probably due to trophic cascade effect. Grazing pressure also
structure the phytoplankton community, with a shift from small
to medium or large diatoms in the water column and in
the export fluxes. Simultaneously aggregates are mechanically
broken by copepod activity which is not compensated by the
increase density of the diatoms escaping the grazing. These
two opposite effects in diatom dominated ecosystem resulted
in a net decrease of the export efficiency. Reversely by favoring
phytoplankton growth and formation of fast sinking fecal pellets,
copepods increase the net export by non-diatom species, but do
not clearly change the export efficiency.
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Competition is a central part of the evolutionary process, and silicification is no exception:

between biomineralized and non-biomineralized organisms, between siliceous and

non-siliceous biomineralizing organisms, and between different silicifying groups. Here

we discuss evolutionary competition at various scales, and how this has affected

biogeochemical cycles of silicon, carbon, and other nutrients. Across geological

time we examine how fossils, sediments, and isotopic geochemistry can provide

evidence for the emergence and expansion of silica biomineralization in the ocean,

and competition between silicifying organisms for silicic acid. Metagenomic data from

marine environments can be used to illustrate evolutionary competition between groups

of silicifying and non-silicifying marine organisms. Modern ecosystems also provide

examples of arms races between silicifiers as predators and prey, and how silicification

can be used to provide a competitive advantage for obtaining resources. Through

studying the molecular biology of silicifying and non-silicifying species we can relate how

they have responded to the competitive interactions that are observed, and how solutions

have evolved through convergent evolutionary dynamics.

Keywords: diatoms, silicifiers, radiolarians, silicic acid transporters, silicification

INTRODUCTION

Biomineralization refers to the precipitation of minerals by living organisms (Simkiss and
Wilbur, 1989). It may occur as a by-product of the normal metabolism of the organism under
indirect genetic control—related to the cellular processes that create the conditions for incidental
biomineral formation—and with no pre-concentration of specific mineral ions. Alternatively,
the composition of the biominerals formed can be entirely dependent on the environmental
conditions, for example, the formation of iron oxide by brown algae (Lee and Kugrens, 1989).
By contrast, biologically controlled biomineralization requires direct genetic control, generates
characteristically patterned structures, and involves selective uptake and pre-concentration of
mineral ions.
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In nature, we observe a wide array of biominerals (see
Figure 1), ranging from iron oxide to strontium sulfate (Raven
and Knoll, 2010), with calcareous biominerals being particularly
notable (Knoll, 2003; Knoll and Kotrc, 2015). However, the most
taxonomically widespread biomineral is silica (SiO2·nH2O),
being present in all eukaryotic supergroups (Marron et al.,
2016b). Notwithstanding, the degree of silicification can vary
even between closely related taxa, from being found in composite
structures with other biominerals (e.g., limpet teeth; Sone
et al., 2007), to forming minor structures (e.g., ciliate granules;
Foissner et al., 2009) or being a major structural constituent
of the organism (Preisig, 1994). The most extreme degree
of silicification is evident in the diatoms, where almost all
species have an obligate requirement for silicon to complete
cell wall formation and cell division (Darley and Volcani, 1969;
Martin-Jézéquel et al., 2000). Biogeochemically and ecologically,
diatoms are believed to be the most important silicifiers in
modern marine ecosystems, with radiolarians (polycystine and
phaeodarian rhizarians), silicoflagellates (dictyochophyte and
chrysophyte stramenopiles), and sponges with prominent roles
as well. In contrast, the major silicifiers in terrestrial ecosystems
are the land plants (embryophytes), with other silicifying groups
(e.g., testate amoebae) having a minor role.

Broadly, biomineralized structures are believed to have
evolved and diversified where the energetic cost of biomineral
production is less than the expense of producing an equivalent
organic structure (Mann, 2001; Raven and Waite, 2004; Finkel
and Kotrc, 2010). Raven (1983) calculated that the energetic
costs of silicic acid uptake and silica structure formation is
substantially more efficient than forming the same volume
of an organic structure (∼20x more for lignin and 10x for
polysaccharides like cellulose). Based on the structural model of
biogenic silica of Hecky et al. (1973), Lobel et al. (1996) identified
by biochemical modeling a low-energy reaction pathway for
nucleation and growth of silica. The combination of organic and
inorganic components within biomineralized structures often
results in enhanced properties compared to exclusively organic or
inorganic materials.With respect to biogenic silica, this can result
in the production of much stronger structures, such as siliceous
diatom frustules having the highest strength per unit density of
any known biological material (Hamm et al., 2003; Aitken et al.,
2016), or sponge spicules being many times more flexible than
an equivalent structure made of pure silica (Ehrlich et al., 2008;
Shimizu et al., 2015). As a result, biogenic silica structures are
utilized for support (Weaver et al., 2007), feeding (Nesbit and
Roer, 2016), predation defense (Pondaven et al., 2007; Friedrichs
et al., 2013; Hartley et al., 2016) and environmental protection as
a component of cyst walls (Preisig, 1994). Biogenic silica also has
useful optical properties for light transmission and modulation
in organisms as diverse as plants (Schaller et al., 2013), diatoms
(Fuhrmann et al., 2004; Yamanaka et al., 2008; Romann et al.,
2015), sponges (Sundar et al., 2003), and molluscs (Dougherty
et al., 2014). There is also evidence that silicification is used as
a detoxification response in snails (Desouky et al., 2002) and
plants (Neumann and zur Nieden, 2001), sequestering harmful
substances such as aluminum and zinc within the biogenic silica
to ensure the correct functioning of cellular metabolism. Diatom

biosilica has even been suggested to play a role as a pH buffer
for the enzymatic activity of carbonic anhydrase, aiding the
acquisition of inorganic carbon for photosynthesis (Milligan and
Morel, 2002).

The myriad of functions and benefits of biomineralization
raises an important question: why do some organisms
biomineralize while others do not? Furthermore, why is
there such a diversity of biominerals besides silicon, when
silicon is so abundant, comprising 28% of the Earth’s crust?
The answer to these questions lies in the evolutionary interplay
between biomineralization and geochemistry, and in the
competitive interactions that have arisen from these dynamics.
Fundamentally whether an organism produces silica or not
involves evolutionary trade-offs and competition between
silicifiers themselves, and with non-silicifying organisms (both
those which utilize other biominerals, and non-mineralizing
groups). Mathematical models and controlled experiments of
resource competition in phytoplankton have demonstrated
the rise to dominance of different algal species based on
nutrient backgrounds in defined media. These have been part of
fundamental studies in ecology (Tilman, 1977; Sommer, 1994).
However, the vast diversity of organisms that thrive in a complex
array of biotic and abiotic interactions in oceanic ecosystems
are a challenge to such minimal models and experimental
designs, whose parameterization and possible combinations,
respectively, limit the interpretations that can be built on them.
Here we broadly extend our attention into other types of data
from which competition can be inferred: the geological record,
the distribution of species in modern marine ecosystems, and
phenomena at the cellular and molecular levels (summarized in
Table 1).

EVOLUTIONARY COMPETITION ACROSS

GEOLOGICAL TIME

Competition between organisms is usually driven by a limited
supply of a commonly used resource. For organisms that are
biomineralizers of silica, orthosilicic acid—which we will refer to
as silicic acid throughout, to distinguish from cellular silicon—
is one such important limiting resource (Tilman et al., 1982).
Silicic acid is released by the dissolution of biogenic silica and
silicateminerals by biological and chemical weathering processes,
and by hydrothermal activity, up to a solubility limit of 1.2–
2.2mM in water depending on the ambient physicochemical
properties (Gunnarsson and Arnórsson, 2000). The drawdown
of oceanic silicic acid through geological time has been attributed
to biological utilization (Siever, 1991) and may have resulted in
skeletal changes in marine silicifiers (Maldonado et al., 1999;
Racki and Cordey, 2000; Lazarus et al., 2009; Finkel and Kotrc,
2010; Finkel et al., 2010; van Tol et al., 2012). To what extent
these changes are a result of competition between silicifiers is still
matter of debate.

The evolution of organisms that transport silicon into their
cells has a long history (Marron et al., 2016b), likely going
back to the evolution of cyanobacteria in the Archean (Dvorák
et al., 2014). As silicic acid is a small molecule, and is mostly
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FIGURE 1 | The diversity of biomineralization across the eukaryotes. The phylogeny is based on that of Adl et al. (2012) with major eukaryotic supergroups named in

boxes. Letters next to taxon names denote the presence of biomineralization, with circled letters indicating prominent and widespread use of that biomineral. S, silica;

C, calcium carbonate; P, calcium phosphate; I, iron (magnetite/goethite); X, calcium oxalate; SO4, sulfates (calcium/barium/strontium), ? denotes uncertainty in report.

Based on Ensikat et al. (2016), Gal et al. (2012), Knoll (2003), Knoll and Kotrc (2015), Marron et al. (2016b), Raven and Knoll (2010), Weich et al. (1989), and

references therein.

present in an undissociated form (Si(OH)4) under seawater pH
conditions (Del Amo and Brzezinski, 1999), it is possible for
silicic acid to diffuse across the cell membrane (Raven, 1983;
Thamatrakoln and Hildebrand, 2008). In the high silicic acid
Precambrian ocean, diffusion from the surrounding Si-saturated
seawater could result in silica precipitating freely within the
cytoplasm, interfering with cellular processes and disabling the
functioning of the cell. Consequently, silicon transporters are
proposed to have arisen initially to prevent intracellular toxicity
by removing it from the cytoplasm (Marron et al., 2016b).
Recently, cyanobacteria microfossils that contain nanocrystals of
greenalite with the approximate composition of Si2O5(OH)4Fe

2+

(Lepot et al., 2017) have been found in the 1.88 Ga Gunflint
Iron Formation, suggesting Fe biomineralization, whichmay also
have protected oxygenic photosynthesisers against Fe2+ toxicity
during the Paleoproterozoic.

It is inferred from the proliferation of biomineralized fossils
in the geological record at the end of the Proterozoic and into the
early Paleozoic that the ocean witnessed large reductions in silicic
acid (Conley et al., 2017). The appearance of biomineralization
(Kouchinsky et al., 2011; Knoll and Kotrc, 2015) likely led to
evolutionary “arms races” with organisms using biomineralized
structures to reduce predation rates, resulting in competition for
an important shared resource (Smith and Szathmáry, 1995). This
arms race produced a proliferation of non-silicic acid users and
some highly efficient silicic acid users, the latter outcompeting
inefficient users leading to their extinction.

There is widespread evidence in the geological record for
such a decline in silicic acid and coincidental macroevolutionary
changes in silicifying groups. For example, changes in chert

precipitation occurred due to the increased abundance of
radiolarians in the lower to early Middle Ordovician, which may
have reduced the abundance of sponges overall and forced the
relocation of remaining sponge species from shallow to deep-
water environments as surface waters became depleted in silicic
acid (Kidder and Tomescu, 2016). In addition to the geological
record, the timing of independent losses of silicon transporters
(Marron et al., 2016b) further support the hypothesis that
significant declines in silicic acid concentrations during the
Paleozoic (Conley et al., 2017) led to evolutionary changes in
the biochemical pathways of silicification and efficiency of silicon
uptake.

However, it was the evolution of diatoms with their superior
ability to utilize Si, due to their unique complement of Silicon
Transporter (SIT) genes (Hildebrand et al., 1997, 1998), that
led to the reduction of oceanic silicic acid concentrations to
the low levels observed in the global ocean today (Tréguer and
De La Rocha, 2013). Diatoms, with their obligate requirement
for Si to complete their cell cycle, are strong competitors for
silicic acid. This, combined with diatom features not related to
Si (e.g., nutrient acquisition and storage, light harvesting, bloom
formation), must have produced new competitive interactions
that were previously unseen in the Paleozoic oceans (Knoll and
Follows, 2016). Recent studies have robustly demonstrated the
presence of very low oceanic silicic acid concentrations since at
least 60Ma, most likely as a result of the drawdown of silicic acid
by diatom biomineralization (Fontorbe et al., 2016, 2017), which
is tens of millions of years before the time period envisioned by
Siever (1991) and others. Conley et al. (2017) have hypothesized
that if such a global decrease in oceanic silicic acid concentrations
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TABLE 1 | Examples of competitive interactions involving the use of silica, as seen from geology, ecology, and cellular/molecular biology.

Level Competitors Description Reference

Geological times Radiolarians and sponges Reduction of abundance and relocation of

sponges in the early Middle Ordovican

Kidder and Tomescu, 2016

Rise of diatoms: Diatoms

and other silicifiers

Reduction of oceanic silicic acid in the

Cenozoic (or even Mesozoic) era

Sims et al., 2006; Fontorbe et al., 2016, 2017

Diatoms and sponges Post-Mesozoic decline of certain sponge

spicule morphologies

Maldonado et al., 1999

Diatoms and radiolarians;

Diatoms and silicoflagellates

Silicificaton and shell-thickness/spine

morphology, decline of radiolarians in the low

latitudes throughout the Cenozoic (reason still

debated)

Lazarus et al., 2009; van Tol et al., 2012; Cermeño et al., 2015

Ecology in modern

oceans

Diatoms and polycystines Main users of silica de Vargas et al., 2015

Within silicifiers Resistance against predators Lebour, 1922; Marshall and Orr, 1955; Campbell et al., 2009;

van Tol et al., 2012

Silicifiers and others Segregative pattern Lima-Mendez et al., 2015

Cellular and

molecular biology

Diatoms Different morphologies that affect sinking,

predation, light capture, viral resistance and

nutrient uptake

Hamm et al., 2003; Fuhrmann et al., 2004; Raven and Waite,

2004; Losic et al., 2006; Sims et al., 2006; Pondaven et al.,

2007; Yamanaka et al., 2008; Finkel and Kotrc, 2010; Nakov

et al., 2014; Romann et al., 2015

Diatoms and other silicifiers Independent inventions of SITs in other

silicifiers; SIT diversification in diatoms

Thamatrakoln et al., 2006; Durkin et al., 2016; Marron et al.,

2016b

Secondary loss of biosilicification in other

silicifiers

Maldonado, 2009; Kozhemyako et al., 2010; Lahr et al., 2013,

2015; Zlatogursky, 2016

Facultative biosilicification Sandgren et al., 1996; Kessenich et al., 2014; Yamada et al.,

2014; Leadbeater, 2015; Morueta-Holme et al., 2016

occurred, it must predate the Cenozoic and perhaps began with
the appearance of silicifying diatoms in the Mesozoic (Sims et al.,
2006).

Both the geological record and molecular phylogenetics
concur that, whilst the majority of the main morphological
groups of diatoms had arisen by the end of the Cretaceous (Kotrc
and Knoll, 2015), there was a rapid expansion and diversification
of diatoms in the Cenozoic (Siever, 1991; Figure 2). The
most recent compilations have shown two short-lived major
abundance peaks near the Eocene–Oligocene boundary and in
the late Oligocene, with a shift in diatom abundance in sediments
during the middle Miocene to globally higher values which
have largely persisted to the modern day (Lazarus et al., 2014;
Renaudie, 2016). There remains a lively debate in the scientific
literature surrounding the drivers of the diatom expansion,
mostly relating to shifts in the supply of silicic acid to the ocean
due to changes in climate and weathering regimes. A correlation
between a recent diatom diversity compilation and paleoclimate
archives (oxygen and carbon isotopes from carbonates) indicates
that there could be a direct link between temperature and
diatom evolution throughout the Neogene (Lazarus et al., 2014).
Climatically induced changes in oceanic circulation and mixing
due to the opening of marine gateways may have altered nutrient
availability in the euphotic zone and driven macroevolutionary
shifts in the size of marine pelagic diatoms through the Cenozoic
(Finkel et al., 2005). For example, geochemical archives point
toward an increase in silicic acid supply to the surface Southern
Ocean at the Eocene-Oligocene boundary, likely due to the

opening of the Drake Passage and Tasman Seaway and the
formation of a “proto circum-Antarctic current,” and coinciding
with the large peak in diatom diversification (Egan et al., 2013).
The rapid rise of diatoms in the Cenozoic has also been attributed
to the impact of orogeny on weathering (Misra and Froelich,
2012) with periods of enhanced continental weathering fluxes
and increased silicic acid input to the oceans (Cermeño et al.,
2015). Correlation between diatom abundance peaks and shifts in
seawater strontium and osmium isotopic composition also hint
at a strong control by silicate weathering on diatom deposition
(Finkel et al., 2005). However, it is a major challenge to tease apart
the impacts of oceanic circulation and weathering on diatom
diversification and abundance due to the inherent coincidence
in timing of the major orogenic episodes and shifts in oceanic
circulation throughout the Cenozoic (Benoiston et al., 2017).

The expansion of diatoms, with their strong affinity for silicic
acid, is likely to have led to competition with other silificiers,
especially in intermediate and shallow depths where silicic acid
is present only in low—and potentially limiting—concentrations.
Here the fossil record provides an archive for examining possible
signs of competition in the geological past. The post-Mesozoic
decline of certain sponge spicule morphologies, indicative of high
silicic acid conditions in specimens from shallower waters, has
been interpreted as showing competitive exclusion of sponges
by diatoms (Maldonado et al., 1999). However, the exact
timing of the decline in these spicules from shallower waters
relative to diatom-driven changes in silicic acid is not well-
constrained. If oceanic silicic acid declined earlier than the

Frontiers in Marine Science | www.frontiersin.org February 2018 | Volume 5 | Article 2299

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Hendry et al. Competition between Silicifiers and Non-silicifiers in the Ocean

FIGURE 2 | Cenozoic records of silicifying organisms and environmental drivers. (A) An approximate range of silicic acid fluxes relative to modern fluxes,

encompassing global flux estimates modeled using the Cenozoic lithium isotope record of Misra and Froelich (2012) and Southern Ocean fluxes modeled using marine

clay mineralogy. Note that a number of key assumptions are made to model these fluxes: the fluxes were modeled assuming a change in the ratio of suspended clays

to silicic acid through time in order to account for a potential increase in incongruent silicate weathering, and a two-fold increase in silicic acid content of rivers over the

last 50 My. (B) Diatom diversity curves calculated using the unweighted lists subsampling method of Cermeño et al. (2015) (lime green line) and the consensus

diversity curve of Lazarus et al. (2014) (dark green line line). (C) Calculated silicification of radiolarians through the Cenozoic, from Lazarus et al. (2009).

Cretaceous-Paleogene boundary (Conley et al., 2017), then the
exclusion of sponges from shallower waters either occurred due
to competition at an earlier stage, or was driven by an alternative
factor.

Changes in the size of radiolarians in the fossil record also
provide evidence of macroevolution likely driven by competition.
The silicification and shell-thickness of radiolarians in the low
latitudes decline throughout the Cenozoic, whilst the higher
latitude specimens remain invariant (Lazarus et al., 2009).
This latitudinal pattern of change suggests that radiolarians
increasingly struggled to obtain sufficient silicic acid in the lower
latitude, oligotrophic waters, which were increasingly depleted
of silicic acid due to a combination of diatom drawdown and
shifts in oceanic circulation. However, despite the coincidence
in timing, the decline in low-latitude radiolarian size does not
necessarily point to competition as a driver of macroevolution.
Mathematical models of competition between radiolarians and
diatoms have been used to investigate this problem further. These
experiments show that the reduction in radiolarian shell size is
not sufficient to explain diatom diversification changes, which
were more likely driven by an increase in resources and were
linked inherently to their geographical distribution (Cermeño
et al., 2015; Figure 2). However, these models are limited by
the availability of reliable data on silicic acid inputs and fossil
abundance records.

A combination of competitive interactions for silicic acid
with other silicifiers and the effect of predator-prey arms

races may govern macroevolutionary trends in silicoflagellate
morphology (van Tol et al., 2012). Across the Cenozoic,
silicoflagellate skeletons show two diverging trends: spineless
species become smaller, whereas spiny species display decreased
levels of silicification but increased numbers and length of
spines. It has been interpreted that grazing pressure necessitated
a siliceous skeleton for protection, as other phytoplankton
(e.g., coccolithophores) also possessed biomineralized defenses.
However, competition from diatoms reduced silicic acid
availability and therefore increased the cost of producing such a
skeleton. In response silicoflagellates may have evolved either to
maintain the degree of silicification but became smaller overall,
or to utilize spines as a method of retaining a large size and
defensive structure but at a lower silicon requirement. These
evolutionary trade-offs saw the extinction of large, spineless
silicoflagellates as ecosystems changed through geological time to
feature both high grazing pressure and low silicon availability.

One additional route for examining competition as a driver of
silicifier macroevolution is the timing and extent of biochemical
changes in silicon uptake pathways. The evolution of biochemical
pathways for silicification have been investigated by resolving
the different gene families that express, for example, silicon
transporters in different silicifiers (Marron et al., 2016b). The
affinity for silicic acid and the uptake efficiency of the different
transporter families could then be assessed to determine the
potential for competitive interaction between different silicifying
groups, between and within major taxonomic groupings. Isotope

Frontiers in Marine Science | www.frontiersin.org February 2018 | Volume 5 | Article 22100

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Hendry et al. Competition between Silicifiers and Non-silicifiers in the Ocean

geochemistry could also be used as an additional tool for
investigating this problem. Silicon transport into and within the
cell is likely the basis for the fractionation of stable Si isotopes.
All silicifiers investigated to date fractionate Si isotopes relative
to the seawater in which they grow, but sponges have a more
variable and potentially greater isotopic fractionation than either
diatoms or radiolarians (de la Rocha et al., 1997; Hendry and
Robinson, 2012; Hendry et al., 2014; Abelmann et al., 2015). Such
isotopic fractionationmay be related to the biochemical pathways
involved in Si metabolism, and may reflect the organism’s affinity
for silicic acid and efficiency of uptake and utilization. As such,
Si isotopes may be a useful tool for examining the evolution of
silicification.

EVOLUTIONARY COMPETITION IN

MODERN ECOSYSTEMS

There are numerous examples of silicified structures being used
by organisms to gain a competitive advantage in contemporary
ecosystems. The siliceous lorica of choanoflagellates show a range
of morphologies (Leadbeater et al., 2009), differing in size and
density of siliceous components. This has been connected to
niche partitioning, from large open structures that are required
to maintain a planktonic lifestyle through the water column, to
densely packed lorica of biofilm-inhabiting species (Leadbeater,
2015). The diatom Phaeodactylum tricornutum also displays
evidence for optimizing its degree of silicification for deeper and
colder waters (Zhao et al., 2014). Some wetland plants, notably
rice, employ silica as a supplement to cellulose or lignin for
structural strengthening, which allows taller growth and aids in
competition for light (Cooke and Leishman, 2011).

The optical properties of silica can also be employed to
aid in the absorption of light by photosynthetic organisms.
Diatom frustules have been proposed to modulate solar
wavelengths and direction for optimum absorption of light for
photosynthesis (Yamanaka et al., 2008; Romann et al., 2015),
while amorphous silica (in combination with microsporine-
like amino acids) can help protect against harmful ultraviolet
radiation (Ingalls et al., 2010). These adaptations can establish
competitive interactions with other photosynthetic organisms
that use different biominerals (e.g., calcium carbonate in
coccolithophores Taylor et al., 2017, calcium oxalate in plants
He et al., 2014), or organic components (e.g., flavonoids, Schaller
et al., 2013) for similar photoprotective purposes.

Analysis of the distribution of silicifiers in the contemporary
ocean at large spatial scale can bring additional insights about
the evolution of competition between different groups. During
the course of the Tara Oceans expedition (Karsenti et al.,
2011; Bork et al., 2015), a worldwide characterization of pelagic
plankton ecosystems was performed using DNA metabarcoding
and microscopy correlated with key environmental parameters
in a way that would, beyond acquisition of data, create a well-
structured dataset to address broad ecological and evolutionary
questions. Using a non-destructive in situ imaging system to
visualize organisms directly in the water column (Underwater
Vision Profiler, UVP), Biard et al. (2016) focused on the

abundance of giant Rhizaria in a variety of pelagic ecosystems
in the upper 500 meters of the water column. Rhizaria is
a supergroup of unicellular eukaryotes composed of three
subphyla: Radiolaria, Cercozoa, and Foraminifera, some of
which are silicified (Moreira et al., 2007; Figure 1). Radiolaria
are divided into two major lineages: the siliceous skeleton
producing Polycystinea (including the two orders Nassellaria and
Spumellaria) and non-silicified Spasmaria (including Acantharia
and Taxopodida; Krabberød et al., 2011). Phaeodaria, an
asymbiotic rhizarian taxon with widespread biosilicification and
extensively silicified lineages, was initially classified in Radiolaria
and is now placed among the Cercozoa as revealed by molecular
phylogeny (Polet et al., 2004). Phaeodaria was themost important
contributor to rhizarian biomass at all latitudes in the 100–500m
depth layer, displaying an even distribution worldwide. On the
contrary, photosymbiotic non-silicified Collodaria dominated
the top 100m of the water column at low latitudes, showing that
these orders of Rhizaria display different ecological preferences
and vertical stratification.

Additionally, the use of the 18S ribosomal DNA molecular
marker to chart microbial diversity by metabarcoding (Taberlet
et al., 2012) enabled a high-resolution taxonomic description of
planktonic communities across several depths and various size
fractions with reasonable accuracy (de Vargas et al., 2015), and
was found to be a good proxy for cell number, at least within
the diatoms (Malviya et al., 2016). Analysis of the Tara Oceans
metabarcoding data revealed that diatom diversity was high in
the open ocean, contrary to what was generally considered, and
also confirmed diatom prevalence in regions of high productivity
and at high latitudes. Ocean circulation choke points such as
Cape Agulhas and the Drake Passage were found to be important
in constraining diatom distribution and diversity (Malviya et al.,
2016).

Beyond individual studies of major silicifying groups,
comparative analysis can be performed using the Tara Oceans
data set (de Vargas et al., 2015). Functional annotation of the
silicifying organisms (based on Marron et al., 2016b), followed
by mapping of their distribution across the global ocean,
reveals major patterns (Figure 3). The silicifier community
is largely size-delineated: the smallest size fraction (0.8–5
micron) contains a large diversity of silicifying organisms in
nearly constant proportions. Dictyochophyceae, Polycystinea,
and Chrysophyceae are the major taxonomic groups present
in this size fraction, together with Bacillariophyta (diatoms) at
some locations. Although less abundant, the constant presence
of Centrohelida and Choanoflagellates suggests that ecological
niche enables the coexistence of several taxonomic groups.

A larger size fraction of micro-plankton (20–180 microns)
displays a very different trend. Diversity within the silicifier
community drops, and is composed essentially of only
Bacillariophyta and Polycystinea, so much so that both
taxonomic groups represent over 99% percent of the micro-
planktonic silicifier community across the vast majority of the
global ocean. Diatoms and polycystines occur in highly variable
proportions, where diatoms dominate the cold high-latitude
regions. Co-existence between both groups is rare, whereby
the presence of one of the organisms appears to exclude the

Frontiers in Marine Science | www.frontiersin.org February 2018 | Volume 5 | Article 22101

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Hendry et al. Competition between Silicifiers and Non-silicifiers in the Ocean

FIGURE 3 | Distribution of silicifiers in the sunlit ocean based on metabarcoding abundance data from the Tara Oceans expedition. (Top) Silicifiers in surface waters of

the 20–180 micron size fraction—divide radius by 20 for log transformed relative abundance. (Middle) Silicifiers in surface waters of the 0.8–5 micron size

fraction—divide radius by 30 for log transformed relative abundance. The size of the bubble corresponds to the importance of silicifiers with respect to the whole

planktonic community. (Bottom) Composition of the silicifiers’ community in surface waters at each sampling station and in situ silicic acid concentrations (in µM)

obtained either from discrete Tara Oceans samples or from the World Ocean Atlas (woa13). Ocean provinces are indicated.
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other, which may also reflect special adaptations to nutritional
environments as opposed as eutrophic, oligotrophic, or HNLC
areas.

Diatom expansion 65Ma ago has been attributed to their
superior competitive ability for silicic acid uptake relative to
radiolarians, the latter experiencing a reduction in weight of
their tests (Harper and Knoll, 1975). It is therefore expected
that at high silicic acid concentrations, Radiolaria, with their
inferior silicic acid uptake ability should have a better chance to
thrive alongside diatoms. Yet, in the modern ocean, regions with
high silicic acid concentrations (Southern Ocean, Tara stations
TARA_084 to TARA_089) are still strongly dominated by large
populations of diatoms (Platt et al., 2009) in which they can
represent over three quarters of the whole planktonic community
(Figure 3), according to the metabarcoding survey. This hints
to the possibility that biotic or abiotic factors other than silicic
uptake are responsible for diatom dominance.

The relative abundance of the silica biomineralizing groups
with respect to other micro-plankton in the Tara Oceans data
(Figure 4) is largely dependent on nutrient availability (silicic
acid, nitrate, phosphate), in particular in the Southern Ocean, the
Indian Ocean and around the Marquesas Islands in the Pacific
Ocean. However, silicic acid concentrations do not appear to be
concomitant in specific stations in the Mediterranean Sea or in
the North Atlantic Ocean where nutrient concentrations are low
and yet silicifiers are highly abundant, perhaps reflecting a time
lag between silicic acid availability and diatom uptake and bloom.
Moreover, focused studies in the Mediterranean ecosystems do
not report diatom dominance, with the exception of the spring
bloom in the North West Mediterranean and Adriatic Sea. Most
of the Mediterranean Sea is oligotrophic with diatoms restricted
to more or less discrete deep layers at the boundary with the
Levantine Intermediate Water (the saltiest water mass that forms
in the eastern Mediterranean Sea), suggesting a strong bottom-
up control by nutrients, including silicic acid (Leblanc et al., 2003;
Crombet et al., 2011). Additionally, theNorth Atlantic planktonic
community changes in the course of the productive season, and

silicic acid can also limit diatom uptake and growth (Leblanc
et al., 2005).

Because some diatoms thrive in modestly nutrient-rich
regions, other factors must therefore explain their success
(Green et al., 2008). The continual reshaping of communities by
mortality, allelopathy, symbiosis, and other processes show that
community interactions exert strong selective pressure onmarine
microbes (Strom, 2008). This reflects the “Eltonian shortfall,”
introduced by Hortal et al. (2015) in a review on current major
flaws in biodiversity research and refers to our lack of knowledge
about “biotic interactions.” It is likely that studying these top
down pressures on biomineralizing organisms will complement
our understanding of their evolution.

A prominent role of biomineralization in modern ecosystems
is in defensive and feeding interactions between predators
(feeding structures such as teeth) and prey (defensive structures
such as spines, shells and tests). In embryophytes, silicification
has a wide-ranging defensive role (He et al., 2014; Ensikat
et al., 2016; Hartley et al., 2016), from abrasive phytoliths to
complex structures such as trichomes, and even by inducing
anti-herbivore and anti-pathogen metabolic responses (Ye et al.,
2013). These defenses lead to multiple competitive interactions,
with differential effects on different types of insect feeding
(Massey et al., 2006), between insect and mammalian herbivores,
or between large and small mammalian herbivores (Hartley
et al., 2016). There are also complex competitive interactions
between plants regarding their silicified defenses, which depend
on various biotic (plant species, herbivore population cycles)
and abiotic factors (soil conditions, climate; Garbuzov et al.,
2011; Hartley et al., 2016). This can lead to herbivore-
plant specialization and alter plant community and ecosystem
structure.

Metazoan herbivores such as copepods (crustaceans)
presumably exercise strong pressure on diatoms, silicoflagellates,
and polycystines by feeding on them (Lebour, 1922; Marshall
and Orr, 1955; Campbell et al., 2009; van Tol et al., 2012). Several
feeding experiments have investigated the coevolution between

FIGURE 4 | Heatmap of the relative abundance between silicifiers and non-silicifiers and major environmental parameters across Tara Oceans stations. The relative

abundance of silicifiers outcompetes that of non-silicifiers in specific locations but not always concomitant with high nutrient availability. Colored rectangles on top of

the heatmap correspond to ocean provinces.
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copepods and diatoms. Some adaptations are mechanical:
copepods modify their feeding tools by increased silicification
of the mouthparts (Itoh, 1970; Miller et al., 1980, 1990; Michels
et al., 2012) in response to which diatoms adjust their protective
frustules, leading to an arms race that fuels evolutionary
processes (Hamm and Smetacek, 2007). Some diatoms that
dominate blooms experience less grazing mortality than do
co-occurring species (Assmy et al., 2007; Strom et al., 2007):
it was shown that in the presence of preconditioned media
that contained herbivores, diatoms develop grazing-resistant
morphologies such as increased cell wall silicification (Pondaven
et al., 2007; Ratti et al., 2013; Zhang et al., 2017). Silicification of
diatom genera also depends on their ecological niche, wherein
diatoms that thrive at depth under low light and in the nutrient
gradient display low growth rates, and thus must be silicified
to protect against grazing (Quéguiner, 2013). The silica cell
wall therefore provides not only a “constitutive mechanical
protection” for the cell but also a plastic trait that responds
to grazing pressure promoting the diversification of ecological
niches for a single taxonomic group. Differential biosilicification
within a specific group may also have major effects on global
nutrient recycling such as the decoupling of silicon and
carbon cycles through complex biotic interactions influencing
sedimentation pathways in the iron-limited Southern Ocean
(e.g., Assmy et al., 2013; Quéguiner, 2013).

Experimental evidence suggests that biotic interactions not
only shape the arms race between species, but also affect
species range (Bateman et al., 2012; Araujo and Rozenfeld,
2014), inducing non-random co-distribution of species at large
spatial scales of hundreds of kilometers for macro-organisms
(Gotelli et al., 2010), both at regional and continental scales.
Therefore, understanding the degree to which occurrences of
species are constrained by the distributions of other species at
broad scales of resolution and extent likely links back toward
ecological and evolutionary mechanisms shaping the success of
functional groups. This can be investigated through the use of
co-occurrence networks (Gravel et al., 2011). Empirical studies
have historically focused on competition (Gause, 1934; Hardin,
1960), revealing that in its extreme form competition leads
to co-exclusion of the interacting species (MacArthur, 1972).
As part of the recent Tara Oceans expedition, determinants
of community structure in global ocean plankton communities
were assessed using microbial association networks to create the
Tara Oceans Interactome (Lima-Mendez et al., 2015). Pairwise
links between species were computed based on how frequently
they were found to co-occur in similar samples (positive
correlations) or, on the contrary, if the presence of one organism
negatively correlated with the presence of another (negative
correlations). At a global scale (Figure 5), major taxonomic
groups have shown higher positive correlations than negative
ones, except diatoms and polycystines (Morueta-Holme et al.,
2016). Instead diatoms and polycystines showed an unusually
high proportion of negative correlations, which was statistically
significant within silicifiers as a whole. This defines diatoms
and polycystines as segregators. Conversely, plankton functional
traits approaches show that silicifiers display a segregative pattern
compared to other major interacting organisms in the plankton,

in particular toward meso- and proto-zooplankton as well as
parasites (Figure 5). It is therefore the interplay between abiotic
and biotic factors that shape the distribution of biomineralizing
organisms in the modern ocean, in which competition for silicic
acid coupled with differential grazing pressures seem to be
important drivers of the spatio-temporal structure of silicifier
communities across the ocean. The data in Figures 4, 5 indicate
that temperature is a particularly important abiotic factor.

CELLULAR AND MOLECULAR ASPECTS

OF EVOLUTIONARY COMPETITION

Evidence for evolutionary competition can also be found in
the molecular biology of biomineralization. The gain, loss
and convergence of the molecular mechanisms responsible
for nutrient uptake and biomineral patterning illustrates
how silicifying and non-silicifying organisms compete for
common resources and produce similar solutions to solve these
evolutionary problems.

Competition between diatom species has driven their
diversification into various ecological niches (Sims et al., 2006;
Nakov et al., 2014). This is mirrored in the diversification
of diatom morphologies, from the macrostructural level of
frustule shapes, spines and chains right down to the different
micro- and nanopatterns of the frustule (Gordon et al.,
2009; Finkel and Kotrc, 2010). Isolation of macromolecules
found in diatom frustules, and in vitro studies of their silica
polymerization activity, has led to the development of a model
whereby micropatterns are produced by interactions between
several components. Silica polymerizes on a structural scaffold
composed of glycoproteins and other organic macromolecules,
the ammonium fluoride insoluble matrix (Brunner et al., 2009;
Tesson and Hildebrand, 2013; Kotzsch et al., 2016). The
morphology and mesoscale patterning of the forming diatom
silica is also controlled by interactions with the cytoskeleton as
the silicon deposition vesicle (SDV) expands, and by components
of the membrane surrounding the SDV (the silicalemma;
Tesson and Hildebrand, 2010a,b; Tesson et al., 2017). The
polymerization rate in these in vitro experiments, and therefore
the nanoscale patterning (including formation of plates and
pores), has been shown to be influenced by proteins including
silaffins (Kröger et al., 2002), silacidins (Wenzl et al., 2008), and
long-chain polyamines (LCPAs; Kröger et al., 2000; Sumper and
Kröger, 2004). Some unique frustule structures are marked out
by them containing specific biosilica-related proteins, such as
cingulins that form the girdle bands linking the two valves of
the frustule (Scheffel et al., 2011). The number, size and shape
of girdle bands vary between diatom species, and this may be
connected to variations in cingulin repertoires. Furthermore, it
is not only the content and protein sequence of these molecules
that has been demonstrated through in vitro experiments to
control their silica polymerization and patterning activity, but
also their ratios and post-translational processing like cleavage,
glycosylation, phosphorylation, or the addition of quaternary
ammonium groups (Kröger et al., 2002; Poulsen and Kröger,
2004; Lopez et al., 2005; Sumper et al., 2007; Wenzl et al., 2008).
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FIGURE 5 | Silicifiers in the Tara Oceans global ocean co-occurrence network. (A) Proportion of positive and negative correlations for the major taxonomic groups.

Silicifiers are highlighted in red. (B) Plankton functional types (PFTs) subnetwork. PFTs encapsulate individual barcodes based on their trophic strategy and role in

global biogeochemical cycles. Edges width reflects the number of correlations between the corresponding metanodes. Over-represented links (multiple-test corrected

P < 0.05) are colored in green if they represent co-presences and in red if they represent exclusions; gray means non-overrepresented combinations. When both

co-presences and exclusions were significant, the edge is shown as co-presence. Silicifiers emcompass Bacillariophyta and Polycystina. Figure adapted from

Lima-Mendez et al. (2015) and reproduced with permission from AAAS.

Diatom morphology can control features such as sinking
rates (Smayda, 1970; Raven and Waite, 2004; Nakov et al.,
2014), predation (Hamm et al., 2003; Pondaven et al., 2007),
light perception (Fuhrmann et al., 2004; Yamanaka et al., 2008;
Romann et al., 2015), viral resistance (Losic et al., 2006), and
nutrient uptake (Finkel and Kotrc, 2010). Given that it has been

demonstrated that the content of the polymerization-influencing
components differs between species (Kröger et al., 2000; Sumper
and Lehmann, 2006; Bowler et al., 2008), it is conceivable that
evolutionary modifications of the silica patterning mechanisms
can help individuals to out-compete other diatoms in certain
ecological niches. This would eventually lead to the emergence

Frontiers in Marine Science | www.frontiersin.org February 2018 | Volume 5 | Article 22105

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Hendry et al. Competition between Silicifiers and Non-silicifiers in the Ocean

of new species with characteristic morphologies of the siliceous
frustule. In this way, the study of diatom silica formation
and patterning mechanisms, combined with a phylogenetic
framework, can reveal the evolutionary interactions between
competition and frustule silicification.

In addition to diatoms, many other siliceous groups feature
species-specific morphologies and micropatterning, with only
limited variation depending on environmental conditions.
Examples include loricate choanoflagellates (Leadbeater et al.,
2009), thaumatomonads (Scoble and Cavalier-Smith, 2014),
chrysophytes (van Tol et al., 2012), and ascidians (Monniot
et al., 1992). Repeatedly we can observe the evolution of similar
morphologies in distantly related taxa, such as micropores
in the siliceous components of choanoflagellates (Leadbeater,
2015), chrysophytes (Sandgren et al., 1996), diatoms (Finkel and
Kotrc, 2010), and haptophytes (Yoshida et al., 2006); spines and
spicules in radiolarians (Kunitomo et al., 2006), dictyochophytes
(Preisig, 1994), centrohelids (Zlatogursky, 2016), and sponges
(Weaver et al., 2007); or tablets and scales in haptophytes
(Yoshida et al., 2006), rhizarians (Nomura and Ishida, 2016),
synurophytes (Sandgren et al., 1996), amoebozoans (Lahr et al.,
2013), and brachiopods (Williams et al., 2001). Though the genes
governing the production of these silica patterns are not fully
understood, many parallels with the molecular biology of diatom
silicification are emerging, such as a role for glycoproteins in
choanoflagellates (Gong et al., 2010) and synurophytes (Ludwig
et al., 1996), cytoskeleton-mediated shaping of the growing
silica structure in multiple taxa (Leadbeater, 2015; Nomura
and Ishida, 2016) and the presence of post-translationally
modified LCPAs in haptophyte (Durak et al., 2016) and sponge
(Matsunaga et al., 2007) silica. These polymerizationmechanisms
have apparently evolved independently from those in diatoms,
suggesting repeated recruitment of similar molecules for silica
formation and patterning, and therefore a similar role for
silicification-related evolutionary competition and speciation as
diatoms.

A critical step in silica biomineralization (Martin-Jézéquel
et al., 2000), and therefore a major aspect of evolutionary
competition between silicifiers, is the uptake and concentration
of silicic acid from the external environment. The nature of this
competition has changed over geological time in conjunction
with changes in the biogeochemical cycling of silicon (Racki
and Cordey, 2000; Maliva et al., 2005; Finkel and Kotrc, 2010;
Knoll and Kotrc, 2015; Conley et al., 2017). In turn, this
is reflected in the evolutionary molecular biology of silicon
transport mechanisms.

The first proteins capable of transporting silicon across
a plasma membrane to be identified were the SIT (Silicon
Transporter) family (Hildebrand et al., 1997). The SIT protein
(see Figure 6A) has a characteristic 10-transmembrane domain
structure, with two conserved GXQ motifs arranged in a roughly
symmetrical pattern at the cytoplasmic sides of transmembrane
helices 2 and 3, and the extracellular sides of transmembrane
helices 7 and 8 (Thamatrakoln et al., 2006). These motifs are
proposed to be involved in forming an aqueous vestibule to
allow an alternating access mechanism for silicon transport (in
conjunction with Na+) across the membrane (Knight et al.,

FIGURE 6 | The structure and evolution of SITs and SIT-Ls. (A) Structure of

the SIT (Silicon Transporter) protein, demonstrating the characteristic 10

transmembrane domains (TMD) and four GXQ motifs, located at the

cytoplasmic side of TMD 2 and 3, and at the extracellular side of TMD 7 and 8.

(B) Structure of the SIT-L (Silicon Transporter Like) protein, with 5 TMDs and

two GXQ motifs. The SIT structure resembles a “double” SIT-L, with the

C-terminal half having been inverted relative to the N-terminal half and fused

together. This suggests that SITs evolved by duplication, inversion and fusion

of SIT-L subunits. (C) Unrooted radial tree based on a maximum likelihood

phylogenetic analysis of SITs and SIT-Ls. The eukaryotic genes form two main

subgroups distinct from the bacterial SIT-Ls, and largely follow the species

phylogeny except for the paraphyletic stramenopile, rhizarian, and

dinoflagellate sequences in Group 2. The diatom and loricate choanoflagellate

SIT sub-groups are also shown. Arrows indicate inferred

duplication-inversion-fusion events that gave rise to 10 TMD SITs. Brown,

Bacteria; Dark Green, Haptophyte; Gray, Rhizarian (Light Gray, Foraminiferan);

Bright Red, Choanoflagellate; Magenta, Metazoan; Orange, Dinoflagellate;

Dark Blue, Diatoms; Light Blue, Other Stramenopiles; Black, multi-taxon. SIT-L

sequences are in boxes. Statistical support values for selected nodes are

indicated by asterisks (100% support), closed circles (90–99% support) or

open circles (>70% support). Figures adapted from Marron et al. (2016b).

2016). This four-GXQ domain characteristic of the SIT gene
family is highly distinctive, being found only in the 10-
transmembrane domain SITs and in the closely related, 5-
transmembrane domain SIT-Ls (Silicon Transporter-Like; Durak
et al., 2016). SIT-Ls resemble “halved-SITs” (see Figure 6B), and
are believed to be the ancestral genes that underwent duplication
to give rise to SITs (Durak et al., 2016; Marron et al., 2016b).
This situation is analogous to the gene duplication and fusion
events that are believed to have produced pseudo-symmetrical
transporter proteins (Keller et al., 2014), exemplified best in the
SWEET and semi-SWEET glucose transporters of eukaryotes and
bacteria (Feng and Frommer, 2015; Tao et al., 2015).
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Members of the Silicon Transporter gene family have been
identified across a broad taxonomic range, in all eukaryotic
supergroups save for archaeplastids, excavates and amoebozoans
(with the caveat that no sequence data are currently available
from silicifying excavates or amoebozoans) and are also
found in some bacterial species. SITs are present in many
highly-silicified species, most obviously siliceous stramenopiles
(diatoms, chrysophyte/synurophytes, and dictyochophytes) but
also siliceous choanoflagellates and haptophytes. In contrast
SIT-L genes are often found in primarily calcareous groups
(foraminifera, metazoans, calcareous haptophytes), although
SIT-Ls were identified in silicifying groups such as phaeodarians
and dinoflagellates. What is notable is that though some species
containmultiple SITs or SIT-Ls, taxa expressing both SIT and SIT-
L genes are rare: of the species examined only the haptophyte
Scyphosphaera apsteinii possessed both, with the apparently
non-silicifying dictyochophyte genus Florenciella having some
evidence for both SIT and SIT-L genes (Marron et al., 2016b).
This points to there being some sort of functional difference
between SIT and SIT-L transporters, possibly with SITs being
superior in some way, or with SIT-L genes being connected to
calcification (Durak et al., 2016). It is notable that the geological
record of heavily silicifying SIT-L-containing species show a
decline in silicification and diversity (Lazarus et al., 2009; van
Tol et al., 2012) coincident with the rise of the diatoms from
the Mesozoic, again hinting at a “functional superiority” of SITs
in competition for silicic acid uptake, though the nature of this
advantage remains unresolved. Furthermore, siliceous sponges,
which apparently lack either SITs or SIT-Ls (Marron et al.,
2016b), show a similar decline in their degree of silicification and
ecological dominance over this time (Maldonado et al., 1999).
Again, this is suggestive of SIT-based mechanisms providing
some type of competitive advantage over other uptake systems
as silicic acid levels fell over geological time and competition for
silicon increased.

When the SIT/SIT-L phylogeny is compared to species
phylogenies, an interesting picture emerges (see Figure 6C).
Three main eukaryotic clades are resolved: a monophyletic SIT-
only clade containing diatom, choanoflagellate, and haptophyte
genes; a monophyletic SIT-L only clade containing foraminferan,
metazoan, and haptophyte genes; and a polyphyletic clade
featuring both SIT and SIT-L genes from radiolarians,
dinoflagellates and various non-diatom stramenopiles (Marron
et al., 2016b). In this analysis, the stramenopile SITs branch in two
distinct groups with high statistical support, with diatoms being
separate from chrysophytes/synurophytes, and dictyochophytes.
This distinction also emerges when the phylogeny is analyzed
with an alignment of SIT-L, SIT N-terminal and SIT C-terminal
sequences (i.e., artificially splitting the SITs into two, roughly
equal 5-transmembrane sequences each containing two GXQ
motifs). In this case the diatomN- and C-termini branch with the
relevant N-and C-termini of the choanoflagellate and haptophyte
SITs. The 5-transmembrane sequences of other stramenopile SITs
however branch paraphyletically, again together with radiolarian
and dinoflagellate SIT-Ls. These phylogenies provide a strong
molecular signal for the stramenopile SITs having evolved via
multiple, independent duplications. In this scenario, the diatom

SITs arose from a single gene duplication and fusion event that
also gave rise to the haptophyte and loricate choanoflagellate
SITs, and must have occurred early in eukaryotic evolution,
before these groups diverged deep in the Precambrian (Parfrey
et al., 2011). The phylogenetic signal supports the scenario
that the other stramenopile SITs arose from at least two other
duplication-fusion events within the ochrophyte stramenopile
clade itself, but after diatoms diverged, potentially as recently as
the Mesozoic (Brown and Sorhannus, 2010; Derelle et al., 2016).
It is hypothesized that this is a remarkable case of convergent
molecular evolution, and that the independent invention of
SITs from SIT-Ls was in response to competition for silicic acid
from the rise of the diatoms after the Jurassic period (Marron
et al., 2016b). As diatoms came to dominate the global silicon
cycle, other heavily silicifying groups required more complex or
more efficient uptake mechanisms and transporters to compete.
What also emerges from these molecular analyses is that the last
common ancestor of all ochrophytes must have possessed an
SIT-L gene, and that diatoms have lost these SIT-Ls, again hinting
at a superiority of SITs over SIT-L-based uptake systems in the
competition for silicon.

Diatom domination of marine phytoplankton can be
attributed to several ecological advantages (Armbrust et al.,
2004), but of particular relevance to silicification is that they
possess multiple modes of silicic acid uptake (Martin-Jézéquel
et al., 2000; Thamatrakoln and Hildebrand, 2008). At lower silicic
acid levels (≤30µM), the majority of uptake is by SIT-mediated
active transport, while at higher concentrations silicic acid enters
the cell by diffusion (Thamatrakoln and Hildebrand, 2008;
Shrestha and Hildebrand, 2015). The concentration gradient
is created by binding of silicic acid to intracellular binding
components in the cytoplasm, the character of which remains
unknown (Thamatrakoln and Hildebrand, 2008; Spinde et al.,
2011). This means that at higher silicic acid levels, diatoms
can internally control uptake depending on the rate of silica
polymerization in the SDV. The cytoplasmic binding compounds
also allow diatoms to maintain a soluble intracellular silicon
pool, with spare capacity permitting “surge uptake” of silicic
acid following short-term silicon starvation (Thamatrakoln
and Hildebrand, 2008). This is highly advantageous, allowing
diatoms to take advantage of transient silicon sources in patchy
environments like ocean gyres. The different modes of diatom
silicic acid uptake are in contrast to other silicifiers such as
sponges, which appear to only employ active transport and
display maximum uptake efficiency at much higher silicic acid
concentrations (Maldonado et al., 2011).

At ecologically-relevant silicon concentrations experienced
by diatoms in modern oceans, active SIT-mediated uptake
dominates. Diatom species generally possess multiple SIT genes
(Hildebrand et al., 1998). These paralogs display differences
in expression levels, the timing of their expression in the cell
cycle, protein abundances and their sub-cellular localization
(Thamatrakoln and Hildebrand, 2007; Sapriel et al., 2009;
Shrestha et al., 2012; Shrestha and Hildebrand, 2015). These
differences are believed to allow neofunctionalization of each SIT,
evolving roles as silicon sensors, silicon transporters, targeting of
different SIT proteins to specific cellular locations (Shrestha and
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Hildebrand, 2015), specialization for the uptake of certain silicon
species (Sapriel et al., 2009) or for differential characteristics
of substrate affinity versus transport capacity. This allows for
maximal uptake at various silicic acid concentrations in the
external environment (Thamatrakoln et al., 2006; Thamatrakoln
and Hildebrand, 2007, 2008). This suite of SITs is hypothesized to
allow adaptation to varying conditions and allows the diatom cell
to sense silicon availability, ensuring that it can meet the silicon
requirements of frustule synthesis and so complete cell division.

This highlights the central role that silicon and silicification
play in diatom biology (Martin-Jézéquel et al., 2000). Indeed,
silicic acid limitation influences wider diatom cellular biology
and results in transcriptional changes of genes related to multiple
metabolic pathways (Mock et al., 2008; Shrestha et al., 2012), just
as is seen for other essential nutrients like iron or nitrate. It is
therefore unsurprising that diatoms have evolved such complex
systems to accumulate and compete for silicic acid. This even
extends to chemosensory responses of the motile raphid pennate
diatom Seminavis robusta toward sources of silicic acid, and
remarkably away from sources of germanium (Bondoc et al.,
2016), since germanium exposure disrupts biosilicification and
is therefore toxic to siliceous organisms (Marron et al., 2016a).

Phylogenetic evidence (see Figure 6C) demonstrates that SIT
diversification occurred within the diatom lineage itself (Marron
et al., 2016b). More detailed phylogenetic analyses of diatom SITs
can be divided into five main clades (A–E), though the deep
branching order between these clades is poorly resolved due to
low statistical support (Durkin et al., 2016). The paraphyletic
Clade B was found to be the most basal, and Clade B-type
SITs are found throughout the various diatom groups. The
other clades, however, have limited taxonomic distributions,
for example Clade A only being present in pennate diatoms,
and Clade E being unique to the Thalassiosirales. Therefore,
diatom SITs underwent multiple independent duplications
and diversifications within different lineages, with the more
recently evolving diatom lineages (e.g., raphid pennates) having
more complex SIT repertoires. This complexity is reflected in
transcriptional analyses of diatoms under nutrient starvation,
and in natural diatom assemblages. The expression levels and
ratios of the various SIT clades differ according to silicic acid
levels, with the more derived SIT types being more prominent
over the basal Clade B SITs in low silicic acid environments
compared to waters with higher silicic acid levels. This is
hypothesized to allow diatom species to co-occur by employing
different approaches to utilize limited silicic acid, and to out-
compete other silicifying groups (Durkin et al., 2016). It also
suggests a certain “directionality” of diatom SIT evolution,
with new SIT clades evolving in new lineages to adapt to the
drawdown of ocean silicic acid concentrations that occurred as
the diatoms themselves diversified and came to dominate the
oceans (Sims et al., 2006; Finkel and Kotrc, 2010).

Silicon Transporter diversification has also occurred in
other taxa (see Figure 6C), with some stramenopiles expressing
multiple SITs, and evidence for independent duplications of
SIT-Ls in both foraminifera (Ammonia sp.) and Phaeodarian
radiolarians (Marron et al., 2016b). The most prevalent case of
this is in the siliceous loricate choanoflagellates, which display

evidence for a SIT gene duplication event early in their evolution
(Leadbeater, 2015). All loricate choanoflagellates examined were
found to possess two SIT gene types, termed SITα and SITβ

(Marron et al., 2016b). Transcriptional analysis of these SIT types
under varying silicic acid concentrations demonstrated that the
SITα genes were highly expressed, and their expression levels
responded to silicic acid availability, while the SITβ genes were
always expressed at a low level, irrespective of the environmental
silicic acid concentration. This closely resembles the situation in
diatoms (see above), where some SIT genes are highly expressed
and silicon-responsive, while other types have low expression
unresponsive to silicon, suggesting that SITα and SITβ have
evolved different roles, possibly as specialized transporters or
silicon sensors (Thamatrakoln and Hildebrand, 2007; Shrestha
and Hildebrand, 2015). The similar diversification and sub-
functionalization of SITs in parallel in both choanoflagellates
and diatoms is proposed to be an example of convergent
evolution in response to increased competition for silicic acid.
This mirrors the hypothesis for the convergent evolution of 10-
transmembrane domain SITs in the stramenopiles (see above).
It is likely that future research will identify other cases of
transporter diversification due to increased competition for silicic
acid, potentially in the multiple rhizarian SIT-Ls, horsetail silicon
transporters or the proposed silicon-related Lsi2-like gene family
found in the siliceous sponges (Grégoire et al., 2012; Marron
et al., 2016b; Vivancos et al., 2016).

The phylogenetic distribution of silicon-related active
transporters reveals evidence for multiple and widespread losses
of SIT, SIT-L, and Lsi2-like genes throughout the eukaryotes
(Marron et al., 2016b). There is strong evidence for the loss
of SIT-Ls across most bilaterian lineages, of losses of SITs and
SIT-Ls across the coccolithophorid haptophytes and for losses of
SITs and SIT-Ls multiple times throughout the stramenopiles.
Indeed, barring rampant eukaryote-to-eukaryote horizontal
gene transfer events (Ku et al., 2015), it is likely that SITs
and/or SIT-Ls were present in the last common ancestor of all
eukaryotes, and that multiple independent gene loss events only
occurred after the main eukaryotic lineages and supergroups
had diverged. Similarly, the distribution of Lsi2-like genes across
the eukaryotes strongly supports that they were present in the
eukaryotic last common ancestor (Marron et al., 2016b), but that
they were independently lost in multiple lineages, for example
deuterostome eumetazoans, fungi or apicomplexans.

It has been hypothesized that these active silicon transporters
were originally required as part of a detoxificationmechanism for
life in the high-silicon Precambrian ocean (Marron et al., 2016b).
Geological evidence for abiotic silica precipitation in sediments
from the Neoproterozoic demonstrates that at the time that the
eukaryote supergroups were originating and diversifying (Parfrey
et al., 2011) oceanic silicic acid concentrations were high enough
to allow autopolymerization into silica (Iler, 1979; Maliva et al.,
1989, 2005; Siever, 1992; Grenne and Slack, 2003). Uncontrolled
formation of silica free in the cytoplasm, potentially mediated by
localized pH environments or accelerated by polyamines, would
cause massive disruption to cellular metabolism. Unprotected
by a membrane the freely polymerizing silica could occlude
and adsorb proteins, nucleic acids, and other macromolecules
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within its structure or on its surface (e.g., Betancor and Luckarift,
2008; Vandeventer et al., 2013). Therefore organisms must have
required a system for silicon homeostasis, to bind or sequester
silicic acid within the cytoplasm and then remove it from the
cell. This is reflected in the bidirectional transportation capacity
of SITs, where they could be employed to transport silicon
out of the cell against a concentration gradient (Thamatrakoln
and Hildebrand, 2008; Knight et al., 2016). In ancient oceans
there would have been a strong selective pressure to maintain a
molecular machinery for silicon detoxification, as has also been
suggested for the employment of mucins as anti-calcification
mechanisms in early animals (Marin et al., 1996; Wood et al.,
2017).

Major geochemical and biological upheavals around the
Precambrian/Cambrian boundary changed the competitive
interactions and evolutionary pressures acting on these
detoxification and homeostasis mechanisms. Most notable
was the appearance and diversification of biomineralized
hard parts (Knoll, 2003; Knoll and Kotrc, 2015), believed
to have originated by modification and co-opting of the
detoxification mechanisms (Wood et al., 2017). The innovation
of biomineralized structures for feeding, movement and
protection established an evolutionary arms race (Knoll, 2003;
Cohen, 2005). This gave rise to biomineralization becoming
more significant, with organisms producing larger and more
prominent calcified or silicified structures. The biosilicified
structures would have acted as silicon sinks, with the burial of
biogenic silica skeletons sequestering silicon in the sediments.
The outcome of this was that by the early Phanerozoic oceanic
silicic acid concentrations were substantially reduced from
Neoproterozoic levels (Maliva et al., 1989; Racki and Cordey,
2000), below the threshold for autopolymerization and removing
the threat of harmful silica precipitation free in the cytoplasm.
This would have removed the selective pressure to possess
silicon detoxification mechanisms, and organisms could gain
a competitive advantage by not diverting resources to such
an unnecessary metabolic pathway, hence resulting in gene
losses. The exception were those organisms which had re-
deployed the silicon homeostasis machinery to produce siliceous
structures. In these cases, silicon became a scarce resource,
requiring the evolution of more sophisticated transport systems
in the acquiring of silicic acid uptake to meet the metabolic
requirements of biosilicification. This reflects the evolutionary
biology of other elements, where they are initially toxic, before
becoming metabolically useful and finally ending up as limiting
nutrients and the subject of evolutionary competition (Rickaby,
2015).

In some cases, the solution to the problem of this scarcity
was to secondarily lose biosilicification and the associated
molecular mechanisms. An excellent example of this occurs
within the haptophytes. Some species, such as Prymnesium
neolepis (Yoshida et al., 2006) and S. apsteinii (Drescher et al.,
2012) produce wholly- or partially siliceous scales, while some
calcareous species such as Calcidiscus leptoporus possess SIT-
Ls and have a metabolic requirement for silicon to complete
normal production of their calcified scales (Durak et al., 2016).
Other species however, have lost SIT-Ls (and SITs), and show no

effect of germanium toxicity disrupting biomineralization. One
such species is Emiliania huxleyi, a calcifying haptophyte known
to produce blooms of major ecological importance, and which
is believed to have evolved relatively recently in the Cenozoic
(Liu et al., 2010; Taylor et al., 2017). What is notable is that E.
huxleyi blooms often occur following diatom blooms, raising the
possibility that while diatoms enjoy a competitive advantage in
silicon-replete waters, non-silicifying species like E. huxleyi have
evolved to out-compete and succeed siliceous phytoplankton
in silicon-deplete waters where they can continue to grow and
produce biomineralized structures (Durak et al., 2016). In this
way, the abandonment of any metabolic requirement for silicon
opens new ecological niches and provides opportunities to gain
new competitive advantages.

Molecular phylogenetics has revealed many other cases
where non-silicifying species have evolved from heavily silicified
ancestors. This is evident in land plants, with basal groups
tending to be highly siliceous (e.g., liverworts) while some
derived taxa (e.g., conifers) have low silicon contents and
lack phytoliths (Hodson et al., 2005). Although there is some
debate as to the evolutionary relationships between the main
sponge groups (Sperling et al., 2010), the widespread distribution
of non-siliceous species in otherwise siliceous sponge clades,
and the similarity of the organic components of siliceous and
collagenous skeletons, means that silicification was lost and/or
re-evolved multiple times in the sponges (Ehrlich et al., 2007a,b;
Maldonado, 2009; Kozhemyako et al., 2010). Similar evidence
for independent losses and reinventions of biosilicification can
be found in the centrohelids, a taxonomically enigmatic group
of protists (Zlatogursky, 2016). Based on current phylogenetic
data, centrohelids have evolved silicified structures ranging from
scales to spines, but in some species these have beenmodified into
organic-only scales and spines, or even been reduced so that the
cell is covered only by a mucous sheath. Parallel evolution is also
observed in the Arcellid testate amoebae, with convergent gains
and losses of biosiliceous or organic tests (Lahr et al., 2013, 2015),
or even the ability to form a test by agglutination of exogenous
siliceous particles such as quartz grains, a strategy also developed
by some coastal tintinnids.

A possible analog of the scenarios that saw these losses of
biosilicification is the situation where silicification is facultative
in some organisms (as opposed to the obligate silicification found
in groups such as diatoms). This can occur under conditions of
extreme silicon limitation, as in the tectiform choanoflagellates or
synurophytes which produce naked, but otherwise healthy, cells
if starved of silicon (Sandgren et al., 1996; Leadbeater, 2015). It
may also be connected to stages in the life cycle, for example
in juvenile brachiopods (Williams et al., 2001), or resembling in
the haploid/diploid distinction between calcified and uncalcified
stages of the E. huxleyi life cycle (Taylor et al., 2017) as has
recently been suggested to occur in loricate choanoflagellates
(Thomsen and Østergaard, 2017). The capacity for facultative
silicification could be a combination of the two, as in the diatom
P. tricornutum, unique amongst the diatoms in its ability to
survive without a siliceous frustule. A combination of life cycle
stage (Kessenich et al., 2014) and silicon availability (Yamada
et al., 2014) has been put forward for explaining the evolution
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of the naked bolidophytes and siliceous parmales. As these
are the sister lineages to diatoms the molecular mechanisms
regulating their biosilicification are crucial to understanding how
the complex silicon-related metabolism of diatoms evolved.

We therefore observe how evolutionary competition and the
associated trade-offs are central to the presence of silicification:
biomineralized silica structures are only maintained when they
confer a competitive advantage. Silicification would be lost
when the total metabolic cost of biosilicification exceeds the
benefit, for example due to the energetic cost of silicic acid
acquisition or silica polymerization, restrictions on mobility
due to the presence of a skeleton or the additional weight per
unit volume of silica versus organic structures. Alternatively,
it could be metabolically cheaper (either in cost of formation
or of lifestyle trade-offs) to build a functionally equivalent
structure from another biomineral (such as calcium phosphate
or calcium carbonate shells), from organic components (e.g.,
chitin, cellulose, or collagen) or even to utilize the silica structures
of other organisms (Lahr et al., 2015). Under this hypothesis
these structures would provide similar competitive advantages,
such as protection, while allowing survival in new (often
silicon-depleted) niches. This could potentially lead to the loss
of the molecular mechanisms for silicon transport and silica
polymerization, producing a developmental legacy that restricts
the potential for future evolutionary innovations, and reinforces
the competitive interactions between silicifiers and non-silicifiers.

FUTURE DIRECTIONS

Recent years have witnessed several new discoveries that
have expanded and improved our understanding of silica
biomineralization. Fossil sampling and isotopic analyses of
new sediment records have modified our view of the geological
history of silicon biogeochemistry (Fontorbe et al., 2016). The
massive increase in large-scale sequencing data has greatly aided
research into the molecular biology of silica biomineralization,
both through whole-genome sequencing within groups like
diatoms and plants, and via transcriptome sequencing of new
and previously poorly researched siliceous taxa (Keeling et al.,
2014; Beisser et al., 2017; Caron et al., 2017; Tirichine et al.,
2017).Many new genes associated with biosilicification have been
identified (Kotzsch et al., 2016), including the recognition that
active silicon transporter gene families are much more ancient
and widely distributed amongst the eukaryotes than previously
thought (Marron et al., 2016b). This has been complemented
by the discovery of new silicifying species (Ichinomiya et al.,
2011), most notably silicon accumulation in some strains of
the hugely ecologically important cyanobacteria Synechococcus
(Baines et al., 2012). Combined with metagenomic surveys and
geochemical monitoring (Mutsuo et al., 2015; Sunagawa et al.,
2015) it will be possible to gain a much deeper knowledge of
the role of different marine groups in silicon biogeochemistry
and how competitive interactions govern their ecology,
distribution and response to changing climatic conditions
(Mock et al., 2016).

These advances have contributed to hypotheses for a greater
role of silicon in biology, for example in protein folding
(Eglin et al., 2006). We are also beginning to recognize a
link between phosphate transporters and silicic acid uptake in
groups as disparate as cyanobacteria and mammals (Brzezinski
et al., 2017; Ratcliffe et al., 2017) that may be underpinned
by a more general system for metalloid metabolism (Bienert
et al., 2007). This could contribute to satisfying metabolic
requirements for silicon in taxa like phaeophyte brown
algae, which are known to biosilicify (Mizuta and Yasui,
2012; Tarakhovskaya et al., 2012) but with no currently
identified silicon transporter genes (Marron et al., 2016b). These
observations blur the boundary between silicifying and non-
silicifying species, illustrated by the requirement for silicon
in processes such as haptophyte calcium carbonate formation
(Durak et al., 2016), amorphous calcium carbonate formation in
plant cystoliths (Gal et al., 2012) and in the early developmental
stages of the vertebrate calcium phosphate skeleton (Carlisle,
1981); or given the uptake of silicic acid (Fuhrman et al.,
1978) and presence of silicon transporters in apparently non-
mineralizing species (e.g., Florenciella; Marron et al., 2016b).
This has implications for understanding the evolution and
competitive interactions between silicifiers and non-silicifiers in
the living world.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work, and approved it for publication.

ACKNOWLEDGMENTS

KH was funded by the European Research Council (Starter
Grant ICY-LAB-678371) and a Royal Society University Research
Fellowship.

AMwas funded by the European Research Council (Advanced
Investigator grant no. 247333) and a Wellcome Trust Senior
Investigator Award to Raymond E. Goldstein (University of
Cambridge, UK).

CB acknowledges funding from the ERC Advanced
Award “Diatomite,” the LouisD Foundation, the Gordon
and Betty Moore Foundation, and the French Government
“Investissements d’Avenir” programmes MEMO LIFE
(ANR-10-LABX-54), PSL∗ Research University (ANR-1253
11-IDEX-0001-02), and OCEANOMICS (ANR-11-BTBR-0008).
CB also thanks the Radcliffe Institute of Advanced Study at
Harvard University for a Scholars Fellowship during the 2016-
2017 academic year. This article is contribution number 70 of
the Tara Oceans project.

BQ acknowledges funding by OSU Pytheas, EUROMARINE
consortium, and Labex OT-Med (no. ANR-11-LABEX-0061)
from the “Investissements d’Avenir” program of the French
National Research Agency through the A∗MIDEX project
(no. ANR-11-IDEX-0001-02), as sponsors of the SILICAMICS
workshop where initiation of this paper took place.

Frontiers in Marine Science | www.frontiersin.org February 2018 | Volume 5 | Article 22110

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles


Hendry et al. Competition between Silicifiers and Non-silicifiers in the Ocean

REFERENCES

Abelmann, A., Gersonde, R., Knorr, G., Zhang, X., Chapligin, B., Maier, E., et al.

(2015). The seasonal sea-ice zone in the glacial Southern Ocean as a carbon

sink. Nat. Commun. 6, 8136. doi: 10.1038/ncomms9136

Adl, S. M., Simpson, A. G. B., Lane, C. E., Lukeš, J., Bass, D., Bowser, S. S.,

et al. (2012). The revised classification of eukaryotes. J. Eukaryot. Microbiol. 59,

429–493. doi: 10.1111/j.1550-7408.2012.00644.x

Aitken, Z. H., Luo, S., Reynolds, S. N., Thaulow, C., and Greer, J. R. (2016).

Microstructure provides insights into evolutionary design and resilience of

Coscinodiscus sp. frustule. Proc. Natl. Acad. Sci. U.S.A. 113, 2017–2022.

doi: 10.1073/pnas.1519790113

Araujo, M. B., and Rozenfeld, A. (2014). The geographic scaling of biotic

interactions. Ecography 37, 406–415. doi: 10.1111/j.1600-0587.2013.00643.x

Armbrust, E. V., Berges, J. A., Bowler, C., Green, B. R., Martinez, D., Putnam,

N. H., et al. (2004). The genome of the diatom Thalassiosira pseudonana:

ecology, evolution, and metabolism. Science 306, 79–86. doi: 10.1126/science.

1101156

Assmy, P., Henjes, J., Klaas, C., and Smetacek, V. (2007). Mechanisms determining

species dominance in a phytoplankton bloom induced by the iron fertilization

experiment EisenEx in the Southern Ocean. Deep Sea Res. Part I Oceanogr. Res.

Pap 54, 340–362. doi: 10.1016/j.dsr.2006.12.005

Assmy, P., Smetacek, V., Montresor, M., Klaas, C., Henjes, J., et al. (2013). Thick-

shelled, grazer-protected diatoms decouple ocean carbon and silicon cycles in

the iron-limited Antarctic Circumpolar Current. Proc. Natl. Acad. Sci. U.S.A.

110, 20633–20638 doi: 10.1073/pnas.1309345110

Baines, S. B., Twining, B. S., Brzezinski, M. A., Krause, J. W., Vogt, S., Assael, D.,

et al. (2012). Significant silicon accumulation bymarine picocyanobacteria.Nat.

Geosci. 5, 886–891. doi: 10.1038/ngeo1641

Bateman, B. L., Vanderwal, J., Williams, S. E., and Johnson, C. N.

(2012). Biotic interactions influence the projected distribution of a

specialist mammal under climate change. Divers. Distrib. 18, 861–872.

doi: 10.1111/j.1472-4642.2012.00922.x

Beisser, D., Graupner, N., Bock, C., Wodniok, S., Grossmann, L., Vos, M., et al.

(2017). Comprehensive transcriptome analysis provides new insights into

nutritional strategies and phylogenetic relationships of chrysophytes. PeerJ

5:e2832. doi: 10.7717/peerj.2832

Benoiston, A.-S., Ibarbalz, F. M., Bittner, L., Guidi, L., Jahn, O., Dutkiewicz, S., et al.

(2017). The evolution of diatoms and their biogeochemical functions. Proc. R.

Soc. B Biol. Sci. 372:20160397. doi: 10.1098/rstb.2016.0397

Betancor, L., and Luckarift, H. R. (2008). Bioinspired enzyme encapsulation for

biocatalysis. Trends Biotechnol. 26, 566–572. doi: 10.1016/j.tibtech.2008.06.009

Biard, T., Stemmann, L., Picheral, M., Mayot, N., Vandromme, P., Hauss, H., et al.

(2016). In situ imaging reveals the biomass of giant protists in the global ocean.

Nature 532, 504–507. doi: 10.1038/nature17652

Bienert, G. P., Schüssler, M. D., and Jahn, T. P. (2007). Metalloids: essential,

beneficial or toxic? Major intrinsic proteins sort it out. Trends Biochem. Sci.

33, 20–26. doi: 10.1016/j.tibs.2007.10.004

Bondoc, K. G. V., Heuschele, J., Gillard, J., Vyverman, W., and Pohnert, G.

(2016). Selective silicate-directed motility in diatoms. Nat. Commun. 7:10540.

doi: 10.1038/ncomms10540

Bork, P., Bowler, C., de Vargas, C., Gorsky, G., Karsenti, E., and Wincker, P.

(2015). Tara Oceans studies plankton at planetary scale. Science 348, 873–873.

doi: 10.1126/science.aac5605

Bowler, C., Allen, A. E., Badger, J. H., Grimwood, J., Jabbari, K., Kuo, A., et al.

(2008). The Phaeodactylum genome reveals the evolutionary history of diatom

genomes. Nature 456, 239–244. doi: 10.1038/nature07410

Brown, J. W., and Sorhannus, U. (2010). A molecular genetic timescale

for the diversification of autotrophic stramenopiles (Ochrophyta):

substantive underestimation of putative fossil ages. PLoS ONE 5:e12759.

doi: 10.1371/journal.pone.0012759

Brunner, E., Richthammer, P., Ehrlich, H., Paasch, S., Simon, P., Ueberlein, S., et al.

(2009). Chitin in biosilica chitin-based organic networks: an integral part of

cell wall biosilica in the diatom Thalassiosira pseudonana. Angew. Chem. 48,

9724–9727. doi: 10.1002/anie.200905028

Brzezinski, M. A., Krause, J. W., Baines, S. B., Collier, J. L., Ohnemus, D. C.,

and Twining, B. S. (2017). Patterns and regulation of silicon accumulation in

Synechococcus spp. J. Phycol. 53, 764–761. doi: 10.1111/jpy.12545

Campbell, R. G., Sherrb, E. N., Ashjian, C. J., Plourde, S., Sherrb, B. F., Hille,

V., et al. (2009). Mesozooplanktonprey preference and grazing impact in

the Western Arctic Ocean. Deep Sea Res. Part II Top. Stud. Oceanogr. 56,

1274–1289. doi: 10.1016/j.dsr2.2008.10.027

Carlisle, E. M. (1981). “Silicon in bone formation,” in Silicon and Siliceous

Structures in Biological Systems, eds T. L. Simpson and B. Volcani (New York,

NY: Springer-Verlag), 69–94.

Caron, D. A., Alexander, H., Allen, A. E., Archibald, J. M., Armbrust, E. V.,

Bachy, C., et al. (2017). Probing the evolution, ecology and physiology

of marine protists using transcriptomics. Nat. Rev. Microbiol. 15, 6–20.

doi: 10.1038/nrmicro.2016.160

Cermeño, P., Falkowski, P. G., Romero, O. E., Schaller, M. F., and Vallina, S. M.

(2015). Continental erosion and the Cenozoic rise of marine diatoms. Proc.

Natl. Acad. Sci. U.S.A. 112, 4239–4244. doi: 10.1073/pnas.1412883112

Cohen, B. L. (2005). Not armour, but biomechanics, ecological opportunity

and increased fecundity as keys to the origin and expansion of the

mineralized benthic metazoan fauna. Biol. J. Linn. Soc. 85, 483–490.

doi: 10.1111/j.1095-8312.2005.00507.x

Conley, D. J., Frings, P. J., Fontorbe, G., Clymans, W., Stadmark, J., Hendry, K.

R., et al. (2017). Biosilicification drives a decline of dissolved Si in the oceans

through geologic time. Front. Mar. Sci. 4:397. doi: 10.3389/fmars.2017.00397

Cooke, J., and Leishman, M. R. (2011). Is plant ecology more siliceous than we

realise? Trends Plant Sci. 16, 61–68. doi: 10.1016/j.tplants.2010.10.003

Crombet, Y., Leblanc, K., Quéguiner, B., Moutin, T., Rimmelin, P., Ras, J., et al.

(2011). Deep silicon maxima in the stratified oligotrophic Mediterranean Sea.

Biogeosciences 8, 459–475. doi: 10.5194/bg-8-459-2011

Darley, W. M., and Volcani, B. E. (1969). Role of silicon in diatom

metabolism: a silicon requirement for deoxyribonucleic acid synthesis

in the diatom silicon requirement for DNA synthesis in the diatom

Cylindrotheca fusiformis Reimann and Lewin. Exp. Cell Res. 58, 334–342.

doi: 10.1016/0014-4827(69)90514-X

de la Rocha, C., Brzezinski, M. A., and DeNiro, M. J. (1997). Fractionation of

silicon isotopes by marine diatoms during biogenic silica formation, Geochim.

Cosmochim. Acta 61, 5051–5056. doi: 10.1016/S0016-7037(97)00300-1

de Vargas, C., Audic, S., Henry, N., Decelle, J., Mahé, F., Logares, R., et al.

(2015). Eukaryotic plankton diversity in the sunlit ocean. Science 348:1261605.

doi: 10.1126/science.1261605

Del Amo, Y., and Brzezinski, M. A. (1999). The chemical form of

dissolved Si taken up by marine diatoms. J. Phycol. 35, 1162–1170.

doi: 10.1046/j.1529-8817.1999.3561162.x

Derelle, R., López-García, P., Timpano, H., and Moreira, D. (2016). A

phylogenomic framework to study the diversity and evolution of stramenopiles

(=heterokonts). Mol. Biol. Evol. 33, 2890–2898. doi: 10.1093/molbev/

msw168

Desouky, M., Jugdaohsingh, R., McCrohan, C. R., White, K. N., and Powell, J. J.

(2002). Aluminum-dependent regulation of intracellular silicon in the aquatic

invertebrate Lymnaea stagnalis. Proc. Natl. Acad. Sci. U.S.A. 99, 3394–3399.

doi: 10.1073/pnas.062478699

Dougherty, L. F., Johnsen, S., Caldwell, R. L., andMarshall, N. J. (2014). A dynamic

broadband reflector built from microscopic silica spheres in the “disco” clam

Ctenoides ales. J. R. Soc. Interface 11:20140407. doi: 10.1098/rsif.2014.0407

Drescher, B., Dillaman, R. M., and Taylor, A. R. (2012). Coccolithogenesis

in Scyphosphaera apsteinii (Prymnesiophyceae). J. Phycol. 48, 1343–1361.

doi: 10.1111/j.1529-8817.2012.01227.x

Durak, G. M., Taylor, A. R., Walker, C. E., Probert, I., de Vargas, C., Audic,

S., et al. (2016). A role for diatom-like silicon transporters in calcifying

coccolithophores. Nat. Commun. 7:10543. doi: 10.1038/ncomms10543

Durkin, C. A., Koester, J. A., Bender, S. J., and Armbrust, E. V. (2016).

The evolution of silicon transporters in diatoms. J. Phycol. 52, 716–734.

doi: 10.1111/jpy.12441
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Silicon (Si) is the second most abundant element in the Earth’s crust and is an important

nutrient in the ocean. The global Si cycle plays a critical role in regulating primary

productivity and carbon cycling on the continents and in the oceans. Development of the

analytical tools used to study the sources, sinks, and fluxes of the global Si cycle (e.g.,

elemental and stable isotope ratio data for Ge, Si, Zn, etc.) have recently led to major

advances in our understanding of the mechanisms and processes that constrain the

cycling of Si in the modern environment and in the past. Here, we provide background on

the geochemical tools that are available for studying the Si cycle and highlight our current

understanding of the marine, freshwater and terrestrial systems. We place emphasis on

the geochemistry (e.g., Al/Si, Ge/Si, Zn/Si, δ
13C, δ

15N, δ
18O, δ

30Si) of dissolved and

biogenic Si, present case studies, such as the Silicic Acid Leakage Hypothesis, and

discuss challenges associated with the development of these environmental proxies for

the global Si cycle. We also discuss how each system within the global Si cycle might

change over time (i.e., sources, sinks, and processes) and the potential technical and

conceptual limitations that need to be considered for future studies.
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INTRODUCTION

The global silicon (Si) cycle is of great interest due to the
role that silicate weathering has played in maintaining climatic
stability on geological time scales (Siever, 1991; Frings et al.,
2016; Conley et al., 2017) and because Si is an important nutrient
for many organisms in marine and freshwater ecosystems. It
occurs as silicate minerals in association with all rock types
(igneous, metamorphic, sedimentary). Weathering, biological
and geochemical transformations, transport and interactions
with other elements (in particular nutrients and carbon) form the
basis of the global biogeochemical Si cycle (Frings et al., 2016).
The global Si cycle has evolved through geologic time with overall
declines in oceanic dissolved Si due to the uptake and deposition
by organisms (Siever, 1991; Conley et al., 2017). While the
modern Si biogeochemical cycle is influenced by anthropogenic
forcing (Laruelle et al., 2009), the processes of weathering and
burial as biogenic silica (bSiO2) are the dominant processes in
the biogeochemical Si cycle.

The paper aims to review the use of Si stable isotopes and
associated trace elements in order to address the following
questions:

(1) What is the bio-geochemistry of biogenic silica?
(2) What is the current state of knowledge regarding the

influence of biogenic silica on the global Si cycle?
(3) What is the influence of early to late sediment diagenesis on

biogenic silica, and thus its utility as an environmental proxy
for palaeoceanographic interpretation?

Although modeling is not being covered in the review, its
importance cannot be underscored as it has been increasingly
used to understand the mechanisms controlling Si isotope
fractionation (e.g., Qin et al., 2016) and the development of the
Si isotope composition as a tracer of biogeochemical silicon cycle
in modern and past natural systems (e.g., Gao et al., 2016).

Silicon Reservoirs
The chemical weathering of silicate minerals and the eventual
cycling of weathered products (clays, dissolved Si) provide
the starting point of Si bio-geochemistry and its interaction
with other elemental cycles such as carbon. Silicate weathering
represents an important sink of atmospheric CO2 over geological
time scales (Berner et al., 1983; Wollast and Mackenzie, 1989;
Brady and Carroll, 1994) and depends on temperature and
precipitation. Thus, the rate at which weathering occurs will be
enhanced through changes in global temperature (White and
Blum, 1995).

Silicon rarely occurs as the pure element in nature and appears
most often in combination with oxygen to form solid silicate
minerals or amorphous compounds (including biogenic Si), or
in aqueous solutions it occurs as orthosilicic acid (Si(OH)4)
(Iler, 1979). Silicon exists in major pools in dissolved and
solid forms in all reservoirs: extra-terrestrial, continental (e.g.,
soil, vegetation, hydrothermal), freshwater (e.g., rivers, lakes,
groundwater, organisms, sediment), atmospheric (e.g., aerosols),
and oceanic (e.g., water column, organisms, sediment and pore-
waters, oceanic crust, hydrothermal), (Figure 1). The dominant

transformation processes are weathering of silicate rocks and
the formation of secondary minerals and release of dissolved Si,
uptake of dissolved Si by organisms for the biomineralization of
biogenic Si, and the remineralization of Si. Coastal regions are
of special importance here because they support a large fraction
of the global primary production and control the transfer of
dissolved and particulate nutrients from land to the open ocean
(Conley et al., 1993; Rabouille et al., 2001).

Biomineralization, the Structure of
Biogenic Silica, and Its Relevance to the
Global Si Cycle
Many organisms use dissolved Si, including diatoms,
silicoflagellates, radiolarians, sponges, and higher plants, to
produce solid bSiO2 structures. Biogenic silica, also called
biogenic opal, is the second most abundant mineral type formed
by organisms after calcium carbonate (Brümmer, 2003). Biogenic
silica is amorphous and its density, hardness, solubility, viscosity
and composition may vary considerably (Perry et al., 2003).
The silica structures are based upon a random network of SiO4

tetrahedral units connected through covalently linked Si-O-Si
bonds of variable bond angle and bond lengths (Mann and Perry,
1986). All silicifying organisms utilize Si(OH)4; however, each
silicifying organism has a unique biomineralizing pathway.

Details on the process of silicification can be found in the
literature for diatoms (Hildebrand et al., 1997; Martin-Jezequel
et al., 2000; Claquin et al., 2002; Hildebrand, 2008; Thamatrakoln
and Hildebrand, 2008; Brunner et al., 2009; Thamatrakoln and
Kustka, 2009), sponges (Wilkinson and Garrone, 1980; Reincke
and Barthel, 1997; Cha et al., 1999; Maldonado et al., 1999, 2005;
Brümmer, 2003; Uriz et al., 2003; Muller et al., 2007; Schröder
et al., 2007), and higher plants (Takahashi et al., 1990; Ma et al.,
2001, 2006).

Globally, diatoms (unicellular autotrophic algae) dominate
the bSiO2 production with an estimate of 240 ± 40 Tmol yr−1

(Tréguer and De La Rocha, 2013) (Figure 1). The degree of
bSiO2 production (i.e., silicification) of diatom frustules can vary
significantly, even within the same species, and is primarily a
function of ambient dissolved Si (DSi) concentration and cellular
growth rate, whereby the bSiO2 content of a cell decreases during
DSi limitation and/or accelerated growth (Martin-Jezequel et al.,
2000; Claquin et al., 2002; Baines et al., 2010).

Until recently, the relevance of marine siliceous sponges on
the Si cycle has been largely ignored and their role is currently
being re-visited with a biogenic Si production estimated at 3.6 ±
3.7 Tmol yr−1 (Maldonado et al., 2005; Tréguer and De La Rocha,
2013) (Figure 1).

Higher plants produce roughly 84 (60–180) Tmol yr−1 of
biogenic Si (phytoliths) (Figure 1), which is within a similar
order of magnitude as diatom production (Conley, 2002). All
plants that grow on soil contain Si in their tissues, whereby Si
uptake and concentrations vary greatly among species depending
on the different capacities for Si uptake by the roots (Takahashi
et al., 1990; Ma et al., 2001). Active Si uptake has been suggested
for Si-accumulating plants that are characterized by high Si
concentrations (>1% dry weight in the leaves) and a molar Si:Ca
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FIGURE 1 | Schematic of the modern day global Si cycle grouped by reservoir and their associated δ
30Si values (in ‰). The figure is divided into three parts. The

upper part indicating the magnitude of the fluxes (in 1012mol yr−1; Tmol yr−1) between each reservoir, the middle part showing their associated δ
30Si values, and the

lower part showing reservoir size. The fluxes are numerically and figuratively represented, moving in a clockwise manner (e.g., In the Ocean compartment, there is a

flux of 240 Tmol yr−1 from Surface DSi to Diatoms, after the Diatoms dissolve, there is 135 Tmol yr−1 flux back from the Diatoms to the Surface DSi in the upper

water column). In the case where the flux points downwards (e.g., 9.90 Tmol yr−1 within the sediment reservoir), the flux is effectively removed from the system. *

Value assumed to underestimate flux (see section Diagenetic Silica Precipitation and Reverse Weathering). Estimates for the Si fluxes were obtained from the following

sources: Carey and Fulweiler (2012), Frings et al. (2016), Laruelle et al. (2009), Tréguer and De La Rocha (2013). Estimates for the range of δ30Si values were obtained

from the following sources: Ehlert et al. (2016); Figure 2 from Frings et al. (2016) and references therein; Varela et al. (2016) and Panizzo et al. (2017). All data used to

prepare this figure are available in Table S1.

ratio >1, whereas non-accumulating plants have a passive or
discriminating Si uptake system (Takahashi et al., 1990; Ma et al.,
2001). After uptake, DSi is rapidly transported through the plant
to the different tissues within the transpiration stream. Due to
transpirational water loss, DSi is gradually concentrated, and
phytoliths are formed by precipitation in plant cells when the
concentration increases above 2mM. Thus, phytoliths vary in
size and shape depending on the cell type, plant organ and plant
species they are deposited in Madella et al. (2005).

Global Si Cycle Over Time
The global oceanic Si cycle has evolved through geologic time
primarily due to the uptake of dissolved Si and subsequent
biomineralization by organisms, especially sponges, radiolarians
and diatoms (Siever, 1991). Substantial advances have occurred
in our understanding of the evolution of the geological Si cycle
through the use of the fossil record, silica isotope geochemistry
and the phylogenomics of biosilicification (Conley et al., 2017;

Hendry et al., 2018). The first biological impacts on the Si
cycle are hypothesized to have occurred with the evolution
of cyanobacteria in the Archean with further decreases in the
mid-Proterozoic with evolution of eukaryotes capable of Si
biomineralization. Decreases in oceanic DSi occurred prior to
the start of the Phanerozoic with the evolution of widespread,
large-scale skeletal bio-silicification. Due to the increased usage
of dissolved Si by radiolarians in the lower to early Middle
Ordovician, the loci of sponges shifted from shallow to deep-
water basinal environments (Kidder and Tomescu, 2016). Finally,
it is the appearance and subsequent proliferation of diatoms,
with their superior ability to utilize low concentrations of DSi,
that decreased DSi to the low levels observed in the global
oceans today (Tréguer and De La Rocha, 2013). The impact
of orogeny, e.g., the uplift of the Himalayas with periods of
enhanced continental weathering fluxes in the Cenozoic (Misra
and Froelich, 2012) could have increased DSi input to the
oceans (Cermeño et al., 2015), although there is no evidence of
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large-scale changes in DSi concentrations in the geologic record
(Fontorbe et al., 2016, 2017).

In the recent years, there have been a considerable number of
studies on palaeo-environments of the Archean (4 – 2.5 Ga) and
Proterozoic (2.5 – 0.5 Ga). Most use Si - O isotopes, elemental
ratios (Ge/Si, REEs) or other isotopic systems (Fe, S. . . ) associated
to silica in Banded Iron Formations (e.g., André et al., 2006;
Heck et al., 2011; Delvigne et al., 2012), cherts (e.g., Robert
and Chaussidon, 2006; Chakrabarti et al., 2012) or paleosols
(e.g., Delvigne et al., 2016). These studies all use the knowledge
gained from modern, experimental and/or less ancient palaeo-
records to interpret geochemical records, in order to reconstruct,
for instance, the ocean temperature and oxygen levels, input
of hydrothermal, and intensity of weathering. However, it is
still challenging to provide a clear picture of these ancient
environments because the studies have divergent results. A
multi-proxy approach is therefore required. This is particularly
needed to assess the level of preservation of the samples in
order to take into account diagenesis while interpreting the
geochemical signals into reconstruction of paleo-environments
(Marin-Carbonne et al., 2014).

Modern day anthropogenic factors have a strong influence
on the global Si cycle, for example through increases in CO2,
temperature and changes in hydrological regimes and erosion,
variations in agriculture and land use, eutrophication and
changes in nutrient stoichiometry in coastal regions, and river
damming (e.g., Rickert et al., 2002; Struyf et al., 2004, 2010;
Laruelle et al., 2009; Clymans et al., 2011; Carey and Fulweiler,
2012). Anthropogenic perturbations of the global biogeochemical
Si cycle are due to the gradual aggradation or depletion of the
amorphous SiO2 pool held in continental soils (Barão et al., 2015;
Vandevenne et al., 2015) and aquatic sediments (Frings et al.,
2014b) in response to these changing environmental forcings
(Struyf and Conley, 2012) and river damming (Conley et al.,
1993). Our emerging understanding is that DSi inputs from
the continents have potentially altered the magnitude and δ

30Si
composition of DSi supplied to the open ocean mostly because of
changes occurring on the continent as well as changes of the silica
sink on continental margins (Bernard et al., 2010; Frings et al.,
2016). This includes short time scales such as anthropogenic
impacts (not only on Si, but also on other nutrients e.g., N, P,
Fe) and possibly to an extent large enough to impact whole-
ocean isotopic signatures on the timescale of Quaternary glacial
cycles. Thus, the sensitivity of biogeochemical Si cycling to
anthropogenic pressure, especially in coastal regions, will likely
be highlighted in the future (Laruelle et al., 2009; Bernard et al.,
2010) and the continental Si cycle should not be neglected when
interpreting pre-Quaternary long-term δ

30SibSiO2 records from
marine sediment records (Egan et al., 2013; Fontorbe et al., 2016).

STABLE SILICON ISOTOPE RATIOS TO
STUDY THE GLOBAL SI CYCLE

Silicon has three naturally occurring stable isotope with the
following mean abundances: 28Si: 92.23%, 29Si: 4.67%, and 30Si:

3.10%. The Si isotope composition is expressed in delta notation
(δnSi) and can be calculated according to the following formula:

δ
nSix(‰) = ([(nSi/28Si)x−(

nSi/28Si)standard)]

/[(nSi/28Si)standard])×1000 (1)

where n can represent 29Si or 30Si, x refers to either bSiO2 or DSi
and standard is the atomic ratio of the heavy and light Si isotopes
of the quartz standard (NBS28).

Several processes have been shown to fractionate Si isotopes,
which explain why this tool can be used to trace the Si
biogeochemical cycle. The extent of isotopic fractionation is
defined by the isotopic fractionation factor (α) that can be
expressed by Hoefs (2009):

-for kinetic isotopic exchange (irreversible reaction)

α = k28Si/k30Si

Where k refers to the rate constants for the reaction of light and
heavy isotopes.

-for equilibrium

α = (30Si : 28Si)A/(30Si : 28Si)B

Where A and B are two chemical substances, typically the
substrate (A) and the product (B) of the reaction.

For practical and analytical reasons, Si isotope ratios and Si
isotope fractionation are reported in delta notation with the
permil (‰) scale. A useful way to think about Si isotope values
is as fractionation of Si isotopes, or the difference between the
δ
30Si values of DSi and bSiO2 as described by ε in Equation (2)
and calculated (Criss, 1999) as:

ε ∼= 1000•(αbSiO2−DSi − 1) (2)

where αbSiO2−DSi is the isotopic fractionation factor between
the product (bSiO2) and the substrate (DSi). Note the lack of
redox speciation and organic complexation for silicon limits
fractionation effects to predominately inorganic kinetic exchange
factors, contrary to many other elements (Wiederhold, 2015).

The following is a description of the systems, processes and
transformations that control the global silica cycle, and the
known constraints on the δ

30Si (see Figure 1).

Weathering
Weathering is a major process that fractionates Si isotopes in the
critical zone.When primary minerals (−0.90< δ

30Si<+1.40‰,
Figure 1) are weathered, light Si isotopes are preferentially
incorporated into secondary minerals (−2.95 < δ

30Si < +2.5‰)
releasing a DSi pool that generally has an enriched isotope
composition (−1 < δ

30Si < +2‰) (cf. reviews of Opfergelt
and Delmelle, 2012; Frings et al., 2016), Figure 1, Supplementary
Table 1 and references therein). Adsorption of silicic acid onto
Fe oxy-hydroxides (Delstanche et al., 2009) and Al hydroxides
(Oelze et al., 2014) has also been demonstrated to preferentially
immobilize the lighter Si isotopes. As discussed in section Rivers,
all these processes are particularly complex on seasonal to
geological timescales (Ziegler et al., 2005) and explain most of the
higher δ

30SiDSi of continental waters.
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Vegetation
Significant fractionation has been observed during the uptake
of Si by plant roots (Opfergelt et al., 2006a,b; Ding et al.,
2008a,b; Sun et al., 2008) and exogenous material on the
surface of vegetation (Engström et al., 2008), although the
transporters behind both forms of uptake remain largely
unknown. The δ

30Si composition of these plants (Figure 1), and
in particular of phytoliths is in the first instance regulated by
the physical environment around the plant including the soluble
Si concentration of the medium (Opfergelt et al., 2006b), the
weathering of the soil substrate (Opfergelt et al., 2008) and soil
organic matter (Ding et al., 2008a). Beyond this, there is clear
evidence that significant isotopic fractionation can occur between
plants with increased fractionation in heavy Si accumulators
(Ding et al., 2005, 2008a,b; Opfergelt et al., 2006a,b). Rayleigh
fractionation during the transportation of Si within plants also
causes heavier isotopes to be concentrated within the xylem
whilst lighter isotopes are preferentially deposited in phytoliths
lower down the plant (Ding et al., 2005, 2008a,b; Opfergelt et al.,
2006a,b; Hodson et al., 2008). Phytoliths have higher dissolution
rates than other silicate materials (e.g., tephra, clay, feldspars,
quartz), and provide a major source of DSi in some soil/terrestrial
environments (Derry et al., 2005; Struyf et al., 2009; Cornelis
et al., 2010; Opfergelt et al., 2010).

Freshwater
Rivers
Over the past two decades, several studies of δ

30Si in DSi in
freshwaters have been published, but we are still only beginning
to understand the controls and variability of δ30Si in freshwaters.
Since the first data of DSi in freshwaters by De La Rocha (De
La Rocha et al., 2000), δ

30Si has been analyzed from a number
of rivers (and lakes) across the world including the Congo River
and tributaries (Cardinal et al., 2010; Hughes et al., 2011), the
Tana River (Hughes et al., 2012), the Yellow and Yangtze Rivers
(Ding et al., 2004, 2011), the Kalix River in Sweden (Engström
et al., 2010), Swiss alpine rivers (Georg et al., 2006), and most
recently from the Nile River (Cockerton et al., 2013), the Amazon
river and tributaries (Hughes et al., 2013), areas of central Siberia
(Pokrovsky et al., 2013; Panizzo et al., 2017) and the Ganges
(Fontorbe et al., 2013; Frings et al., 2015). The range in δ

30Si from
freshwaters, thus far analyzed, now stands at −0.17 to +4.66‰
(Figure 1).

In big-picture terms, (almost) every measurement ever made
of river water DSi has been heavier than the parent material.
When river water DSi concentrations are normalized to a
conservative element (typically Na, which is common in silicate
rocks), then it becomes clear that Si is removed from solution,
either into secondary clay minerals or some form of bSiO2, and
that this removal is associated with a discrimination against the
heavier isotopes of Si. This is consistent with our understanding
derived from the microscale (e.g., Steinhoefel et al., 2011;
Schuessler and von Blanckenburg, 2014) to the soil-column scale
(e.g., Opfergelt et al., 2012; Pogge von Strandmann et al., 2012).
These all show that the new secondary mineral phases have
less of the heavier isotopes relative to river waters. The same
discrimination is also well established for plants (Ding et al., 2005,

2008a; Opfergelt et al., 2006a,b), freshwater diatoms (Alleman
et al., 2005; Panizzo et al., 2016) and sponges, which preferentially
utilize 28Si over 30Si (and 29Si), thus leading to an increase in δ

30Si
in the host water.

Broadly, δ
30Si values in river waters reflect the weathering

regime, which is ultimately a mass-balance constraint. We can
conceptualize two end-member weathering regimes: “kinetically
limited” and “supply limited” (almost equivalent to the
geomorphological terms “transport limited” and “weathering
limited”; see e.g., Stallard and Edmond, 1983). Kinetic limitation
refers to a situation where the weathering flux (solute, DSi) is
operating at maximum capacity for the conditions; increasing the
factors that control the weathering rate (essentially temperature
or water supply) will increase the rate of DSi export, because there
is an excess of fresh material to be weathered. This could be e.g.,
the high Himalaya, the Andes, or (sub) glacial catchments (Georg
et al., 2007; Fontorbe et al., 2013; Opfergelt et al., 2013) where
physical erosion greatly outpaces chemical weathering. At very
high erosion rates (low weathering intensity or congruency) river
δ
30Si is low: there is no time, and no thermodynamic driving
force, for clays to form, soils to develop or biology to have a
meaningful influence on the δ

30Si measured in a stream.
The other end-member (supply limited) is where essentially

all material leaves the catchment as a dissolved flux; the rate
of solute generation is limited by how quickly material is
supplied. Increasing the factors that control the weathering rate
(temperature or water supply) will not increase Si export, because
there is nothing left to be weathered. In this case the conversion
of parent material (bedrock) to river solute is (near-) complete,
then there can be no observable fractionation: the river takes on
the composition of the bedrock, regardless of how much bSiO2

cycling is taking place in the catchment (and assuming steady-
state, and no loss of bSiO2). This is the case in e.g., the lowland,
blackwater tributaries of the Amazon (Hughes et al., 2013) and
the Congo (Cardinal et al., 2010), where the interpretation is that
the swampy, organic-matter-rich environments are conducive to
the dissolution of previously formed clays.

Along a gradient of weathering intensity (0 to 1, where 0 is all
material exported by physical erosion, and 1where all denudation
occurs as dissolved fluxes), the offset between source material
(bedrock) and river δ

30Si should be zero at both ends and peak
somewhere in the middle (Bouchez et al., 2013). The same is true
for Li isotopes (Henchiri et al., 2016); in general, the isotopic
separation along a weathering regime gradient is much clearer for
Li (δ7Li) than δ

30Si (see e.g., Dellinger et al., 2015; Frings et al.,
2016). Superimposed on the above is the role of vegetation (see
section Vegetation).

All the work published on the major catchment/riverine
systems (e.g., Cockerton et al., 2013) highlight the complexity
of lake/drainage basin systems, and clearly illustrate that
both Si concentrations and δ

30Si are closely controlled by
a mixture of weathering/erosion processes [regulated by the
wider climate system (De La Rocha et al., 2000; Opfergelt
and Delmelle, 2012)], aquatic productivity and catchment soil,
vegetation. Studies of the Congo Basin, for example, have shown
that δ

30SiDSi is mainly regulated by the intensity of silicate
weathering/secondary mineral formation across the drainage
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basin with spatial variations further driven by the type of
weathering regime and the extent to which clays are dissolved by
organic matter (Cardinal et al., 2010). These abiotic processes are
then superimposed by seasonal biological processes, in particular
by diatom biomineralization in the dry season, which exports
significant amounts of Si out of the water column (Hughes
et al., 2011). Other examples also account for the downstream
increase in Nile River δ

30Si to the progressive uptake of DSi
by diatoms and other Si-accumulating organisms (Cockerton
et al., 2013). Indeed, Cockerton et al. (2013) showed significant
seasonal variations in δ

30Si from freshwaters, with higher δ
30Si

in the dry season (+1.54 to +4.66‰) than the wet season
(+0.48 to +3.45‰) due to reduced mobilization of dissolved
Si from the catchment relative to its aquatic demand. These
examples demonstrate the superimposed (often seasonal) control
that freshwater bSiO2 plays in regulating δ

30Si signatures, where
abiotic processes (chemical weathering and secondary mineral
formation) otherwise dominate.

Additional examples also show the potential importance of
vegetation in altering the Si concentration and/or δ

30Si and
regulating the flux of Si both into/out of river waters (Alleman
et al., 2005; Ding et al., 2011; Hughes et al., 2011; Cockerton et al.,
2013; Pokrovsky et al., 2013). For example, along the Yangtze
River uptake of DSi by grasses in wetlands and rice in paddy fields
drives a progressive increase in δ

30SiDSi due to better phytolith
preservation in areas of high phytolith production and/or low
phytolith dissolution (Ding et al., 2004). In contrast the net
impact of vegetation on δ

30SiDSi seems to be minimal in the
Okavango Delta, Congo and Amazon Basin due to the rapid
dissolution/recycling of phytoliths (Cardinal et al., 2010; Hughes
et al., 2013; Frings et al., 2014b).

Work on smaller aquatic systems has also shown significant
temporal variations in δ

30SiDSi. In a boreal river in North Sweden
seasonal changes in δ

30SiDSi of 0.8‰ were attributed to: (1)
the release of plant derived bSiO2/phytoliths (low δ

30Si) during
snow melt; (2) changing inputs from headwaters; and (3) diatom
biomineralization (Engström et al., 2010). Similarly, seasonal
changes in δ

30SiDSi of up to 0.6‰ were observed in a series of
rivers in Switzerland (Georg et al., 2006), whilst variations in a
series of Icelandic rivers have been linked to differential erosion
rates and secondary minerals formation (Opfergelt et al., 2013).

Other studies have shown a significant anthropogenic impact
on δ

30SiDSi, often in response to land use changes and dam
construction (Sun et al., 2011; Hughes et al., 2012; Delvaux
et al., 2013). As a case study, along the River Nile, intensive
water management through the irrigation/retention of waters
behind dams exerts a significant control on δ

30SiDSi (Cockerton
et al., 2013). In the Tana River (Kenya), downstream increases
(decreases) in δ

30SiDSi (DSi) are attributed to both greater
water retention time and the higher diatom DSi utilization
in dams and reservoirs (Hughes et al., 2012), which leads to
heavier (+0.54‰) downstream DSi compositions and a 41%
decrease in concentrations. Similarly, outside of diatom growth
season periods, the δ

30SiDSi signature of Scheldt River (Belgium)
tributaries (a human disturbed watershed) are negatively
correlated to the percentage of forest cover (r2 = 0.95, p-value
< 0.01) and positively correlated to the percentage of arable land

cover (r2 = 0.70, p-value < 0.08) in the basin, suggesting that
land use is a major control here on δ

30SiDSi signatures (Delvaux
et al., 2013). All of these examples document how temporal
(namely seasonal) and spatial changes in riverine δ

30SiDSi in both
small and large drainage basins, can have great impact upon the
delivery of DSi and δ

30SiDSi to the oceans over time (Frings et al.,
2016).

Challenges in Interpreting River Geochemistry
As outlined above, the cycling of DSi in river water is not a
straightforward process. In general, we have a good conceptual
understanding of the qualitative nature of the processes and
the associated fractionations, but quantifying the fractionation
at each step in the processes is often challenging. This is not a
problem that is unique to Si isotope systematics (see Eiler et al.,
2014).

The key steps in the generation of river water DSi include:
(1) dissolution of the primary mineral, (2) incorporation of
some fraction of this as a secondary phase, (3) bio-cycling and
soil-column processes. Each of these steps is associated with
multiple fractionations: We are beginning to understand that
the (overall) Si isotope fractionation associated with any given
process is extremely variable. Note that an analogy can be made
with the ongoing work on biological Si fractionation (Sutton
et al., 2013; Hendry et al., 2015). This range in observable
isotope fractionation occurs because each phase transformation
is typically several steps, each with their own fractionation.
For example, the weathering of a primary silicate mineral to
a secondary clay (e.g., plagioclase to kaolinite) will potentially
involve breaking of bonds in mineral surface, diffusion across
a leached layer and/or thin mineral-fluid boundary layer, de-
solvation/coordination into and from solution, transfer to the
precipitation site, and the forming of new bonds in the new
mineral. Each step can involve isotope fractionation, plus
various mass-balance constraints that regulate how much this
fractionation can be expressed. They also involve fractionations
of two fundamentally different manners: kinetic and equilibrium,
which arise fromNewtonian dynamics and bond-strength effects,
respectively. Importantly, these fractionation events tend to cause
opposing fractionation of the Si isotopes and complicate the
interpretations of the resulting δ

30Si values.
Laboratory experiments confirm that the combined

fractionations associated with important processes (Si adsorption
or precipitation) are both rate and temperature dependent
(Geilert et al., 2014; Oelze et al., 2014, 2015; Roerdink et al.,
2015), conclusions that are corroborated by well-designed field
experiments (Geilert et al., 2015). In general, it is clear that
there is no such thing as a single fractionation factor for a
given process. This makes it hard to quantitatively interpret
e.g., river DSi at a large scale, especially without a robust
independent estimate of “fSi,” the fraction of Si remaining in
solution. Catchment mass-balance models (e.g., Bouchez et al.,
2013)) can help, but require that river sediment is collected and
measured simultaneously and assume catchment steady-state.
Predicting the magnitude, and even direction, of changes in the
δ
30Si values of river water during glacial-interglacial transitions
is confounded by multiple parameters that are only qualitatively
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understood. It is not clear, for example, if these transitions would
result in a congruent weathering regime.

Lakes
Lacustrine systems represent a key component of the continental
Si cycle, although only a handful of results have been published to
date (Figure 1). Whilst riverine inputs cause initial lake profiles
to be primarily a function of upstream catchment processes
(weathering of rock and productivity inputs), subsequent in-
lake DSi biomineralization can significantly modify DSi/δ30SiDSi
before waters continue through the outflow and eventually into
the marine system (Alleman et al., 2005; Opfergelt et al., 2011).
As with the oceans, siliceous productivity in lakes is primarily
a function of light and nutrient availability. Accordingly,
spatial/temporal patterns of DSi/δ30SiDSi can often be linked to
factors including mixing/stratification regimes, which regulate
the supply of nutrient rich deep waters to the photic zone and the
retention of organisms in surface waters (Alleman et al., 2005).

The net efficiency of the biological pump in transferring
Si from the water column into the sediment record is often
higher in lakes than marine systems, due to lower dissolution
rates that are in turn influenced by faster rates of sinking and
sediment accumulation. However, in instances where dissolution
is significant, for example in response to elevated pH or salinity,
the impacts are clearly observed with elevated DSi concentrations
and lower δ

30Si (Opfergelt et al., 2011). Importantly, the
contemporary studies carried out to date all highlight the
potential for δ

30Si to be used to study temporal changes in
Si cycling, for example through the use of sediment cores.
Whilst several organisms (diatoms, radiolaria, sponges) have
been explored for this purpose in marine environments, work
on freshwater systems has so far focused on diatoms with few
data for other organisms (e.g., sponges Hughes et al., 2011).
Calibrations have replicated marine studies in demonstrating
a fractionation factor of ca. −1.1‰ that is independent of
temperature and species (Alleman et al., 2005). Furthermore,
contemporary data of δ

30Sidiatom from open sediment traps
placed down the Lake Baikal water profile found a near constant
δ
30Sidiatom composition, suggesting the full preservation of
the signal through the water column (Panizzo et al., 2016).
More importantly, their comparison with δ

30Sidiatom in surface
sediments, where high diatom valve dissolution occurs, argued
for the absence of a Si isotope fractionation associated with
diatom dissolution (Panizzo et al., 2016).

Challenges in Interpreting Lake Geochemistry and

Palaeolimnological Records
As outlined above, there have been a handful of studies to date
that have examined the application of δ

30SiDSi in limnological
settings (Alleman et al., 2005; Opfergelt et al., 2011; Panizzo et al.,
2016, 2017). Lakes, in addition to the soil-vegetation system, play
an important role in buffering continental DSi export to the
oceans. Previous assumptions were that this buffering capacity
of the continental Si cycle was in steady-state; however, this has
now been challenged (Frings et al., 2014a). Frings et al. (2014a)
highlight the effectiveness of lacustrine environments in retaining
DSi in sediments via the bSiO2 pump, which on a global scale

can translate to a net export of between 21 and 27% of river DSi
export. This equates to an estimation of 1.53 Tmol yr−1 (Frings
et al., 2014a) (Figure 1). These data highlight the challenges in
underpinning global estimates of lake biogeochemical cycling
(particularly for large lakes and reservoirs) to better constrain the
evolution of the global biogeochemical cycling of Si.

Marine
Silicon plays an important role in the marine realm as a
vital macronutrient for silicifying organisms such as diatoms,
radiolarians, siliceous sponges and silicoflagellates. Due to their
short lifetimes and the dynamic, boom-bust nature of their
populations, diatoms are dominantly responsible for the cycling
of Si within the ocean, due to the large fluxes associated with
their uptake and export of Si (Figure 1), although other siliceous
organisms may contribute to sedimentary standing stocks of Si in
some regions (Maldonado et al., 2011). Diatoms are thought to
be responsible for up to ∼40% of oceanic primary productivity
(Nelson et al., 1995), and are especially efficient at exporting
carbon from the surface ocean (Buesseler, 1998), giving them an
important role in the oceanic biological pump of carbon. The
marine cycles of Si and C are thus linked, albeit not in any simple
manner, due to the differential cycling of Si; the release of Si
from diatom frustules is slower relative to the remineralization
of C from diatom cells (Bidle and Azam, 1999; Ragueneau et al.,
2000; Bidle et al., 2002; Smetacek et al., 2012). The largest Si
fluxes within the global ocean are the result of diatom uptake in
and export from the surface ocean (Tréguer and De La Rocha,
2013) (Figure 1), most of which takes place in the upwelling
regions of the high-latitude open ocean (Honjo et al., 2008)
as well as in coastal upwelling regions. Diatoms preferentially
take up the lighter isotopes of Si during silicification (De La
Rocha et al., 1997; Milligan, 2004; Sutton et al., 2013), resulting
in a higher δ

30SiDSi signature in surface ocean DSi (Figure 1).
Seawater δ

30SiDSi variations are thus primarily created by the
fractionation by diatom uptake in the euphotic zone of the ocean,
where these photosynthesizers grow. This surface fractionation,
combined with the oceanic circulation, is the major control on
the global oceanic distribution of δ30SiDSi, which has highlighted
some key features of the nature of marine Si cycling in recent
years. However, other processes such as hydrothermal activity,
and early sedimentary diagenesis are poorly quantified, and thus
their impact on the interpretation of Si isotope and trace element
signals in sedimentary bSiO2 remains unknown

Global Water Column Distribution
Since active fractionation of δ

30Si by diatoms occurs within the
euphotic zone of the ocean, the most extreme δ

30SiDSi values are
found within the uppermost 100m of the water column, with
values reaching above +3‰ both in highly nutrient-depleted
oligotrophic gyres (with DSi concentrations <1µM; Reynolds
et al., 2006; Grasse et al., 2013) as well as in the slightly more Si-
rich high-latitude upwelling regions (with DSi concentrations of
2–13µM; Varela et al., 2004; Fripiat et al., 2011; de Souza et al.,
2012a). These values are amongst the most highly fractionated
δ
30Si values reported in the literature (Reynolds, 2011), and
at any given location within the ocean, the surface ocean
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represents the highest δ
30SiDSi value found in the water column

(e.g., Cardinal et al., 2005; Cavagna et al., 2011; Ehlert et al.,
2012). Below the maximum in the surface ocean, depth profiles
of δ

30SiDSi typically show a monotonic decrease with depth,
mirroring the increase in DSi concentration. The steepness of
this isotopic gradient varies with oceanographic setting, with
sharp δ

30SiDSi decreases observed in upwelling regions where
DSi concentrations increase quickly with depth (e.g., Cardinal
et al., 2005; Ehlert et al., 2012). Elsewhere in the open ocean,
where the silicicline is depressed and DSi concentrations increase
only slowly through the uppermost 1,000m of the water column,
δ
30SiDSi values remain elevated to intermediate depths, and can
reach up to +1.8‰ at depths of ∼800m (de Souza et al.,
2012a). These elevated values, which result from fractionation
of δ

30Si within the euphotic zone, provide robust evidence
that the bSiO2-poor nature of the upper ocean is due to the
spreading of DSi-depleted water masses that derive from the
Southern Ocean, as initially suggested by Sarmiento et al. (2004).
These water masses, Sub-Antarctic Mode Water (SAMW) and
Antarctic Intermediate Water (AAIW), form from high-latitude
surface water masses from which DSi has been stripped by the
uptake of heavily silicified Southern Ocean diatoms. This DSi
depletion is associated with an isotope fractionation, imparting
SAMW and AAIW a high δ

30SiDSi signature (de Souza et al.,
2012a), a process that has been dubbed “Southern Ocean isotope
distillation” by Brzezinski and Jones (Brzezinski and Jones, 2015).
The high δ

30SiDSi signature of SAMW and AAIW is exported
to the upper ocean at a near-global scale (De La Rocha et al.,
1998; de Souza et al., 2012a,b; Brzezinski and Jones, 2015; Singh
et al., 2015). The upper-ocean δ

30SiDSi distribution thus reflects
the importance of Southern Ocean water-mass subduction in
resupplying DSi, together with other major nutrients, to the
nutrient-poor low-latitude upper ocean. The major exception to
this strong Southern Ocean influence is the DSi-rich upper ocean
of the North Pacific Ocean (Reynolds et al., 2006), which obtains
its DSi inventory via upwelling in the subarctic Pacific and also
influences the upper-ocean δ

30SiDSi distribution of the equatorial
Pacific (Beucher et al., 2008, 2011; de Souza et al., 2012a).

By far the most coherent large-scale δ
30SiDSi variability in the

global ocean is observed in the deep and abyssal ocean, below
about 2,000m. Here, DSi concentrations vary by a factor of
∼20, from a little over 10µM in the DSi-poor waters formed
in the North Atlantic Ocean, to over 180µM in the old, DSi-
rich waters of the North Pacific Ocean (Garcia et al., 2014).
The strongest DSi gradient is observed within the deep waters
of the Atlantic Ocean, where DSi-poor North Atlantic Deep
Water (NADW) overlies DSi-rich abyssal waters of Southern
Ocean origin (Antarctic Bottom Water, AABW). This DSi
gradient is associated with a coherent δ

30SiDSi gradient between
isotopically light AABW (+1.2‰) and isotopically heavy NADW
with values up to +1.8‰ (de Souza et al., 2012b; Brzezinski
and Jones, 2015). It has been argued that the elevated δ

30SiDSi
value of NADW is the result of the cross-equatorial transport
of a heavy δ

30SiDSi signature by SAMW and AAIW, which
flow northward in the Atlantic Ocean to close the upper
limb of the meridional overturning circulation (Ehlert et al.,
2012; de Souza et al., 2015), illustrating the degree to which

Southern Ocean Si utilization and the associated “distillation”
of isotopes affects the δ

30SiDSi distribution at the global scale
even in the deep ocean. Indeed, this Southern Ocean influence
would appear to extend as far north as the Arctic Ocean:
recent work has shown that Arctic deep waters Ocean bear
the most elevated δ

30SiDSi values in the global ocean, with
values averaging +1.9‰ (Varela et al., 2016). Since the Arctic
Ocean receives most of its inflow from intermediate waters of
the northern Atlantic Ocean, which are influenced by AAIW,
the low-DSi, high-δ30SiDSi end-member characteristics of the
deep Arctic Ocean may ultimately derive from Southern Ocean
isotope “distillation,” although the role of more local processes
such as Si cycling within the Arctic Ocean as well as Si
input from riverine discharge need to be investigated in more
detail.

Apart from the Atlantic and Arctic Oceans, the deep water
δ
30SiDSi distribution showsmarkedly little variability, with Indian
and Pacific Ocean deep waters exhibiting δ

30SiDSi values of
around +1.2‰ to +1.3‰ (Beucher et al., 2008, 2011; de
Souza et al., 2012a; Grasse et al., 2013; Singh et al., 2015),
i.e., essentially invariant considering the degree of analytical
consistency between laboratories (Reynolds et al., 2007; Grasse
et al., 2017). Although there are some hints of heterogeneity in the
North Pacific, e.g., in the Cascadia Basin proximal to the North
American continent (Beucher et al., 2008), when compared to
the ∼0.5‰ meridional gradient observed in the Atlantic Ocean,
δ
30SiDSi variability in the Indian and Pacific Oceans is neither
particularly significant nor systematic. A possible explanation for
this homogeneity comes from a modeling study of the controls
on the deep ocean δ

30SiDSi distribution (de Souza et al., 2014),
which found that deep water δ

30SiDSi values outside the Atlantic
and Arctic Oceans are very strongly governed by the export
of isotopically light DSi-rich abyssal water from the Southern
Ocean.

Hydrothermal Vents
There are two types of hydrothermal vents that influence the
marine Si cycle: (A) on-ridge hot (near critical point) black
smoker fluids and, (B) warm (>45◦C) and cool (<20◦C) Ridge
Flank Hydrothermal Fluids (RFHF). They are inherently similar
in terms of the Si transfer to the ocean because (a) reactions
at high and low temperature leach Si from the oceanic crust,
resulting in high (17± 3mmol/kg for hot) andmoderate (∼0.5±
0.2 mmol/kg for warm and cool) DSi hydrothermal fluids and (b)
cooling of the hot fluids or warming of the cool and warm fluids
removes DSi through precipitation of smectite-like clays before
their venting from the seabed (Wheat and McManus, 2005). At
a global scale, high temperature hydrothermal DSi fluxes can
be constrained at a maximal of 0.14 ± 0.02 Tmol yr−1 using
a Si input of 17 ± 3 mmol/kg (the average concentration in
hydrothermal vents at an exit temperature of 300◦C) with a water
flux at 8× 1012 kg yr−1 (Coogan and Dosso, 2012). However, the
influence of hydrothermal inputs on the global marine Si cycle
remain uncertain due to the paucity of δ

30Si data available. To
date, the only published data are two data points (−0.4‰ and
−0.2‰) for hydrothermal vents on the East Pacific Rise (De La
Rocha et al., 2000).
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Sedimentary Processes
Upon deposition on the seabed, recycling of SiO2 during early
diagenesis in marine sediments involves: (a) initial dissolution
of bSiO2 and/or detrital siliceous phases and consequent DSi
build-up in marine pore waters (b) flux of dissolved Si out of the
sediments and (c) bSiO2 reconstitution and/or precipitation of
SiO2-rich diagenetic solid phases. The three recycling processes
take place simultaneously and ultimately control DSi fluxes and
diagenetic SiO2 deposition and storage in marine sediments
(Dixit et al., 2001; Aller, 2014) (Figure 1). When early diagenetic
siliceous precipitates are rich in seawater-derived cations (e.g.,
K, Mg) the precipitation process is called “reverse weathering”
and the cation-rich precipitates “reverse weathering products”
(Mackenzie and Garrels, 1966; Michalopoulos and Aller, 1995).

Pore water and biogenic silica preservation
The δ

30Si of pore waters from marine sediments is an indicator
of diagenetic turnover of Si and its impact on the preservation
of environmental signals in bSiO2 (Ehlert et al., 2016). In
fine-grained terrigenous sediments of the Amazon delta these
authigenic Al-Si phases form at a rate as high as 280 µmol Si
cm−2 yr−1 (Michalopoulos and Aller, 2004). In shelf sediments
the rate is thought to be substantially lower at around 56
µmol Si cm−2 yr−1, which, however, means that approximately
24% of the total dissolving bSiO2 re-precipitates in the upper
few centimeters of the sediment (Ehlert et al., 2016). Several
experimental studies have shown that such Si precipitation is
associated with strong enrichment of light Si isotopes up to
−4.5‰ in the product although they were not focused on
sediment—pore water diagenesis (e.g., Geilert et al., 2014; Oelze
et al., 2014, 2015; Roerdink et al., 2015).

To date, there have been only a few studies that investigated
the effect of diagenesis on preservation of the primary
environmental signal in bSiO2 and they found potentially
differing results. Demarest et al. (2009) reported a preferential
release of light Si isotopes during partial dissolution of bSiO2

in batch reactors, whereas leaching experiments with sediments
showed no fractionation (Wetzel et al., 2014; Tatzel et al.,
2015). In young hemi-pelagic sediments, the early diagenetic
formation of new Al-Si phases is focused in the topmost layer
of the sediment column (ca. 0–10 cm sediment depth). Ehlert
et al. (2016) found pore waters from the Peruvian shelf with
high δ

30Si (average 1.46 ± 0.22‰) with the highest values
occurring close to the sediment–water interface. These values
were enriched compared to bSiO2 in the cores (average 0.85
± 0.28‰) and overlying bottom water (<1.5‰), which is
consistent with the formation of authigenic Al-Si phases from
the dissolving bSiO2. The fractionation factor between the
precipitates and the pore waters was estimated at −2.0‰.
However, the isotope composition of the bSiO2 seemed to
remain constant within the reactive surface layer where most
of the dissolution and precipitation occurred, which makes
isotopic fractionation during dissolution unlikely. From leaching
experiments on older Pleistocene and Pliocene sediments, Tatzel
et al. (2015) report that the formation of authigenic Al-Si phases
should be 2‰ lighter than the pore waters they formed from, in
agreement with previous experimental results (Delstanche et al.,
2009; Geilert et al., 2014; Oelze et al., 2014, 2015). However, the

authors observed an increase of the Si isotope composition of
the preserved SiO2 during phase transformation from opal-A to
opal-CT. The reason for this was an isotope exchange between
SiO2 and pore water, and the Si isotope increase was higher with
an increase in the amount of detrital material in the sediment.

Diagenetic silica precipitation and reverse weathering
It has been proposed that reverse weathering reactions in
marine sediments are significant oceanic sinks for K, Mg, and
alkalinity (Mackenzie and Garrels, 1966; Rude and Aller, 1994;
Michalopoulos and Aller, 1995, 2004; Sun et al., 2016). The
precipitation process can also involve the uptake of minor
elements (Li, Ge, F) into new authigenic siliceous phases, which
can act as primary sinks and thus balance the oceanic mass and
isotopic budget. The incorporation of redox-sensitive elements
(e.g., Fe) depends on the availability and early diagenetic cycling
of the relevant element in dissolved form.

Currently, the flux of reverse weathering on the global
Si cycle is estimated at −0.63 ± 0.6 Tmol yr−1 (Frings
et al., 2016) or 1.5 ± 0.5 (Tréguer and De La Rocha,
2013) (Figure 1, Table S1), however, it is assumed that
this flux is under-estimated. It has been proposed that
reactive bSiO2 that has undergone reconstitution/dissolution/re-
precipitation transformations remains partially unaccounted for
(Michalopoulos and Aller, 2004; Presti andMichalopoulos, 2008)
using the traditional operational leach method of DeMaster
(1981). However, measurements of cosmogenic 32Si incorporated
in reactive SiO2 products indicate that even the modified alkaline
leach methods used to date in high sediment accumulation rates
underestimate the amount of reconstituted bSiO2 and authigenic
silicates stored in deltaic sediments (Rahman et al., 2016). Thus
the conservative estimates for the net storage of altered bSiO2

and authigenic silicates in deltaic sediments range from 2–3x in
the Mississippi (Presti and Michalopoulos, 2008) to 5–10x in the
Amazon (Michalopoulos and Aller, 2004). Based on 32Si, actual
storage in the Amazon delta may be 2–3x greater (i.e., 3–4.5 Tmol
yr−1) than the best recent conservative estimates (Rahman et al.,
2016).

In general, the impact of dissolution, diagenesis and reverse
weathering on the stable isotope analysis of bSiO2 are poorly
understood. Whilst it is possible to assess the degree of
recrystallization of bSiO2 through geological time (De La Rocha,
2003), there are some early stage dissolution and diagenetic
processes that can occur in the water column and shallow
sediments that may be more challenging to detect. However,
studies seem to indicate that with high bSiO2 concentrations in
the sediments, the original δ30Si of the bSiO2 is more likely to be
preserved because exchange with pore water and the formation
of authigenic Al-Si phases is limited.

Additional Challenges in Interpreting Marine Data
In addition to environmental alteration (see sections Pore
Water and Biogenic Silica Preservation and Diagenetic
Silica Precipitation and Reverse Weathering) and any
analytical challenges associated with the separation and
cleaning (see section Multi-proxy Geochemical Approaches in
Palaeoceanography) of bSiO2 from sediment cores, ensuring the
effective removal of any contaminant phases (Morley et al., 2004;
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Egan et al., 2012), there are a number of different biological and
ecological assumptions that are required for the interpretation of
both Si and oxygen isotopes (δ18O) in diatom bSiO2.

Firstly, many downcore studies assume a constant δ
30Si

fractionation factor of −1.1 ± 0.4‰, which was based on the
initial culture studies carried out by De La Rocha et al. (1997).
However, more recent studies show that this fractionation factor
may be more variable, and potentially species-specific, based on
both field studies (e.g., Varela et al., 2004; Beucher et al., 2007;
Ehlert et al., 2012; Fripiat et al., 2012) and culture experiments
(Sutton et al., 2013).

Secondly, the mathematical models of DSi utilization also
assume a starting value of δ

30SiDSi for the upwelling water,
which supplies the essential nutrients to diatoms in the
surface layer. To a certain extent, this can be estimated
using simple box models (e.g., Beucher et al., 2007), and/or
deep-water archives [see section Palaeoceanographic (and
Palaeolimnological) Applications below Horn et al., 2011;
Egan et al., 2013]. There is a potential that changes in
water mass circulation, or end-member composition, could
impact the distribution of silicon isotope ratios in the oceans
(Hendry and Robinson, 2012) (see section Global Water
Column Distribution). Furthermore, changes in inputs and—
potentially—biological productivity and diatom bSiO2 burial
could change the whole ocean Si isotope budget over periods of
time longer than the residence time of Si in the ocean, 10–15
thousand years (Frings et al., 2016; Hawkings et al., 2017).

PALAEOCEANOGRAPHIC (AND
PALAEOLIMNOLOGICAL) APPLICATIONS

The stable isotopic composition of biogenic bSiO2, together
with the concentration and stable isotope composition of
trace elements within the bSiO2, provide a useful source of
palaeoceanographic data. The remains of silicifiers, isolated
from marine sediments, are effective archives of marine Si
cycling at different depths within the water column, yielding
key information about DSi supply and utilization by marine
algae. Si cycling by algae is important to quantify if we are
to understand the processes that are critical to the cycling of
carbon in the Earth’s climate system, such as changes in organic
carbon production and export, oceanic circulation and chemical
weathering (Frings et al., 2016). Biogenic SiO2 has the potential
to provide records of marine Si cycling throughout the Cenozoic
in the case of diatoms, and further back into the Meso- and
Palaeozoic in the case of radiolarians and sponges, as it is well-
preserved and widespread in sediments, and can be readily
assessed for diagenesis through XRD analysis (e.g., De La Rocha,
2003). In addition, bSiO2 archives are useful in climatically
important locations where the more traditional, carbonate-
based palaeoceanographic archives (principally foraminifera) are
poorly preserved, such as the Quaternary Southern Ocean.

In the following sections, we will provide a summary of the
bSiO2-based palaeoceanographic tools available, including trace
element geochemistry (section Trace Element Geochemistry of
Diatoms and Sponges) andmajor element stable isotope methods
(section Major Element Stable Isotope Ratios in Diatoms,

Sponges and Radiolarians). These sections emphasize the value of
multi-archive and –proxy approaches to better constrain changes
in silicon (bio)geochemistry and examples of such applications
are provided within the context of palaeoceanography in section
Multi-proxy Geochemical Approaches in Palaeoceanography
(e.g., Silicic Acid Leakage Hypothesis). Although we will focus on
the more widely studied silicifying organisms (diatoms, sponges
and radiolarians), there is a wealth of other silicifying organisms
in the oceans that are yet to be explored for their potential as
oceanographic archives.

Trace Element Geochemistry of Diatoms
and Sponges
Biogenic silica incorporates low quantities of trace elements into
the structure. Although often in parts per million—or less—the
concentrations of these elements (often normalized to Si) can
reveal information about the environmental conditions during
growth. Many of these elements show strong correlations with
DSi in seawater and exhibit “refractory nutrient-like” profiles.

Aluminum
Aluminum is one of the most abundant, but highly variable, trace
elements in bSiO2 ranging from 0.0001 to 0.1 g/g (e.g., Hendry
et al., 2011). Although Al uptake occurs by adsorption and is
present in associated clay phases (van Bennekom and van der
Gaast, 1976; Moran and Moore, 1988), Al is also incorporated
into living diatom bSiO2 that is still protected by an organic
matrix (Gehlen et al., 2002). X-ray absorption spectra at the Al-K
edge show that Al occurs in 4-fold co-ordination, with tetrahedra
inserted inside the bSiO2 framework, although samples of diatom
bSiO2 taken from natural marine waters show both 4- and 6-
fold co-ordination, possibly as a result of clay contamination
(Gehlen et al., 2002). Whilst there appear to be some climatic
signals in Al/Si in diatom bSiO2 (e.g., Hendry et al., 2011), Al/Si
appears to be highly susceptible to rapid alteration during early
sedimentation processes, most likely sourced from clay material
(Ren et al., 2013) increasing an order of magnitude or more
between water column or sediment trap samples and sediment
core tops in both laboratory and field studies (Koning et al., 2002,
2007; Loucaides et al., 2010; Hendry et al., 2011). In addition
to Al concentration analysis, diatom bSiO2

26Al and 10Be have
also been explored as archives of marine cosmogenic nuclide
concentrations (Lal et al., 2006). Less is known about the Al
content of other silicifiers, although limited data indicate that
the Al/Si of fresh sponge bSiO2 is lower than that of diatoms
(<0.0002 g/g; Hendry and Andersen, 2013).

Germanium
In the ocean, dissolved inorganic germanium (Ge) cycles in a
manner similar to that of DSi, with Ge uptake and regeneration
from diatom frustules being the main control on its oceanic
distribution (Froelich and Andreae, 1981; Froelich et al., 1989;
Mortlock and Froelich, 1996; Sutton et al., 2010). Although Ge
mimics Si, differences in their geochemical behavior can occur
reflecting differences in the oceanic inputs and losses and subtle
differences in the biogeochemical cycling of these two elements
within the ocean. Because of differences in molecular weight
and subtle differences in chemistries, the uptake, incorporation
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and regeneration of Ge from diatom bSiO2 is also non-ideal.
These differences are especially apparent at low DSi and Ge
concentrations where there is apparent discrimination of Ge
during Si uptake via bSiO2 formation (Sutton et al., 2010), which
lead to significant non-zero Ge intercept and slightly non-linear
behavior of the global Ge-Si relationship ([Ge] = 0.76±0.00[Si]
+ 0.08±0.17, r2 = 1.00, n= 248, Ge in pmol L−1 and Si in µmol
L−1). The fractionation of Ge during uptake with Si is readily
apparent in deep sea sponges which have a lower affinity for Si
uptake (Froelich and Barthel, 1997; Reincke and Barthel, 1997;
Maher et al., 2006).

The two main sources of Ge and Si to the ocean are mineral
weathering and hydrothermal fluids (Mortlock and Froelich,
1987; Mortlock et al., 1993; Kurtz et al., 2002). Weathering
produces low Ge:Si ratios (Ge/Si) input ratios as reflected in the
Ge/Si for rivers (0.3–1.2 µmol/mol), while hydrothermal fluids
have higher Ge/Si input ratios (8–14 µmol/mol) (Mortlock and
Froelich, 1987; Mortlock et al., 1993; Kurtz et al., 2002). The
two main sinks for Ge removal from the ocean are through
incorporation into bSiO2 and Ge lost via in non-opal phases
(Murnane et al., 1989; Hammond et al., 2000, 2004; King et al.,
2000; McManus et al., 2003). Currently, there is debate about the
magnitude and loss via the ‘missing Ge sink’ (Hammond et al.,
2000, 2004; King et al., 2000; McManus et al., 2003; Baronas
et al., 2016; Rouxel and Luais, 2017). Recently Baronas et al.
(2016) have suggested that Ge loss from the ocean appears to be
dependent on pore-water oxidation–reduction reactions and the
formation authigenic aluminosilicate (see section Sedimentary
Processes) minerals within marine sediments. Note, a recent
study looking at the links between Ge isotopes and silicon in
Hawaiian hydrothermal vents has shown the potential of this
new isotopic system to trace the fate of hydrothermal elements
released into the ocean (Escoube et al., 2015).

While inorganic Ge can be lost from solution through
incorporation into biogenic silica and association with authigenic
mineral formation, there is a large unreactive organic Ge
pool within the dissolved phase; monomethyl- and dimethyl-
germanium. The formation of these two species is relatively
unknown, but it is speculated to be continentally derived and
lost under anoxic conditions (Lewis et al., 1985, 1988, 1989).
The residence time for these methylated forms of Ge are on the
order of 100,000+ years, which is considerably longer than that
of inorganic Ge.

In addition, inorganic Ge can form stable complexes
with organic molecules (e.g., humic acids) containing di-
and polyfunctional carboxylic acids, polyalcohols and ortho-
diphenols functional groups. Complexation of Ge by humic acids
in freshwater regimes needs to be considered with interpreting
variations in the Ge/Si ratio for the global ocean through time
with respect to terrestrial inputs (Pokrovski and Schott, 1998).
The organic Ge complexation has also been suggested to explain
the low Ge/Si ratio in phytoliths due to different pathways of Ge
relative to Si in the plant: Ge is not discriminated against at the
root–soil solution interface but it is organically trapped in roots,
in contrast to Si (Delvigne et al., 2009).

The Ge/Si imprinted into diatom frustules has proven useful
for palaeo-reconstructions but it gives no information regarding

the sizes of the Si and Ge oceanic pools. The overall Ge/Si for the
diatom bSiO2 from the Southern Ocean is relatively constant and
appears to reflect seawater Ge/Si (Shemesh et al., 1988; Froelich
et al., 1989); however, the late Pleistocene diatom Ge/Si record
shows clear, systematic variations between interglacial (Ge/Si =
0.70–0.78 µmol/mol) and glacial periods (Ge/Si = 0.45–0.60
µmol/mol) (Froelich et al., 1989; Mortlock et al., 1991; Bareille
et al., 1998) suggesting that size of either the Si or the Ge pool
has varied (Murnane et al., 1989; Froelich et al., 1992; Hammond
et al., 2000, 2004; King et al., 2000;McManus et al., 2003). To date,
little progress has beenmade to follow up on this earlier work and
our understanding on what drives the large variations has little
advanced since the work of King et al. (2000), Hammond et al.
(2004), and McManus et al. (2003) (see Rouxel and Luais, 2017
for more detail).

Zinc
Zinc is incorporated into diatom bSiO2 in approximately 1–20
ppm levels. Culture studies show that the Zn/Si content of diatom
bSiO2 relate to the concentration of free Zn

2+ ions in the ambient
seawater (Ellwood and Hunter, 1999). However, more recent
observations of Zn speciation in the Southern Ocean question
this link, because the variability in free Zn2+ ion concentrations
are not captured by diatom bSiO2 Zn/Si (Baars and Croot,
2011). Field studies support a link between diatom bSiO2 Zn/Si
and productivity and diatom bSiO2 burial rates, although the
mechanism behind this relationship is less clear and could relate
to nutrient uptake vs. supply, growth rate or salinity (Hendry
and Rickaby, 2008; Andersen et al., 2011). The Zn/Si ratio of
diatom bSiO2 from sediment cores, which appears to be less
susceptible to initial alteration of the bSiO2 as compared to Al/Si
(Hendry and Rickaby, 2008), has been used in a small number
of studies as a proxy for changes in Zn supply to surface waters
in the open ocean and coastal Southern Ocean regions (Ellwood
and Hunter, 2000; Hendry and Rickaby, 2008). Recent studies
indicate that a large proportion of Zn uptake by diatoms is into
the organic material in the cell rather than the bSiO2, challenging
its use as a palaeoceanographic proxy (Twining et al., 2003).
Thorough cleaning protocols are required to ensure only the Zn
incorporated into the silica structure is analyzed (Hendry and
Rickaby, 2008; Andersen et al., 2011).

Zinc isotopes (denoted by δ
66Zn) in diatom bSiO2 ranges from

0.7 to 1.5‰ and appears to relate to changes in seawater δ
66Zn

composition because of biological drawdown of isotopically light
Zn by phytoplankton. If this is the case, then δ

66Zn in diatom
bSiO2 from sediment cores has the potential to be used as an
archive of Zn biogeochemical cycling in the past (Andersen et al.,
2011). However, Zn isotopic fractionation during incorporation
into diatoms appears to be determined by whether the diatom
is utilizing a high or low-affinity Zn transport mechanism,
in addition to ambient free Zn2+ concentrations, and is also
heavily influenced by surface adsorption and organic matter
incorporation (John et al., 2007; Zhao et al., 2014).

One study has shown that Zn/Si in sponges relates to the
flux of particulate organic carbon (POC) to sediments (Ellwood
et al., 2004), leading to its potential use as an export production
proxy (Ellwood et al., 2005). Sponge δ

66Zn systematics appear
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to differ between major groups of silicifying sponges: δ
66Zn

reflects seawater zinc isotopic values in Hexactinellids, whereas
Demosponge δ

66Zn,most likely reflects a combination of internal
isotopic fractionation and fractionation of isotopes in dietary
organic matter (Hendry and Andersen, 2013).

Major Element Stable Isotope Ratios in
Diatoms, Sponges and Radiolarians
Given that bSiO2 is high-purity SiO2, the most straightforward
targets for geochemical analysis are stable Si and oxygen isotope
ratios (denoted by δ

30Si and δ
18O, respectively). However,

other major elements, including C and N that are encased
within the bSiO2, have also been analyzed. Here, we review
recent developments in the use of major isotope systems
in bSiO2 produced by diatoms, sponges and radiolarians as
palaeoceanographic proxies.

Carbon
Increasingly, studies of carbon isotopes are turning to the analysis
of specific organisms rather than bulk organic matter so that
changes in the carbon cycle can be better investigated without
the complication of a mixed source. For example, δ13C analysis
can be undertaken on the cellular (occluded) organic matter
in diatoms, which is well protected from degradation by the
frustule. During photosynthesis, organic carbonmatter is formed
from both HCO−

3 and CO2(aq) and incorporated into diatoms

(Tortell and Morel, 2002). The main control on δ
13Cdiatom is

the balance between supply and demand for Dissolved Inorganic
Carbon (DIC), driven by variations in biological productivity or
carbon cellular concentrations. Organisms, including diatoms,
preferentially use 12C over 13C, so as photosynthetic demand
for DIC rises, increasing amounts of 12C are removed from
the DIC pool, leading to progressively higher δ

13Cdiatom (Laws
et al., 1995). Other factors that could influence δ

13Cdiatom

include changes in the δ
13CDIC of inputs to the water column,

particularly in the lacustrine environment where the sources
of the carbon supplied will be more variable (Barker et al.,
2013), dissolution of diatoms, which releases carbon into the
ambient water, and changes in CO2(aq) concentration (Laws et al.,
1995; Rau et al., 1996, 1997). Therefore, if factors such as inter-
species vital effects can be controlled for (Des Combes et al.,
2008), or if samples of a single species are analyzed (Swann
and Snelling, 2015), then changes in δ

13Cdiatom can be used to
reconstruct environmental changes. In marine sediments, this is
usually primary productivity (e.g., Shemesh et al., 1995; Panizzo
et al., 2014; Swann and Snelling, 2015) and/or changes in CO2

(Heureux and Rickaby, 2015; Stoll et al., 2017). In the case of
lake sediments, δ13Cdiatom is used to reconstruct changes in the
balance between the source and amount of carbon supply and the
productivity within the lake ecosystem (e.g., Barker et al., 2013).

Nitrogen
The measurement of variations in diatom-bound stable isotopes
of nitrogen (expressed as δ

15N) is a powerful tool to reconstruct
past nitrogen (N) utilization from palaeo-archives (e.g., Sigman
et al., 1999; Robinson et al., 2004). To date,∼10 studies have used
diatom-bound δ

15N obtained from sediment cores to reconstruct

palaeo N cycling, with a strong focus on the Southern Ocean
(e.g., Crosta and Shemesh, 2002; Robinson et al., 2004, 2005;
Robinson and Sigman, 2008; Horn et al., 2011). Shemesh et al.
(1993) was the first to develop a method that used the organic
matter contained within the hydrated SiO2 matrix of the diatom,
making it possible to measure diatom-bound N stable isotopes
(15N and 14N). However, during the last decade the chemical
preparation has systematically improved (e.g., Sigman et al.,
1999; Robinson et al., 2004). During nitrate uptake, diatoms
preferentially incorporate the lighter isotope (14N) into the
organic matter (e.g., Altabet et al., 1991; Montoya andMcCarthy,
1995), which affects the isotope composition of both the diatom
and the residual nitrate. An enzymatic pathway catalyzes this
process, where nitrate is reduced to nitrite by nitrate reductase
(e.g., Needoba et al., 2003), which can lead to high fractionation
factors of up to 14.0‰ in cultured polar diatoms (Horn et al.,
2011). Generally, the fractionation of diatom-bound δ

15N shows
a broad range (1–14‰), with high δ

15N variations among diatom
species (1.9–11.2‰) with weak relationship between δ

15N and
cellular size and/or surface area (Horn et al., 2011). Unlike bulk
sedimentary δ

15N, which is routinely measured to reconstruct
N cycling (N utilization and N-loss process), preparation of
diatom-bound δ

15N is more time consuming and cost intensive
(Robinson et al., 2012), but does not appear to be isotopically
altered by early bacterial diagenesis (e.g., Freudenthal et al.,
2001).

Oxygen
The oxygen isotope (δ18O) values of calcareous marine
microfossils, notably foraminifera, have been used extensively
to constrain changes in ocean dynamics (such as global ice
volume) over the past 70Ma of Earth history (e.g., Zachos,
2001; Lisiecki and Raymo, 2005). Antarctic ice volume has likely
played a significant role in Cenozoic deep water formation,
oceanic circulation, and global-scale climate variations; however,
poor preservation of calcareous fossils in high-latitude marine
sediments has limited attempts to expand the geographical
resolution of the benthic marine carbonate oxygen isotope record
(Sarmiento and Toggweiler, 1984; Elderfield and Rickaby, 2000;
Lisiecki and Raymo, 2005; Raymo et al., 2006). Unlike carbonate
minerals, bSiO2 is generally well preserved in high-latitude
marine sediments; therefore, the δ

18O values of diatom bSiO2

from these regions have the potential to vastly expand our
understanding of coupled ice-ocean dynamics (e.g., DeMaster,
2003; Swann and Leng, 2009).

Little is known about spicule δ
18O systematics, although there

appear to be complex biological vital effects in freshwater sponges
(Matteuzzo et al., 2013). A study of a marine carnivorous sponge
δ
18O showed large fractionation effects and highly heterogeneous
isotopic behavior within one individual (Hendry et al., 2015).
One downcore study indicates that there are systematic offsets
between spicule and diatom bSiO2 δ

18O (Snelling et al., 2014).

Silicon
Many (at least 25) glacial-interglacial records, from marine
sediment cores, of δ

30Si of silicifying organisms (i.e.,
diatoms, sponges, radiolarians) display a similar trend:
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FIGURE 2 | Least-squares regression lines fit though sedimentary δ
30SibSiO2

records from 25 ka to present, standardized to mean δ
30Si of the record:

almost all records show an increase from the glacial to the Holocene, with an

average trend of ca. 0.045‰ ka-1, suggestive of a common mechanism. Data

are from Beucher et al. (2007), Brzezinski et al. (2002), De La Rocha et al.

(1998), Doering et al. (2016), Ehlert et al. (2013), Ellwood et al. (2010), Hendry

et al. (2010), Hendry et al. (2014), Hendry et al. (2012), Horn et al. (2011), Kim

et al. (2017), Maier et al. (2013), Panizzo et al. (2014), Pichevin et al. (2012),

Pichevin et al. (2009), Sutton (2011), and Xiong et al. (2015).

lower glacial δ
30Si, higher interglacial δ

30Si (see Figure 2).
While this general pattern has been noted before, most of
the records have been interpreted in isolation in terms of
nutrient palaeo-utilization (or Si concentrations, for spicule
records), and conclusions are related to local-regional nutrient
supply (ocean circulation). Trace metal ratios (see section
Trace Element Geochemistry of Diatoms and Sponges)
may provide an additional constraint but interpretation is
difficult since the marine budgets of both the elements (i.e.,
the trace element, together with the Si cycle) are poorly
constrained.

Diatoms
Silicon isotope ratios in diatom bSiO2 have been used widely
as a proxy for marine DSi utilization in surface waters due to
the preferential fractionation of the lighter isotope of Si during
diatom silicification (see section Marine for more detail). The
proxy works on the premise that as diatoms grow in a “parcel”
of seawater and progressively use up the available DSi, both the
remaining DSi and the bSiO2 produced at any instant become
progressively isotopically heavier (see section Marine for detail).
The fractionation can be modeled, assuming either closed or
open distillation of Si isotopes, allowing the back-calculation of
past utilization from downcore diatom δ

30Si archives (De La
Rocha et al., 1997, 1998; Varela et al., 2004). The calculation
assumes a known and constant fractionation factor, denoted by

epsilon (see section Stable Silicon Isotope Ratios to Study the
Global Si Cycle).

Similar tomarine work (Varela et al., 2004; Closset et al., 2015),
lake sediment traps have shown the δ

30Si signature of diatoms
(δ30Sidiatom) to be resilient to dissolution and preserved through
the water column into the sediment record (Panizzo et al.,
2016). Accordingly, δ

30Sidiatom from lacustrine sediment cores
can be used to reconstruct past changes in biogeochemical cycling
at the catchment/drainage basin scale. Whilst only a limited
number of palaeolimnological studies have been undertaken, all
demonstrate the potential for δ

30Sidiatom to constrain long-term
changes in the Si cycling in relation to catchment processes
and/or physical limnological. For example, a record from Arctic
Siberia covering the last 31 ka demonstrates that rates of DSi
utilization are governed by catchment weathering and ice-cover
duration together and mixing in the water column (Swann et al.,
2010). Elsewhere, records from East Africa demonstrate the
importance of monsoonal rainfall and their associated impact
on vegetation in regulating the Si cycle. In the upper White
Nile basin results reveal that higher monsoonal rainfall and
associated increases in forest cover and chemical weathering
increased the flux of DSi from land to rivers during the late-
glacial/mid-Holocene, conditions that reversed after 5.5 ka with
the emergence of dryer conditions and open vegetation/crops
(Cockerton et al., 2015). Further east in Kenya measurements
of δ

30Sidiatom in a lake demonstrate that high levels of glacial
diatom productivity were supported by increased fluxes of
Si from the sparse catchment (Street-Perrott et al., 2008).
Subsequent reductions in aquatic productivity then coincide with
the development of grasslands and other Holocene vegetation,
in response to increase monsoonal rainfall, which reduced Si
transportation to the lake (Street-Perrott et al., 2008).

The potential of δ
30Si is particularly evident in regions where

climate change and anthropogenic lake catchment alteration
(e.g., nutrient loading) are prompting limnological responses
(e.g., increased duration of lake stratification and warmer surface
water temperatures), which impact within lake biogeochemical
cycling (Panizzo et al., 2017). For example, the approach has
been demonstrated as a means to identify biogeochemical
responses to climate change (Street-Perrott et al., 2008; Swann
et al., 2010) and its value over more recent timescales is
also stressed here as a means to address current pressures.
Comprehensive contemporary limnological monitoring is also
emphasized (Opfergelt et al., 2011) to enable quantitative
estimations of seasonal DSi and bSiO2 cycling (via open or
closed system modeling), by providing key constraints on deep-
surface water δ

30SiDSi exchange, Si residency times and Si
uptake (Panizzo et al., 2016, 2017). These data also serve to
validate conventional palaeolimnological approaches, which can
be applied to constrain continental bSiO2 export from lake and
reservoirs, particularly under a projected future of enhanced
anthropogenic and climatic pressures on these systems.

Siliceous sponges
Unlike diatoms, there is evidence that siliceous sponges have
a variable fractionation of Si isotopes with respect to seawater.
A compilation of modern sponge spicules, and core top
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spicules, reveals that there is a statistically significant non-
linear relationship between sponge δ

30Si, or the difference
between seawater and spicule δ

30Si (denoted by 1
30Si), and

ambient DSi concentrations during sponge growth (Hendry
et al., 2010; Wille et al., 2010; Hendry and Robinson,
2012). This empirical calibration means that there is a great
potential for spicule δ

30Si in sediment cores to be used as
a proxy for bottom water DSi concentrations in the past,
providing key information about the supply of waters that
feed diatom productivity (Hendry et al., 2010; Hendry and
Robinson, 2012). The relationship is robust between laboratories
(Hendry et al., 2011), and whilst the mechanism behind this
relationship remains unclear, the observations are consistent
with a strong growth-rate dependence on DSi uptake in
sponges (Wille et al., 2010; Hendry and Robinson, 2012). The
relationship between DSi and sponge δ

30Si appears to hold
for different filter-feeding sponges from different taxonomic
groupings and ocean basins, growing in significantly different
temperature, salinity and pH conditions (Hendry and Robinson,
2012). Furthermore, spicules from core top sediments also
fall on the same calibration line, indicating minimal impact
of early diagenetic processes (Hendry and Robinson, 2012).
However, unusual biomineralization processes and potentially
the internalization and isolation of the aquiferous system in
highly-derived carnivorous sponges result in δ

30Si values that
deviate significantly from the global compilation (Hendry et al.,
2015). Further investigation into different biomineralization
pathways—and their impacts on isotopic fractionation—would
be beneficial. Studies of isotopic fractionation by sponges grown
in culture will add a great deal to our understanding of spicule
geochemistry and biomineralization mechanisms.

Radiolaria
There have been fewer studies into the stable isotope composition
of radiolarians compared to diatoms and sponges, and their
use as palaeoceanographic archives is very much in its
infancy. Radiolarian Si and oxygen isotope fractionation
factors are challenging to constrain from culture studies
because they are difficult to grow under laboratory conditions
and field studies are limited by knowledge regarding the
migration, strong biogeographic distributions and relatively
sparse numbers (Suzuki and Aita, 2011). However, there have
been a small number of studies that have attempted to constrain
a fractionation factor for Si isotopes in radiolarians, which have
estimated a similar fractionation range as for modern diatoms
(ca. −0.5 to −2.1‰; Hendry et al., 2014; Abelmann et al., 2015).
As such, there is potential for radiolarian δ

30Si to be used, in
combination with modeling efforts, to constrain mid-depth to
surface DSi systematics. In short, more sediment records of
δ
30Si in sponges and radiolarians are needed to estimate nutrient
concentrations and distribution with reorganizations in ocean
circulation.

Multi-proxy Geochemical Approaches in
Palaeoceanography
The Southern Ocean plays a key role in climate variability,
via heat transport and atmospheric greenhouse gas changes,

over glacial-interglacial timescales through both physical and
biogeochemical mechanisms. One such mechanism to explain at
least part of the atmospheric CO2 changes observed in ice core
records is the Silicic Acid Leakage Hypothesis SALH (Brzezinski
et al., 2002; Matsumoto et al., 2002). The SALH proposes that
enhanced dust deposition in the Southern Ocean during glacial
periods causes physiological changes in diatoms, such that they
take up less DSi relative to other nutrients (i.e., N, P), resulting
in the export of DSi enriched waters via AAIW (Ellwood et al.,
2010; Rousseau et al., 2016). Supply of relatively DSi-rich Mode
Waters at lower latitude would enhance the growth of diatoms
over carbonate producers, altering ocean alkalinity leading to
a reduction in atmospheric CO2 (Matsumoto and Sarmiento,
2008).

Geochemical archives locked up in bSiO2 can be used to
test the SALH. A recent example, used both oxygen and Si
isotopes in diatoms and radiolarians, from glacial-aged sediments
from the Southern Ocean, to provide reconstructions of seasonal
nutrient cycling. Data show strong variability in the mixed layer
depth in the seasonal sea-ice zone, which allowed for sufficient
nutrient exchange between surface and deeper waters, thereby
fueling carbon drawdown in an otherwise highly stratified glacial
Southern Ocean (Abelmann et al., 2015). Diatom δ

30Si and
organic-bound δ

15N archives from the Southern Ocean have also
been coupled with a spicule δ

30Si record of bottom water DSi
concentrations to investigate DSi utilization across the last glacial
termination. By modeling the diatom Si-uptake, assuming the
spicules reflect the supply of DSi, these archives demonstrate
periods of intense upwelling and a greater utilization of the DSi
supply in response to changes in iron availability during the
deglaciation period (Horn et al., 2011).

In addition to using the relative bSiO2 accumulation rates
between the Southern Ocean and lower latitudes as a test
for Si export (e.g., Bradtmiller et al., 2009; Meckler et al.,
2013), it is possible to use combined geochemical proxy records
to test the SALH (Rousseau et al., 2016). Biogenic SiO2

archives point toward abrupt shifts in productivity and DSi
utilization at glacial terminations, rather than changes on glacial-
interglacial timescales (e.g., using coupled spicule, hand-picked
radiolarian and diatoms from archives in the Sargasso Sea;
Hendry and Brzezinski, 2014). Such observations, and other
geochemical records, have led to the formulation of a new
Silicic Acid Ventilation Hypothesis, which posits that sluggish
glacial Southern Ocean overturning primed southern sourced
Mode Waters to cause major changes in nutrient distribution
during periods of abrupt climate change in low latitude regions
influenced by intense ventilation (Hendry and Brzezinski, 2014;
Hendry et al., 2016).

Challenges for Palaeo-Record
Interpretation
Cleaning of bSiO2

The cleaning of bSiO2 remains an important challenge in
δ
30SibSiO2, δ

18ObSiO2, δ
13Cdiatom, and δ

15Ndiatom reconstructions.
Contamination, via the presence of residual tephras or clays
can compromise the precision of reconstructions, with the
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introduction of significant isotopic offsets (Morley et al., 2005;
Lamb et al., 2007; Brewer et al., 2008). This is often more
pronounced for diatoms (and radiolarians; Abelmann et al.,
2015) due to the ability for contaminant valve adherence
and occlusion, over sponge spicules that can be picked. Clay
δ
30Si compositions are estimated between −2.95‰ and +2.5
(Douthitt, 1982; Georg et al., 2009; Opfergelt and Delmelle,
2012), which can significantly lower reported δ

30Sidiatom values
[published values range between −0.07 and +3.05‰; (De La
Rocha et al., 2000; Cardinal et al., 2007; Sun et al., 2013; Panizzo
et al., 2014, 2016)] and outside of analytical uncertainty, while
high sample presence of different phases of bSiO2 can have a
similar effect (e.g., δ30Sisponge signatures vary between−5.72 and
+0.87‰ Douthitt, 1982; De La Rocha, 2003; Wille et al., 2010;
Hendry and Robinson, 2012). As a result, purity is routinely
demonstrated visually (via scanning electron microscopy) and
via quantitative assessments of sample geochemistry (e.g., Al2O3)
(Brewer et al., 2008; Chapligin et al., 2012). These serve, in
the first instance, to demonstrate the efficiency of cleaning
(SiO2:Al2O3 >1) and robustness of reconstructions. When
not possible, these data permit contamination mass-balance
calculations and a compositional offset correction of reported
data (Brewer et al., 2008; Mackay et al., 2011, 2013; Wilson
et al., 2014). There have been a number of methodological
advancements following the earliest published bSiO2 cleaning
protocols (Labeyrie and Juillet, 1982; Shemesh et al., 1988,
1995; Morley et al., 2004), which demonstrate that in order to
address the challenges in bSiO2 cleaning, methods should be
tailored depending on the characteristics of individual samples
and frequent visual inspection should be carried out throughout.

Constant Silicon Isotope Fractionation Factor
Application of the δ

30Si proxy for DSi utilization, assumes a
constant fractionation factor (see section Stable Silicon Isotope
Ratios to Study the Global Si Cycle). This has been challenged
with evidence of species-dependent δ30Si fractionation variability
between DSi and bSiO2 phases (Sutton et al., 2013). The work
of Sutton et al. (2013) suggests that interpretation of marine
sediment-based reconstructions, should include an evaluation
of species composition for more accurate interpretations of
δ
30Si downcore variability. While these data shed light on
potential species effects, each diatom strain in the Sutton et al.
(2013) study was grown under its specific optimal environmental
conditions in order to minimize the influence of external
environmental factors (e.g., irradiance and/or temperature). The
influence of environment on δ

30Si composition in diatoms has
yet to be shown under laboratory controlled conditions. Data
from in-situ/natural settings, have not documented a species
effect (e.g., Cardinal et al., 2007; Fripiat et al., 2012; Closset
et al., 2015) although if anything this clearly demonstrates
the need to better understand the variability of δ

30Si in
diatoms.

Similarly, it is essential to take any different ecological
preferences of the diatoms present in the sediment core into
consideration. There may be significant differences in when and
where particular dominant species are growing, or if there is
a pronounced preservation bias toward more heavily silicified

species. For example, late season diatoms may bloom in already
modified surface waters and large, deep-dwelling diatoms may
opportunistically utilize DSi supplies that are hundreds of meters
deep that has a different δ

30SiDSi compared to near surface
waters (Hendry and Brzezinski, 2014; Xiong et al., 2015). Another
example is in Sea-Ice Zone of the Southern Ocean, where diatoms
living within the sea-ice bear heavier δ

30Si than diatoms in the
surrounding waters due to a closed system where silicic acid can
be limited (Fripiat et al., 2007; Panizzo et al., 2014).

Application of δ
18O as a Palaeoceanographic Proxy

Despite an extensive effort by many researchers over the
past five decades (e.g., Mopper and Garlick, 1971; Labeyrie,
1979; Labeyrie and Juillet, 1982; Chung-Ho and Hsueh-Wen,
1985; Leclerc and Labeyrie, 1987; Matheney and Knauth,
1989; Shemesh et al., 1992; Swann and Leng, 2009; Pike
et al., 2013; Crespin et al., 2014; Abelmann et al., 2015),
uncertainty associated with the bSiO2-water oxygen isotope
fractionation has limited the application of bSiO2 δ

18O values
as a palaeoceanographic proxy. The disparate bSiO2-water
fractionation factors have been attributed to two primary
causes: (1) methodological biased and/or incomplete removal
of hydroxyl oxygen, and (2) potential alteration of δ

18O
values during bSiO2 formation/diagenetic alteration of δ

18O
values on geologic timescales. The analytical bias has been
addressed thorough an inter-laboratory comparison that showed
no significant difference in δ

18O values across a range of
dehydration and analytical techniques (Chapligin et al., 2011);
therefore, the only remaining source of uncertainty is in the
bSiO2-water fractionation relationship recorded by the diatom
bSiO2.

Diatoms from laboratory cultures and marine sediment
traps seem to have a reproducible bSiO2-water fractionation
relationship (Matheney and Knauth, 1989; Brandriss et al.,
1998; Schmidt et al., 2001; Dodd et al., 2017) that is different
from the bSiO2-water fractionation relationship recorded by
sedimentary diatoms and quartz-water equilibrium (e.g., Leclerc
and Labeyrie, 1987; Matheney and Knauth, 1989; Schmidt et al.,
2001). Even within sedimentary marine diatom bSiO2 archives,
there does not appear to be a single bSiO2-water fractionation
relationship. Leclerc and Labeyrie (1987) published a bSiO2-
water fractionation for marine diatoms from core-top sediments
and surface waters (δ18Owater and T); however, within their
dataset, δ

18O values of diatom bSiO2 from high-latitude cores
overestimated surface water temperatures by several ◦C. Shemesh
et al. (1992) proposed the high-latitude diatoms represented
a fundamentally different bSiO2-water fractionation factor;
however, a recent re-examination of bSiO2-water fractionation
factors over the entire range of formation temperatures (0–
850◦C) suggest that marine diatoms may record the same
bSiO2-water fractionation relationship has high-temperature
opal/quartz (Sharp et al., 2016).

A uniform bSiO2-water fractionation factor implies that
living diatoms most likely precipitate bSiO2 out of isotopic
equilibrium (e.g., Brandriss et al., 1998; Dodd et al., 2017);
however, sedimentary (aka mature) diatom bSiO2 most likely
approaches quartz-water equilibrium (Sharp et al., 2016). It is,

Frontiers in Earth Science | www.frontiersin.org January 2018 | Volume 5 | Article 112131

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Sutton et al. Isotope Bio-geochemistry Global Silicon Cycle

therefore, likely that the δ
18O values of diatom bSiO2 record

a combination of diagenetic (e.g., sedimentary pore water)
conditions. Further work is needed to establish the timing,
degree, and mechanism of diagenetic changes to diatom δ

18O
values; however, experimental studies suggest a combination of
dehydroxylation and precipitation of abiogenic SiO2 (e.g., Dodd
et al., 2017).

CONCLUSIONS AND PERSPECTIVES

The bio-geochemical analyses used to study the global
biogeochemical cycling of Si (e.g., stable isotopes and associated
trace elements), are emerging as useful tools to examine the
influence that silicifying organisms have on the different
reservoirs of Si (e.g., atmospheric, terrestrial, freshwater, and
marine). Over the past 20 years, the ongoing development of
specific low temperature bio-geochemical tools (e.g., δ

30Si in
silicifying organisms) has provided useful information for the
reconstruction of past Si cycling and hints at the influence
that environmental change can have on the global Si cycle.
In addition, these tools provide knowledge on the role that
silicifying organisms have on other major biogeochemical cycles
(e.g., N and C). As outlined in this review, the main requirements
for the future development of the bio-geochemical tools used to
evaluate the global Si cycle are to:

1. Continue to produce high quality data (e.g., sample
preparation, chemical procedure, mass spectrometric analysis,
data analysis, the development of robust models, and the need
for more data-model comparisons).

2. Use multiple bio-geochemical tools simultaneously, i.e.,
a single isotope system is not perfect and should be
coupled with other bio-geochemical proxies (e.g., Ge/Si) and
parameters (e.g., salinity, temperature).

3. Better understand what controls the fractionation factors of
the various bio-geochemical tools used to study the role
of siliceous organisms (e.g., sponges, diatoms, radiolaria,
picophytoplankton) and globally important processes (e.g.,
reverse weathering, dissolution) on the global fluxes of Si.

4. Provide information on complex (though key) systems, e.g.,
estuaries and coastal environments, continental seas (e.g.,
the Arctic Ocean), sediment diagenesis (anoxic vs. bio-
active), hydrothermal activity, soil systems, and particle–
water interactions.

The global Si cycle starts with the chemical weathering of silicate
minerals, is transformed and re-distributed into lakes, rivers,
terrestrial and freshwater organisms, soils, aerosols, seawater
marine organisms, and sediment, and eventually becomes a
mineral once again. During these various transformations,
Si interacts with numerous other major (e.g., C, N) and
minor (e.g., Al, Ge, Zn) elements and, in turn, influences
their biogeochemical cycles. Investigation of the movement,
transformation, and fractionation of the stable isotopes and
associated elements involved in the bio-geochemical cycling

of Si provides knowledge not only to help constrain the
distribution and behavior of the global Si fluxes and their
potential variability over time, but also provides knowledge on
the mechanisms of Si biomineralization. This information is
essential for understanding the short- and long-term variation
in the range of these data, which are used to evaluate the
utility of these bio-geochemical tools for palaeoceanographic
interpretation.
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Biosilicification has driven variation in the global Si cycle over geologic time. The

evolution of different eukaryotic lineages that convert dissolved Si (DSi) into mineralized

structures (higher plants, siliceous sponges, radiolarians, and diatoms) has driven a

secular decrease in DSi in the global ocean leading to the low DSi concentrations seen

today. Recent studies, however, have questioned the timing previously proposed for the

DSi decreases and the concentration changes through deep time, which would have

major implications for the cycling of carbon and other key nutrients in the ocean. Here,

we combine relevant genomic data with geological data and present new hypotheses

regarding the impact of the evolution of biosilicifying organisms on the DSi inventory

of the oceans throughout deep time. Although there is no fossil evidence for true

silica biomineralization until the late Precambrian, the timing of the evolution of silica

transporter genes suggests that bacterial silicon-related metabolism has been present

in the oceans since the Archean with eukaryotic silicon metabolism already occurring in

the Neoproterozoic. We hypothesize that biological processes have influenced oceanic

DSi concentrations since the beginning of oxygenic photosynthesis.

Keywords: silicates, diatoms, sponges, cyanobacteria, biogeochemical cycles

INTRODUCTION

Seminal work published a quarter of a century ago sketched a framework for the evolution of
the oceanic Si cycle through Earth’s history based on the geological record available at that time
(Figure 1A). The narrative given by Maliva et al. (1989) and Siever (1991) suggested that, in the
absence of silica biomineralizers, defined here as organisms that intentionally take dissolved Si
(DSi) up across their cell membrane and control its precipitation as particulate silica to form
a structure that is then used in a specific manner, the Precambrian Si cycle was dominated
by inorganic reactions and diagenetic silicification. These processes resulted in the widespread
deposition of cherts and ultimately controlled concentrations of DSi in the oceans. A biological
takeover of oceanic DSi occurred with the evolution of silica biomineralizing eukaryotes during
the Phanerozic and the subsequent deposition of DSi as biogenic Si (BSi). This simple framework
divides the ocean Si cycle into periods of relative stasis separated by stepwise drops in ocean DSi
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FIGURE 1 | The evolution of the oceanic Si cycle in the geologic record from the latest Precambrian to the present envisioned by Siever (1991). (A) In the absence of

biosilicifiers dissolved Si (DSi) concentrations were determined by inorganic reactions with respect to amorphous silica solubility and/or with other Si-bearing phases.

With the appearance of sponges and radiolarians in the early Phanerozoic biomineralization caused drawdown of DSi concentrations. However, DSi was rapidly

reduced with the evolution and diversification of diatoms during the Cenozoic time period. From Schneider and Boston (1991) by permission of The MIT Press. (B)

Qualitative interpretation of the relative role of the importance of radiolarians, sponges and diatoms present in the fossil record though geologic time (Redrawn from

Kidder and Erwin, 2001). Reproduced with permission ©2001, The University of Chicago Press.

concentrations related to the appearance of various Si
biomineralizing organisms starting with sponges and
radiolarians in the early Phanerozic, followed by the radiation
of diatoms in the Cenozoic (Figure 1B). In the decades since its
publication, this paradigm has guided thinking on the Si cycle
and on the evolution and distribution of Si biomineralizing
organisms.

Part of the reason for the longevity of this simple view is
that many features of the global Si cycle through geologic time
remain poorly characterized and understood. For example, we

do not have a good understanding of changes in the inputs
of DSi to the ocean from continental weathering, although the
flux of DSi solubilized from continental rocks has inevitably
varied appreciably over Earth history in response to changing
climatic or tectonic boundary conditions. One example of this
is orogeny, which plays a critical role in controlling weathering
intensity and secondary mineral formation, thereby influencing
both the total DSi flux and its isotopic composition (Frings
et al., 2015, 2016; Pogge von Strandmann and Hendersen, 2015).
Thus while it is tempting to interpret changes in the quality or
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quantity of siliceous marine sediments in the geologic record
in terms of the prevailing DSi concentrations in the ocean, or
evolutionary breakthroughs in biomineralization, there may also
be a climatic or tectonic component to the signal, independent
of biological cycling. Altogether, we lack a comprehensive
understanding of the evolution of the Si cycle through geologic
time.

At the same time, our understanding of the biological
components of the Si cycle has grown enormously since the
classic work of Siever, Maliva and co-workers. We appreciate the
ability of organisms to pumpDSi acrossmembranes (Hildebrand,
2000) and how sequestration of Si by biomineralizing organisms
influences the availability of DSi in aquatic ecosystems. We
also have a great appreciation of the ecological roles of Si
biomineralizers and their participation in other biogeochemical
cycles (Van Cappellen, 2003). Study of Si cycling through
ecologically important biomineralizing organisms in both
aquatic (Knoll, 2003) and terrestrial environments (Trembath-
Reichert et al., 2015) has identified and quantified many rates,
reservoirs, and processes whose development, expansion, and
variation over space and time has added complexity to not just
the Si cycle but to ecosystems and the biogeochemical cycles
intertwined with the Si cycle.

This is not just relevant to the Phanerozoic, when Si
biomineralization irrefutably exists. Although earlier fossil
evidence for silicifying organisms is scarce, and often
controversial (Porter and Knoll, 2000; Sperling et al., 2010;
Antcliffe et al., 2014; Chang et al., 2017), study of the evolutionary
history of Si transporters used in biosilicification indicates a
remarkably early appearance of transmembrane Si transport in
eukaryotes. This challenges the hypothesis that the Precambrian
oceans were controlled only by inorganic reactions. Instead, we
suggest that oceanic DSi concentrations have both influenced
and been influenced by the appearance and diversification of
the Silicon Transporter (SIT) gene family roughly 2 billion years
before the Phanerozoic (Marron et al., 2016).

In our analysis here, based on advances from fields ranging
from biogeochemistry (Baines et al., 2012; Frings et al., 2016)
to geogenomics (Baker et al., 2014; Marron et al., 2016), we
assess our state of knowledge of the global Si cycle emphasizing
the substantial advances that have emerged in the past quarter
of a century. We will explore the possible levels of DSi in the
oceans over geologic time based on evidence from the geologic
record as well as concerning the evolution of the SIT gene family.
Our aim with this assessment of the potential for biosilicification
over geologic time is to help establish a basis for future research
directions.

BIOGEOCHEMISTRY OF SILICA IN THE

OCEANS

Two reasons for studying the Si cycle are commonly put forward.
First, the process of the chemical weathering of silicate minerals
is a primary drawdown mechanism of atmospheric CO2 and is
a key process in the geological C cycle (Walker et al., 1981).
Therefore, understanding the global Si cycle can provide insight
to the functioning of the weathering thermostat (Pogge von

Strandmann et al., 2017). Second, DSi is a required nutrient
for many organisms, both aquatic (Bowler et al., in review)
and terrestrial (Conley and Carey, 2015). The availability of DSi
in aquatic ecosystems controls the amount of diatom primary
productivity, which today account for 40% of ocean primary
productivity (Tréguer and De La Rocha, 2013).

Key aspects of the modern oceanic Si cycle have been explored
to quantify the processes, sources, reservoirs, and sinks in the
Si cycle (Tréguer and De La Rocha, 2013; Frings et al., 2016).
The primary Si source is low-temperature chemical weathering
of silicates in the continental crust (West et al., 2005; Misra
and Froelich, 2012; Pogge von Strandmann and Hendersen,
2015), a process mediated in no small part by biological activity
(Moulton and Berner, 1988). Other Si sources include high or
low temperature alteration of ocean crust (McKenzie et al., 2016),
and the dissolution of glacial (Hawkings et al., 2017), riverine,
or aeolian particulates containing Si (Frings et al., 2014). The
sources enter the ocean from rivers, meltwaters, groundwaters,
as hydrothermal fluids and from the atmosphere (Tréguer and
De La Rocha, 2013). The sinks include biosilicification and burial
(Knoll, 2003) and the authigenesis of clay minerals (Mackenzie
et al., 1967; Rahman et al., 2016).

Simple box models have been commonly used to provide
insight into the long-term marine Si cycle (De La Rocha
and Bickle, 2005; Yool and Tyrrell, 2005; Frings et al., 2016).
For periods of time longer than the oceanic turnover time
of DSi (ca. 10,000 years), global biosiliceous production is
regulated by both the sources and the sinks of Si to the oceans.
One of the key regulatory mechanisms is the dependence of
particulate amorphous Si dissolution rates on ambient DSi
concentrations, e.g.,

R = k.(1− DSiobs/DSisat) (1)

where R is the rate of dissolution and k is a rate constant, both in
units of inverse time. k depends on a variety of factors including
the specific surface area of the particle, its aluminum content,
and ambient pressure, pH and temperature (Van Cappellen
et al., 2002). DSisat is the apparent solubility and DSiobs is the
ambient DSi concentration. When DSi concentrations are high,
such as hypothesized for the Phanerozoic (Siever, 1992) the
rate of dissolution of particulate amorphous Si is slow and the
preservation efficiency is thus enhanced. This is also due to the
build-up of DSi in pore waters that enhances the preservation and
ultimate burial of BSi. Conversely, when the oceans are depleted
of DSi the larger difference between saturation and ambient
concentration drives the dissolution of particulate amorphous Si.

Several other important factors influence the preservation
of BSi in different geological settings. First, bacteria-mediated
degradation of the organic matrix covering biomineralized cells
enhances rates of BSi dissolution (Bidle and Azam, 1999),
an effect which is greater in warmer waters both due to
higher bacterial activity and by the more rapid dissolution of
the BSi thus exposed (Bidle et al., 2002). Secondly, during
periods when hypoxia and anoxia are prevalent there are fewer
benthic organisms to enhance dissolution rates by consuming
organic material and disturbing the sediments. The lack of
benthic organisms and especially of bioturbation leads to greater
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preservation of organic matter (Jessen et al., 2017) and BSi.
Finally, the dissolution rates of sponge spicules (Bertolino et al.,
2017), which are large, smooth and have low surface area (Uriz,
2006), are conspicuously slower (and sponge spicules are thus
more easily preserved) than diatoms or radiolarians, which are
riddled with pores, and can be amoured with spines.

CHANGING SI BIOGEOCHEMISTRY IN THE

PRECAMBRIAN OCEANS

Siever (1992) postulated that for the early period in the geologic
history of the Earth, the oceanic Si cycle must be thought of
as one primarily controlled by abiotic, inorganic reactions. The
diagenetic production of chert in marine environments was
widespread during the Precambrian (Maliva et al., 1989, 2005;
Siever, 1992; Konhauser et al., 2007) and Siever (1992) suggested
that DSi in the Precambrian ocean was close to saturation with
respect to amorphous Si, which would imply DSi concentrations
in the range of 1,250–2,200µM (Gunnarsson and Arnórsson,
2000). However, recent work has highlighted the role of different
Si-bearing phases in controlling oceanic DSi concentrations (e.g.,
Fischer and Knoll, 2009; Zheng et al., 2016). Essentially, the
problem lies in determining which Si phase(s) that may have
occurred in the ancient ocean were governing the activity of
DSi. This is a complex function of mineral thermodynamics,
precipitation kinetics and ocean chemistry.

During much of the Archean, and more sporadically in
the Proterozoic, thinly bedded or laminated sedimentary rocks
containing on average 30% of iron and 40% or more of Si (Klein,
2005) were formed in marine basins in stratified water columns.
These banded iron formations (BIFs) weremostly deposited prior
to the initial rise of atmospheric oxygen at ∼2.45 Ga (Kump,
2008) when the ocean was anoxic and rich in dissolved iron.
Dissolved ferrous iron, supplied from mid-ocean ridges and
hydrothermal vents, was oxidized by various processes to ferric
iron and deposited in association with Si in BIFs.

A number of mechanisms have been proposed to account for
the massive deposition of Fe- and Si-rich sediments throughout
much of the Precambrian and most of them do not involve
biology (see Fischer and Knoll, 2009). However, oxidation of
iron by organisms, such as cyanobacteria, in the water column
may have played a key role in the formation of some of the
BIFs (Rasmussen et al., 2015). Once formed, this biologically
oxidized iron would have efficiently scavenged DSi from the
water around it (Yee et al., 2003) and settled to the seabed. Indeed,
recent studies have highlighted the importance of amorphous
Fe–Si gels in the Precambrian Si cycle (Fischer and Knoll, 2009;
Zheng et al., 2016). When ferrous iron is oxidized by anoxygenic
photosynthesis (e.g., Chi Fru et al., 2013) or by photo-oxidation
(e.g., Braterman et al., 1983) DSi readily adsorbs to the ferric
hydroxide surface leading to the formation of particles, e.g.,
amorphous Fe(III)–Si gels, that sink to the sediments from the
surface ocean along with organic matter (Fischer and Knoll,
2009).

If DSi concentrations in Precambrian seawater were
determined only by the solubility of amorphous Si, as well as

by sorption to minerals, oceanic DSi concentrations would
have ranged between 1,000 and 2,000µM (Siever, 1992; Maliva
et al., 2005; Konhauser et al., 2007). By contrast, Si solubility
for Fe(III)–Si gels varies between 500 and 1,500µM at 20◦C
as a function of the Fe/Si ratio of the gel (Zheng et al., 2016),
significantly lower than that of pure amorphous Si (1,860µM)
in water (Gunnarsson and Arnórsson, 2000). Thus Precambrian
seawater DSi concentrations in surface waters were likely
considerably lower than previous estimates.

Because the solubility of Fe(III)–Si gel varies with the Fe/Si
ratio in the water column, any temporal changes in aqueous
Fe contents in the Precambrian oceans, as might occur due to
changes in hydrothermal inputs or concentrations of oxygen,
may have also had an important impact on DSi concentrations
in Precambrian seawater as well as other elements, notably other
trace metals, such as P, As, Fe, Zn, and Cu (Rickaby, 2015; Chi
Fru et al., 2016).

Changing Fe and Si balances in the Archean and Proterozoic
oceans, reflecting changes in Si solubility driven by aqueous
Fe(II) levels, may help explain the secular trend in Si isotope
records (δ30Si) in cherts and BIFs deposited during the
Precambrian (Figure 2) (Reddy et al., 2016). Though the data are
noisy, Precambrian cherts record δ

30Si of ∼0‰ in the Archean,
rising to ∼2‰ in the Mesoproterozoic—with some isolated
individual values of >4‰—before declining to Archean values
in the late Neoproterozoic/early Phanerozoic. This long-term
pattern has been noted before (e.g., Robert and Chaussidon,
2006; Chakrabarti et al., 2012; Chakrabarti, 2015) but remains
enigmatic. Given that the BIF and chert δ30Si record is one of the
few windows to Precambrian Si cycling, understanding its drivers
should be a priority. Robert and Chaussidon (2006) interpret the
data as variable fractions of ocean Si removed by hydrothermal
silificication, while Chakrabarti et al. (2012) favor a combination
of different processes acting in concert.

The constraint of mass-balance in the Si cycle is a useful
place to start—even for an ocean saturated with respect to Si,
the residence time of Si would be ca. 200,000 years, assuming
that the inputs were not drastically different to present. This
means the weighted mean of the isotopic composition of the
outputs must match the inputs over timescales longer than
this. The Archean data (Figure 2B) thus have a straightforward
interpretation: BIFs have low δ

30Si, perhaps accentuated by the
relatively large and negative fractionation between DSi and Fe-
Si gels (130Si = −3.2 to −2.3‰ at 23◦C, depending on the
Fe species present; Zheng et al., 2016). This would act to push
the residual seawater toward higher δ

30Si, so the peritidal, early
diagenetic Si deposits that eventually became cherts also have
higher δ

30Si, and the two outputs together bracket ca. −1.5
to +1‰, a range which includes reasonable values for the
weighted average of the inputs. Yet the situation in theMeso- and
Neoproterozoic is not so straightforward; chert δ

30Si is higher,
yet BIF deposition (providing the necessary complementary low
δ
30Si sink) largely ceases after the Great Oxidation Event (GOE)
at 2.45 Ga (Fischer and Knoll, 2009). This requires the presence
of another, low δ

30Si Si sink in the later Proterozoic. Could
such a sink be related to cyanobacteria shuttling Si to the deep
ocean?
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FIGURE 2 | Variations of δ30Si in cherts (A) and BIFs (B) with geological age.

The data are clustered into 100 My bins. Numbers represent the amount of

individual datapoints used in the whisker boxes. Data from André et al. (2006),

Robert and Chaussidon (2006), van den Boorn et al. (2007, 2010), Steinhoefel

et al. (2009, 2010), Abraham et al. (2011), Heck et al. (2011), Chakrabarti et al.

(2012), Delvigne (2012), Marin-Carbonne et al. (2014), Hu et al. (2013),

Ramseyer et al. (2013), Geilert et al. (2014), Li et al. (2014), Brengman (2015),

Stefurak et al. (2015), Delvigne et al. (2012), Wen et al. (2016), and Ding et al.

(2017).

Recently, Ding et al. (2017) reported δ
30Si data for cherts from

early and middle Proterozoic carbonate rocks and proposed that
there was a drastic decrease in oceanic DSi concentrations and
an increase in δ

30Si due to biological activity and the formation
of stromatolites. The microbial role in hot spring silicification
of stromatolites is well established and plays an important
templating role for Si deposition (Konhauser et al., 2004),
although they have been shown to contribute only marginally to
the magnitude of silicification.

Another intriguing wrinkle to the Precambrian Si cycle has
to do with cyanobacteria. Synchrotron XRF microscopy of
natural and cultured individual cells of the modern marine

photosynthetic picocyanobacteria Synechococcus, suggests that
they accumulate Si at Si:P levels approaching that of diatoms
(Baines et al., 2012). Further, decomposition of Synechococcus has
been shown to produce extracellular polymeric substances (EPS)
that themselves drive the production of minuscule “microblebs”
of silica that, by adding dense ballast to aggregates, may
enhance the export of picoplankton-derived material from the
euphotic zone (Tang et al., 2014). These findings were initially
controversial, especially as they have potentially significant
importance to both carbon and Si cycling.

During the past few decades significant efforts have been
made to infer the age of major evolutionary events along
the tree of life using fossil-calibrated molecular clock-based
methods (Eme et al., 2014). Molecular clocks use the mutation
rate of biomolecules to deduce the time in prehistory when
two or more life forms diverged. The main problems with
molecular clocks include differences in fossil-based calibration
points, differences in molecular clock rate models, differences
in amino acid substitution rates among various parts of the
dataset and uncertainty in the phylogenetic tree, thus limiting the
precision that can be achieved in estimates of ancient molecular
timescales (dos Reis et al., 2015). Cyanobacteria are at least 2.3–
3 Ga old from molecular clock studies (Dvorák et al., 2014;
Sanchez-Baracaldo, 2015), whereas fossil evidence (stromatolites,
microfossils, carbon isotopes, biomarkers, signs of oxygen) from
Greenland, Australia and elsewhere have raised the possibility of
cyanobacteria older than 3Gy, although these claims are disputed
(Schirrmeister et al., 2016).

The major lineage of planktonic marine Synechococcus
evolved approximately 650–600Ma, based on molecular clock
analyses (Sanchez-Baracaldo, 2015; Sanchez-Baracaldoa et al.,
2017), with alternative clock analyses based on large genomic
datasets suggesting an origin ∼1.5 Ga (Dvorák et al., 2014).
Today this cyanobacterial group accounts for 25% of oceanic
net primary production (Flombaum et al., 2013). Marron et al.
(2016) has observed SIT-like (SIT-L) genes in two strains of
Synechococcus. These Si transporters probably arose initially to
prevent intracellular Si toxicity in the high DSi Precambrian
oceans (Marron et al., 2016), meaning that they were used to
transport Si out of the cell, or to sites where Si could be safely
accumulated and sequestered. This would have been critical for
survival, for in the absence of such a Si homeostasis mechanisms
DSi could diffuse into cells from the surrounding DSi saturated
seawater and reach concentrations where it would precipitate
freely within the cytoplasm, interfering with cellular processes
and disabling the functioning of the cell (Marron et al., 2016).
Si transporting proteins can also have the ability to move other
metalloids such as Ge (Durak et al., 2016) and As (Ma et al., 2008)
across the cell membrane. Therefore Precambrian organisms,
long before the advent of silica biomineralization, may have
possessed and utilized Si transporting proteins as a detoxification
mechanism particularly necessary in the high DSi environments
at this time.

The reduced requirement for Si homeostasis in the modern
low DSi oceans is postulated to be the reason for the widespread
absence of SIT-Ls inmost bacteria. However, some Synechococcus
still possess SIT-Ls and accumulate Si suggests an important role
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for Si within these cells (Baines et al., 2012; Ohnemus et al.,
2016). Indeed, the water column inventory of Si in Synechococcus
can exceed that of diatoms in some cases, although in today’s
DSi depleted oceans it is believed that most of the nanoparticles
produced by Synechococcus are recycled within surface waters
(Baines et al., 2012). However, BSi-like material deposited on fast
settling particles containing extracellular polymeric substances
associated with decomposing picophytoplankton (Figure 3) has
been shown to be a relevant source of sinking particulate
amorphous Si and could account for as much as 43% of the
C export production at the Bermuda Time Series station (Tang
et al., 2014).

These discoveries regarding Synechococcus support the idea
that Fe–Si nanoparticles were important in the genesis of the
banded iron formations (Rasmussen et al., 2015). Stefurak
et al. (2014) presented evidence that many Archean cherts were
deposited predominately as primary Si grains that precipitated
within oceanic waters. However, the irregular size and shape of
the Si granules in cherts show that aggregates are compacted
and typically Si cemented (Stefurak et al., 2014). Our hypothesis
is that nanoparticles produced by Synechococcus-like bacteria,
along with those inorganically formed Fe-Si nanoparticles, were
deposited and accumulated in Precambrian sediments and
formed the origin of the Si grains in Archean cherts (Stefurak
et al., 2014).

What follows from this hypothesis is that some form
of biologically-mediated silica production by prokaryotes, if
not bona fide intracellularly controlled and intentional Si
biomineralization, likely occurred in the Precambrian ocean and
participated in the removal of DSi from the water column.
Calculation of pools and fluxes of Si nanoparticles produced
by Synechococcus need to be made to assess the potential
contribution to the oceanic Si cycle first for modern assemblages
and then through geologic time.

Geogenomic studies have identified that gene families of
active Si transporters (the SIT/SIT-L and Lsi2-like transporters)
are present in multiple eukaryotic supergroups (Marron et al.,
2016). Furthermore, phylogenetic analyses of these genes suggest
that they have an origin in the Precambrian, possibly in the
last common ancestor of all eukaryotes, an organism which is
estimated to have lived approximately 1.7 Ga (Parfrey et al.,
2011). Certainly there is good evidence from the available
sequence data that Si transporters were present at the origin
of major eukaryotic groups such as metazoans, haptophytes
and ochrophyte stramenopiles, which have all been placed as
occurring in the Precambrian (Neoproterozoic) by molecular
clock analyses (Brown and Sorhannus, 2010; Parfrey et al.,
2011).

The phylogenetic distribution of SITs, SIT-Ls, and Lsi2-
like genes identified from modern eukaryotes indicates
that widespread, independent losses of some or all of these
transporters occurred independently in multiple lineages
(Marron et al., 2016). This is exemplified by the distribution
of Si transporters in the metazoans and their sister group, the
choanoflagellates (Marron et al., 2013). SIT-Ls were identified
from all three of the main bilaterian groups: lophotrochozoans
(polychaete annelid worms), ecdysozoans (copepods) and

deuterostomes (tunicates). The branching relationships of these
metazoan SIT-Ls reflects the evolutionary relationships between
the bilaterian groups, supporting the hypothesis that SIT-Ls were
present in their last common ancestor, with gene loss events
explaining their patchy distribution (Dunn et al., 2008).

Lsi2-like transporter genes, on the other hand, are found
in siliceous choanoflagellates, siliceous sponges and silicifying
lophotrochozoans (brachiopods, limpets and polychaete annelid
worms). Once again, the gene tree mirrors the phylogenetic
relationships, with the Lsi2-like sequences from siliceous
choanoflagellates having sister-group relationships to the
metazoan genes, and within that siliceous sponges and
lophotrochozoans each forming two distinct clades (Marron
et al., 2016). This points toward the last common ancestor of
choanoflagellates and metazoans possessing an Lsi2-like gene,
but with it being lost in the non-siliceous choanoflagellates,
non-siliceous sponges and in many bilaterian lineages.

This restricts the timing of the origin of these Si transporters
to at least before the evolution of the metazoans, i.e., before the
earliest animal fossils appear in the Ediacaran. Similarly, we can
restrict the widespread loss of SIT-L and Lsi2-like genes in the
metazoans until after the divergence of the three main bilaterian
clades, an event dated by molecular clock analyses as occurring
688–615Ma (dos Reis et al., 2015; Cunningham et al., 2017).
There exists the potential for metazoans, in addition to other
eukaryotes, to have biological interactions with DSi at this time
and to have played a role in the Precambrian Si cycle.

The question as to the extent of this interaction remains open.
Fossil remains of biomineralization are limited until the late
Neoproterozoic (e.g., the Ediacaran calcifying animals Cloudinia
and Namacalathus, Cunningham et al., 2017). Furthermore,
confirmed fossil evidence of Precambrian Si biomineralization by
eukaryotes is scant: microfossils proposed to represent siliceous
testate amoebae date to ∼740Ma (Porter and Knoll, 2000),
while fossil siliceous sponge spicules in the Precambrian remain
controversial (Antcliffe et al., 2014; Chang et al., 2017). It is
possible that biosilicification did occur in the Ediacaran oceans,
and that there exists a long missing record of (for example)
siliceous sponge spicules from that time that has been long
lost to the ravages of geologic time (Sperling et al., 2010).
Alternatively, it could be that eukaryotic biosilicification evolved
convergently in different groups in the late Neoproterozoic, with
several different sponge groups, but importantly also various
protistan eukaryote taxa, independently utilizing DSi to construct
skeletal elements and other structures. This hypothesis has some
support from molecular biology, with some components of the
biosilicification machinery (e.g., Si transporters for DSi uptake)
having an ancient origin but other components (e.g., using
polyamines for Si precipitation, use of collagen or chitin as
scaffold molecules) apparently being independently recruited in
different eukaryotic groups (Marron et al., 2016 and references
therein).

These two theories notwithstanding, the massive proliferation
of biomineralization and BSi in the fossil record at the end of the
Proterozoic and into the early Palaeozoic saw large reductions in
DSi, as evidenced by changes in the loci of chert precipitation
in the sedimentary record (see below). The implication is that
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FIGURE 3 | Scanning transmission electron microscope images (A) and EDS spectra of decomposing Synechococcus cells (B) collected during dark incubation of

cells after 15 days showing the association of silica with extracellular polymeric substance during the degradation of cyanobacterial cells (From Tang et al., 2014).

Reprinted by permission from Macmillan Publishers Ltd: Tang et al. (2014). Copyright © 2014.

this removed the selective pressure for possessing a system
for Si homeostasis and detoxification, causing the widespread,
independent losses of Si transporters (SITs, SIT-Ls, and Lsi2-
like transporters) across multiple different eukaryotic lineages
(Marron et al., 2016). Only organisms that developed a metabolic
requirement for DSi, for example for use as a biomineral, retained
these transporters as a mechanism for DSi uptake from the
external environment. In this way, DSi concentrations in the
ocean came under more direct biological influence into the
Phanerozoic.

In summary, the evidence presented suggests that biological
interaction with Si, and possibly some forms of biosilicification,
was present in the Precambrian oceans. If this could have
permitted the shuttling of Si from the surface oceans then levels
of DSi in parts of the surface oceans could have been as low

as 500µM (Zheng et al., 2016) during periods when BIFs were
deposited (Fischer and Knoll, 2009), although it is likely the
deep water DSi was close to saturated conditions. Bottom water
DSi saturation would also increase the preservation potential
in sediments of particulate Si formed by either gels or by
nanoparticles by Synechococcus. However, when the widespread
deposition of BIFs more or less ended with the appearance
of an ocean containing oxygen then the Fe-Si gel deposition
mechanism likely disappeared as well. Finally, the transition
from bacterial to eukaryotic marine primary productivity in
the Neoproterozoic was one of the most profound ecological
revolutions in the Earth’s history (Brocks et al., 2017), creating
food webs and reorganizing the distribution of carbon and
nutrients in the water column, increasing energy flow to higher
trophic levels (Knoll, 2017).
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BIOSILICIFICATION IN THE PALEOZOIC

OCEANS

The consensus is that throughout the Phanerozoic, Si deposition
has largely been mediated by biology (Siever, 1992). Ocean
geochemistry underwent major upheavals around the
Precambrian/Cambrian boundary (Brennan et al., 2004;
Cui et al., 2016) and into the Palaeozoic. A concomitant biotic
upheaval at this time was the appearance of biomineralized hard
parts of materials like calcium carbonate, calcium phosphate,
and silica. The resulting evolutionary arms race led to a
proliferation of skeletonized organisms, including siliceous
radiolarians and sponges (Cohen, 2005; Knoll and Kotrc, 2015).
The resolution of the conflict (Smith and Szathmáry, 1995)
produced a proliferation of non-DSi users and some highly
efficient DSi users leading to the extinction of inefficient DSi
users. The initiation of a sedimentary flux of BSi with subsequent
preservation in sediments would have continued the decrease
in oceanic DSi concentrations, as evidenced by the lack of
Phanerozoic abiotic cherts outside of unusual environments
like hydrothermal waters (Maliva et al., 2005). Siever (1991)
estimated that DSi concentrations at the start of the Phanerozoic
were on the order of 1,000µM, which is already depleted relative
to amorphous Si solubility.

Racki and Cordey (2000) used concepts from punctuated
equilibrium and proposed that all major reorganizations of
marine biosilicfiers lead to stepdown decreases in DSi levels
through geologic time. They proposed that the first major
changes in oceanic DSi concentrations occurred much earlier
in the Phanerozoic than postulated by Siever (1991) beginning
at the Permian-Triassic boundary. Thereafter, a series of major
reorganizations in biota that biosilicify occurred that induced
rapid decreases in DSi especially with the evolution of diatoms
(Racki and Cordey, 2000).

Establishing the extent and timing of the changes in the
silica cycle due to evolutionary and paleo-ecology shifts in
silica secreting biota is, however, a task that needs more work.
In a systematic review of the literature Schubert et al. (1997)
determined that a large bias exists in the early literature because
poorly preserved specimens have been neglected as taxonomists
required well-preserved material to do their work, skewing
microfossil-based attempts at reconstructing the Si cycle. Kidder
and Erwin (2001) made qualitative estimates of the relative
importance of Si burial through the Phanerozoic and assumed
that plankton would be more effective than benthic sponges
at removing DSi from the ocean. They hypothesized that once
radiolarians arrived on the scene, their relative contribution
to BSi production quickly dwarfed that of siliceous sponges.
They further hypothesized that diatoms have dominated the
ocean Si cycle since the late Jurassic (Figure 1B). But in
truth, the extent to which these putative changes in sponge
and radiolarian abundance/distribution changed oceanic DSi
concentrations (Schubert et al., 1997; Racki and Cordey, 2000;
Kidder and Erwin, 2001), and the extent to which they were
themselves influenced by reduced DSi availability are not really
known.

One of the lines of evidence supporting a decline in the
ocean DSi inventory in the early Phanerozoic is a change in
the sedimentary facies associated with sponges in the geological
record. Kidder and Tomescu (2016) derived a mid-Ordovician
retreat in sponges from lagoonal depositional environments
toward deeper shelf settings. The interpretation is of a radiolarian
driven DSi depletion of the surface ocean. The link between
sponge distributions and DSi stems from the implicit assumption
that siliceous sponges are unable to thrive at low DSi (e.g.,
Maldonado et al., 1999; Ritterbush et al., 2015), although siliceous
sponge reefs in the modern oceans are still forming in some
areas despite the relatively low DSi concentrations (10–40µM)
(Uriz, 2006; Chu and Leys, 2010; Maldonado et al., 2015). The
modern day global distribution of sponges suggests that sponges
are adapted to a great range of DSi conditions and the presence
of sponges in the stratigraphic record must be treated cautiously
(Alvarez et al., 2017).

Si biomineralization has been an important process for land
plants over the course of their >400 My evolutionary history
(Trembath-Reichert et al., 2015). On land the uptake of DSi
and deposition by many vascular plants provides ecological,
physiological, or structural benefits (Epstein, 1999), creating an
active terrestrial Si cycle (Conley, 2002). The origin of terrestrial
plants and the spread of rooted vascular plants to upland areas
during the Devonian Period most likely had an important effect
onmany Earth processes (Lenton et al., 2012; though see Edwards
et al., 2015). The activities of plants should increase the efficiency
of continental weathering (Berner, 1997) through stimulated
dissolution of bedrock (Schwartzman and Volk, 1989), thus
enhancing the removal of atmospheric CO2 (Berner, 1990) until
a new steady state is reached in weathering. A wide range
of geochemical carbon models assume weathering rates to be
proportional to CO2 fertilization of plant productivity, which acts
as a key component of the silicate-weathering feedback (Pagani
et al., 2009; Beerling et al., 2012). Similarly, plant functional trait
evolution has been linked to stepwise changes in the long-term
carbon cycle (e.g., Banwart et al., 2009).

The archaeplastid supergroup, to which land plants belong,
is notable amongst eukaryotic supergroups for the lack of SIT
or SIT-L transporters (Marron et al., 2016), despite widespread
sequence data and the presence of several silicified taxa (such as
horsetails, grasses, and the red alga Porphyra purpurea). Instead,
Si uptake by land plants is performed by a combination of passive
transmembrane channels and active Si effluxers (Ma and Yamaji,
2015). The active transporter is termed Lsi2 (low-silicon 2) (Ma
et al., 2007). Lsi2-type genes are apparently ubiquitous in land
plants, even in lineages which are not extensively silicified or
which apparently lack Si-permeable transmembrane channels
(Hodson et al., 2005; Trembath-Reichert et al., 2015; Marron
et al., 2016). Importantly, Lsi2-type genes are found in the
transcriptomes of both basal land plants and in the related
charophyte green algae (see Table 1), while such sequences were
not detected in more distantly related chlorophyte green algae
(Marron et al., 2016). This strongly suggests that active Si
transport is an ancient feature, and that Lsi2-type transporters
predate the recruitment of NIPII-class transmembrane proteins
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TABLE 1 | Examples of Lsi2-type active Si transporters from across the Charophycae.

Group Sub-group Species Sequence ID References

Charophyte algae Klebsormidales Klebsormidium flaccidum kfl00337_0090 Hori and co-authors, 2014

Zygnematales Spirogyra pratensis GBSM01008107.1 comp6609_c0_seq2 Van de Poel et al., 2016

Embryophytes

(land plants)

Liverworts Marchantia polymorpha Mapoly0153s0006.1 Sequence retrieved from

http://marchantia.info

Mosses Physcomitrella patens XP_001772790 EMBL/Genbank database

Lycopods Selaginella moellendorffii XP_002984369.1 EMBL/Genbank database

Ferns Acrostichum aureum GEEI01039090 EMBL/Genbank database

Horsetails Equisetum giganteum cds.Locus_1866_Transcript_1_2_m.4165 Vanneste et al., 2015

“Gymnosperms” Pinus monticola GBQX01048264.1 EMBL/Genbank database

Angiosperms (monocots) Oryza sativa ADH94038.1 EMBL/Genbank database

Angiosperms (dicots) Cucumis sativus APT69295 EMBL/Genbank database

This demonstrates that Lsi2-like genes are present across all major living land plant groups is further evidence for an important role of Si in embryophytes biology, irrespective of the

degree of silicification (Hodson et al., 2005). The fact that the Lsi2 gene family is also present in members of the charophyte green algae, a sister lineage of the embryophytes, and in

basal land plant groups (liverworts and mosses) means that the earliest land plants also possessed such transporters.

as passive Si channels (Trembath-Reichert et al., 2015). While Si
may play a wider role in land plant metabolism (e.g., Markovich
et al., 2017), the primary function of active Si transport is
presumably to enhance DSi uptake rates into the transpiration
stream and toward sites of BSi precipitation. It is therefore
reasonable to assume that even the earliest terrestrial plants could
have played a role in the global Si cycle.

The feedbacks through enhanced weathering would also
alter the flux of DSi from the continents and thus potentially
alter oceanic DSi availability (Conley and Carey, 2015). A key
issue to resolve is the extent to which global average river
inputs of DSi could have changed due to plant-stimulated
weathering (Moulton and Berner, 1988) for a given atmospheric
concentration of pCO2. Although the enhancement of silicate
weathering by plants is expected to transiently increase the supply
of DSi to the oceans, available data do not show an increase in
numbers of chert deposits with the rise of plants (Kidder and
Erwin, 2001). What has not been previously considered in the
effect of plants on weathering, is the evolution of plants that
accumulate phytolith BSi (Hodson et al., 2005), also allowing for
more BSi accumulation on the continents (Struyf and Conley,
2012). However, phytolith BSi accumulated in soils on land is
not an infinite sink, with the modern inventory comprising ca.
8.25 × 1015 mol Si (Laruelle et al., 2009), and is dwarfed by
the magnitude of DSi inventory in the oceans, with the total
modern day ocean Si inventory estimated to be 112 × 1015

mol (Gouretski and Koltermann, 2004), and was presumably
an even smaller fraction than in the Paleozoic-Mesozoic ocean.
Quirk et al. (2015) have challenged the suggestion that early land
plants significantly enhanced total weathering arguing that the
rise of rooted vascular plants and mycorrhizal fungi caused an
increase in the production of pedogenic clays retaining Si on the
continents, and thus lessening the impact of DSi transport to the
global oceans.

Although Kidder and Erwin (2001) argued that there were
large-scale changes in radiolarian and sponge abundances during
the Paleozoic (Figure 1B), Siever (1991) suggested that the
geologic record does not support the occurrence of widespread

siliceous sediments and thus did not affect DSi in the global
oceans (Figure 1A). More importantly, Maliva et al. (1989) argue
that nodular chert formation predominated in the Paleozoic
and was the result of DSi diffusion into sediments from the
essentially infinite reservoir in the overlying water because there
was insufficient biogenic precipitation. Kidder and Tomescu
(2016) suggested that the evolution of the oceanic Si cycle
through the early Paleozoic was a dynamic progression of
biogeochemical adjustments driven by biological and earth
system changes, which changed DSi availability driving the
distribution of sponges and radiolarians in the ocean. Based on
first principles (Equation 1), early biosilicification by radiolarians
and sponges during the Paleozoic and subsequent deposition and
burial of BSi should have resulted in global deceases in oceanic
DSi availability because of the greater preservation efficiency at
high oceanic DSi. Essentially, a small increase in biosiliceous
productivity would be expected to have a disproportionate
effect on the total DSi inventory. Declines in DSi would occur
until the sinks were balanced by the sources (De La Rocha
and Bickle, 2005). Our hypothesis is that DSi concentrations
were reduced even further from saturating conditions at the
start of the Phanerozoic, but biosilicification of sponges and
radiolarians reduced DSi concentrations to an even lower level
than previously appreciated.

TRANSITION TO AN OCEAN DOMINATED

BY BIOSILICIFICATION

The narrative outlined by Siever (1991) envisages a transition,
starting around the mid-Cretaceous and ending by the late
Paleogene (Figure 1A), from a DSi-replete (ca. 1,000µM)
surface ocean, to DSi-depleted conditions broadly similar to
the modern day (Maliva et al., 1989; Siever, 1991). This is
period of Earth history with the most available data, thanks
in large part to the efforts of the ocean drilling community
over the past decades. Several lines of evidence are available to
guide interpretation of late Mesozoic-Cenozoic Si cycling. The
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Mesozoic saw huge changes in marine ecosystems compared
to Palaeozoic seas (Knoll and Follows, 2016), including the
appearance and radiation of many new phytoplankton groups
such as dinoflagellates, diatoms, coccolithophorid haptophytes,
and chrysophytes (Knoll, 2003; Katz et al., 2004; Sims et al.,
2006). Diatoms, in particular, flourished during the Cenozoic,
which has been interpreted to have caused a drawdown of DSi
(Racki and Cordey, 2000). Fossil evidence also demonstrates the
decline of siliceous sponge reefs in the late Mesozoic (Kidder and
Tomescu, 2016). Muttoni and Kent (2007) clearly demonstrate
an increase in chert intervals in DSDP and ODP sites during
the early Eocene primarily from radiolarian deposition, although
modeling and mass-balance principles clearly show that inputs
and outputs are generally tightly coupled such that enhanced
BSi burial likely reflects changes in DSi inputs (Yool and
Tyrrell, 2005). Silicoflagellates (dictyochophyte), diatoms, and
radiolarian microfossils (Lazarus et al., 2009; Finkel and Kotrc,
2010; van Tol et al., 2012), all show a trend towards more lightly
silicified structures andmore efficient DSi use through this phase.

The Cenozoic rise in diatom diversity has long been related
to a concurrent decline in radiolarian test silicification (Harper
and Knoll, 1975). Gradually decreasing Cenozoic radiolarian
test weight suggests that competition for DSi resulted in
coevolution between radiolaria and marine diatoms. More
sophisticated attempts to answer the question include Lazarus
et al. (2009). However, they determined that trends in shell
size and silicification are statistically insignificant and are
not correlated with each other. They concluded that there
is no universal driver changing cell size in Cenozoic marine
plankton. Conventionally, diatom diversification describes a
steep, monotonic rise (Rabosky and Sorhannus, 2009), a view also
questioned due to sampling bias (Lazarus et al., 2014). In low
latitudes, increasing Cenozoic export of DSi to deep waters by
diatoms and decreasing nutrient upwelling from increased water
column stratification have created modern DSi-poor surface
waters. Here, radiolarian silicification decreases significantly.
The radiolarian decline in silicification could result from either
macroevolutionary processes operating above the species level
(punctuated equilibria) or anagenetic changes within lineages
(Kotrc and Knoll, 2015). This change in the degree of silicification
is less apparent at higher latitudes, most likely reflecting an ample
supply of DSi via upwelling.

The minimum and maximum sizes of the diatom frustule
have expanded in concert with increasing species diversity,
although the mean area of the diatom frustule has been highly
correlated with oceanic temperature gradients consistent with the
hypothesis that climatically induced changes in oceanic mixing
have altered nutrient availability in the euphotic zone and driven
macroevolutionary shifts in the size of marine pelagic diatoms
through the Cenozoic (Finkel et al., 2005). Fossil evidence of
diatom biosilicification is present in the geologic record from
ca. 190Ma (Sims et al., 2006), yet molecular clock analyses
indicate that diatoms originated closer to the Permian–Triassic
boundary 250Ma (Medlin et al., 1996; Graham andWilcox, 2000;
Sims et al., 2006), and that the diatom stem lineage may have
even earlier origins in the mid-Paleozoic (Brown and Sorhannus,
2010).

Various hypotheses have been made as to why the
diversification and increase in the global biomass of marine
diatoms occurred only during the last 40 My of Earth’s history
and why diatoms were not successful earlier. Raven and Waite
(2004) hypothesize that silicification could have evolved later in
the evolutionary history of diatoms and would be an explanation
for the lack of diatoms in the fossil record, although this does not
agree with the evidence for an ancient evolution of SITs in this
lineage (Marron et al., 2016). It may be the case that the ancestral
diatoms have been partially silicified with plates rather than
complete frustules, similar to the modern Parmales, the sister
lineage of diatoms (Yamada et al., 2014). In this scenario the
earliest diatoms may simply have gone unrecognized in the fossil
record. The rapid rise of diatoms in the Cenozoic has also been
attributed to the impact of orogeny on weathering (Misra and
Froelich, 2012) with periods of enhanced continental weathering
fluxes and increased DSi input to the oceans (Cermeño et al.,
2015).

The rapid drawdown of DSi during the Cenozoic by diatoms
attests to their competitive ability to efficiently remove DSi to low
levels in the water column. Diatoms show a high degree of SIT
diversification with an efficient suite of specialized transporters
and uptake regimes allowing them to dominate DSi utilization
amongst marine silicifiers (Thamatrakoln and Hildebrand, 2008;
Durkin et al., 2016;Marron et al., 2016). Diatoms have an obligate
requirement for Si to complete their life cycle and so cannot
avoid competing for Si (Hildebrand, 2000). This combined with
the other advantages unrelated to Si (e.g., nutrient acquisition
and storage, light harvesting, bloom formation), must have
produced trophic interactions that did not occur in Palaeozoic
oceans, making the appearance of diatoms a game changer.
Therefore, we hypothesize that diatoms had an impact on oceanic
DSi concentrations much earlier in the geological record than
previously thought.

Recently, Fontorbe et al. (2016) used δ
30Si from sponge

spicules and radiolarian tests to derive the first long term
empirical reconstruction of ocean DSi concentrations in the
North Atlantic during the Paleocene and Eocene. Using a
calibrated relationship between spicule δ

30Si and sponge Si
isotope fractionation (Wille et al., 2010; Hendry and Robinson,
2012), they show that from 60 to 30Ma DSi concentrations in the
North Atlantic were consistently low, meaning that the transition
to a low DSi ocean had to have begun prior to the Early Cenozoic
(Figure 4A). Subsequent cores from the Pacific Ocean, showed
(Figure 4B) that deep water DSi concentrations were also lower
prior to 37Ma (Fontorbe et al., 2017). The shift in radiolarian
δ
30Si was interpreted as a consequence of changes in the δ

30Si of
DSi sourced to the region through changing ocean circulation.
The decrease in sponge δ

30Si is interpreted as a transition from
low DSi concentrations to higher DSi concentrations, most likely
related to the shift toward a solely Southern Ocean source of
deep-water in the Pacific during the Paleogene consistent with
results from ocean circulation tracers including neodymium
isotopes and carbon isotopes (Fontorbe et al., 2017). Diatom and
spicule δ

30Si records from the Southern Ocean are consistent
with the establishment of a near modern system, with a proto-
Antarctic Circumpolar Current (ACC), a full deep water pathway
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FIGURE 4 | (A) The range of δ30Si of sponges from deep-sea drilling cores

(Fontorbe et al., 2016, 2017). (B) The range of DSi concentrations in the

Western North Atlantic (blue) and in the Equatorial Pacific (red) reconstructed

from the δ
30Si of sponges and radiolarians from deep-sea drilling cores

(Fontorbe et al., 2016, 2017). The blue and red bars for present time represent

the modern DSi concentration in the bottom waters of both ocean basins.

through the Tasman Sea and Drake Passage, and associated
high-latitude upwelling at the Eocene-Oligocene boundary (Egan
et al., 2013). The emerging tools of Si stable isotope tracers (De
La Rocha, 2002; Sutton et al., in review) have demonstrated
that very low oceanic DSi concentrations may have occurred
tens of millions of years before the time period envisioned by
Siever (1991) and others for the drawdown of DSi by diatom
biosilicification. We hypothesize that if such a global decrease in
oceanic DSi concentrations occurred, it must predate 60Ma and
perhaps begin with the appearance of diatoms.

Although diatoms originated in the early Mesozoic (Medlin
et al., 1996; Graham and Wilcox, 2000; Sims et al., 2006),
peak diversification occurred in the Cenozoic (Rabosky and
Sorhannus, 2009). Several rapid evolutionary turnovers in
the diatom species composition have been observed at the
Paleocene-Eocene boundary, and at the Eocene-Oligocene

boundary. Here, we posit that rather than driving the drawdown
in surface DSi concentration, the diversification of diatom species
observed during the Cenozoic may have instead resulted from
several external factors. Firstly, this diversification might have
resulted from a change in the global distribution of DSi. The
basinal distribution of DSi is dominated by ocean circulation
(de Souza et al., 2014) with the AAC playing a key role in the
dynamic of ocean circulation and nutrient distribution, most
likely since the Eocene-Oligocene boundary around 34Ma. The
upwelling associated with the strong ACC would have promoted
the growth of high-latitude diatom populations, which enhanced
DSi uptake. Secondly, diatom diversification could have resulted
from a change in the DSi delivery from land to ocean via
increased transport of weathering products. Based on Li isotopes,
Misra and Froelich (2012) argued for increasing weathering
rates over the Cenozoic. Recently, this increase in the fluxes of
weathering products has been invoked to explain the diatom
diversification over the Cenozoic (Cermeño et al., 2015), again,
drawing down DSi concentrations to the low levels that we
suggest were experienced since the Mesozoic.

OCEANIC DSI DURING THE QUATERNARY

The modern ocean distribution of DSi is primarily controlled
by the general ocean circulation and dissolution of BSi formed
in the upper water column (de Souza et al., 2014). The general
pattern consists of surface waters with low DSi concentrations
due to the efficient uptake by diatoms (and to a lesser degree
radiolarians, silicoflagellates and other silicifying organisms).
Concentrations increase with depth via progressive dissolution
of diatom frustules and radiolarian tests precipitated in the upper
water column during their sinking (Tréguer and De La Rocha,
2013; Frings et al., 2016). An inter-basinal gradient also exists,
related to the overturning circulation. Today, deepwaters formed
in the North Atlantic from surface waters are DSi depleted
due to the efficient uptake of DSi by diatoms. These newly
formed bottom waters get progressively enriched in DSi as they
are transported southward toward lower latitudes, ultimately
ventilating in the Southern Ocean or the North Pacific. This
general circulation pattern results in a bottom water basinal DSi
concentration gradient with North Atlantic waters having the
lowest levels of DSi (typically 20–30µM) and the North Pacific
waters being the most concentrated (up to 200µM). In the
Southern Ocean, the DSi increases polewards and with depth,
as a result of remineralization, the mixing of water masses and
the sloping isopycnal gradient resulting from the strong ACC
(Pollard et al., 2002). Low utilization of DSi relative to other
nutrients by diatoms in the iron-limited waters near the Polar
Front, together with strong winter convection, results in the
export of waters with high DSi:N (or P) ratios in the Antarctic
Intermediate Waters (AAIW) into the Atlantic and the Pacific
(Sarmiento et al., 2004).

Global changes in the total supply of DSi to the ocean
have likely occurred throughout the Quaternary. Changes in
weathering processes, as a result of the waxing and waning of
ice-sheets during glacial cycles, and climatically-driven changes
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in biological production could shift oceanic DSi over timescales
equivalent to the residence time of Si in the ocean (∼10–
15 ky; Georg et al., 2009; Frings et al., 2016). More regional
changes in DSi distribution could be triggered on millennial to
centennial timescales through changes in the configuration of
oceanic circulation cells, wind-driven upwelling systems (Hendry
et al., 2016), and biological changes in the regions of deep-
water formation (Brzezinski et al., 2002; Bradtmiller et al., 2009;
Meckler et al., 2013; Hendry and Brzezinski, 2014).

An implicit assumption in the global Si mass-balance
remains that there exists a steady-state. At the moment,
however, it is more likely that the global Si cycle, at least
in the short term, is out of balance in response to changing
inputs during the Anthropocene. Human activities such as
deforestation, eutrophication, agriculture, and damming have
altered weathering rates, amounts of terrestrial BSi production,
and the amount of amorphous Si retained and/or released from
soils and freshwater systems (Struyf et al., 2010). Our recent
work demonstrates the gradual aggradation or depletion of
the amorphous Si pool held in continental soils (Barão et al.,
2015) and aquatic sediments (Frings et al., 2014) in response to
changing environmental forcings (Struyf and Conley, 2012). Our
emerging understanding is that DSi inputs from the continents
(Frings et al., 2016) have potentially altered the magnitude and
isotopic composition to an extent great enough to impact whole-
ocean isotopic signatures on the timescale of Quaternary glacial
cycles (Bernard et al., 2010). This suggests that the continental
Si cycle should be seen as a potential contributory factor to any
variability observed in oceanic DSi (Conley, 2002; Street-Perrott
and Barker, 2008; Carey and Fulweiler, 2012).

SYNTHESIS: RECONSTRUCTION OF

OCEANIC DSI CONCENTRATIONS IN DEEP

TIME

The assumptions regarding the evolution of the biogeochemical
cycle of Si in the oceans need to be reexamined. The two critical
assumptions made by Maliva et al. (1989) regarding secular
changes in the distribution of cherts was (1) that biological
participation in the Si cycle began in the Phanerozoic with the
advent of widespread eukaryotic skeletal biosilicification and
(2) that based on the modern oceans, sponges and radiolarians
in the past contributed to a lesser degree than diatoms in
modifying oceanic DSi concentrations. The discovery by Baines
et al. (2012) that the cyanobacterium Synechococcus was capable
of accumulating significant quantities of Si and that bacterial-
type SIT-L sequences were present in the prokaryotic size fraction
of the Tara Oceans environmental metagenomic sequencing
datasets (Sunagawa et al., 2015; Marron et al., 2016) disproves
the first hypothesis, although the actual quantitative contribution
of biosilicification by prokaryotes to the global Si cycle in
the present and the past is currently unknown. Secondly, the
role of radiolarians and sponges in modifying oceanic DSi
concentrations has been questioned (Kidder and Tomescu,
2016) with shifts in the global distribution of radiolarians and
sponges preserved in sediments related to changes in oceanic DSi

concentrations. Finally, Fontorbe et al. (2017) suggest that the
superior competitive ability of diatoms for DSi relative to other
siliceous plankton such as radiolarians, likely rapidly reduced
DSi concentrations early in their evolution as they increased
in abundance to the low levels of DSi observed in the oceans
today (Tréguer and De La Rocha, 2013). These changes occurred
due to the innovation of more sophisticated and versatile DSi
uptake mechanisms especially by diatoms (Thamatrakoln and
Hildebrand, 2008; Durkin et al., 2016; Marron et al., 2016).

We present a third narrative regarding the evolution of the
oceanic Si cycle (Figure 5). Significant biological and geological
events occurred throughout geologic time that affected the global
oceanic Si cycle (Figure 6). Our narrative suggests that Archean
organisms possessed and utilized Di transporting proteins and
decreases in DSi occurred already in the Precambrian reflecting
first the evolution of cyanobacteria ca. 3,000Ma (Dvorák
et al., 2014) lowering DSi concentrations from saturation and
contributing to the deposition of BSi. The deposition of BIFs
(Fischer and Knoll, 2009) drove DSi in the surface oceans to
500–1,000µM (Zheng et al., 2016) through the formation of
Fe-Si gels. After the great oxidation event (Kump, 2008) DSi
concentrations rapidly increased as the formation of BIFs were
reduced and DSi concentrations were again controlled primarily
by biological Si homeostasis mechanisms and cyanobacteria
Si accumulation. We place DSi in the surface oceans below
saturation because of biosilicification, although the deposition
by prokaryotes was probably not sufficient to reduce whole-
ocean DSi and is supported by chert deposition (Maliva et al.,
1989, 2005). DSi was likely reduced in the Late Proterozoic with
the evolution of significant eukaryotic biosilicification across
multiple taxa (Knoll, 2017), including early siliceous sponges.
This biomineralization revolution would have further reduced
DSi sufficiently below saturation to account for the widespread,
independent losses of silicon transporters postulated in Marron
et al. (2016). The next significant DSi drop occurred in the lower
to early Middle Ordovician with increased usage by sponges
and radiolarians (Kidder and Tomescu, 2016). Finally, it is
the appearance and subsequent proliferation of biosilicifying
phytoplankton, most importantly the diatoms with their superior
ability to reduce DSi concentrations to the low levels observed in
the global oceans today (Tréguer and De La Rocha, 2013).

In today’s oceans, DSi concentrations are largely biologically
controlled, namely that BSi production through the uptake
of DSi by fairly high affinity silica transporters and the
biological templates guiding deposition mean that high rates
of BSi production can be sustained at lower environmental
concentrations of DSi. This allows for the same amount of
material to be exported at lower DSi concentrations than is
possible by abiotic control only or by a previously existing set of
silica biomineralizers.

The response in changes in DSi is faster at high DSi
concentrations due to a proclivity of preservation over
dissolution of BSi (Equation 1; Van Cappellen et al., 2002).
In addition, macroevolution can occur over relative short
periods of geological time as a result of competitive exclusion.
For example, Kidder and Tomescu (2016) suggest that the
shifts between the loci of sponges from shallow to basinal
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FIGURE 5 | The evolution of the oceanic Si cycle through geologic time

envisioned by Siever (1991) (blue line) together with our narrative for reductions

in DSi primarily through biosilicification (red line). (A) From the early

Precambrian to the present with the major biological and geological events.

The dotted line for cyanobacteria reflects the uncertainty in the timing of its

evolution in the geological record. (B) DSi from the latest Precambrian to the

present.

environments may have taken approximately 2–14 My in the late
Lower to early Middle Ordovician as a result of DSi uptake by
radiolarians. Futhermore, Ritterbush et al. (2015) has estimated
that oceanic DSi changes could occur in timescales of 100–500
ky with an increase in DSi flux at the Jurassic-Triassic boundary
as a consequence of the increased weathering of Central Atlantic
Magmatic Province basalts. Models utilizing the sediment record
are needed to constrain the rapidity of the response of sediment
BSi burial to changes in the temporal distribution of DSi inputs
to the oceans (Yool and Tyrrell, 2005; Lenton and Daines, 2017).

CHALLENGES TO EXISTING KNOWLEDGE

An Imperfect Geological Record
The lack of fossils to verify or falsify our hypothesis can simply
be an artifact of a sparse geological record. There remains great
potential for new discoveries with increased sampling and more
focused investigations for the fossil remains of more diverse
silicifying groups. However, a record of the rapid declines in
DSi that occurred must be buried in ocean sediments most of
which have been subducted and recycled by the movement of
the continents. Whether or not the Siever (1991) narrative or the
one presented here are possible, the question remains: where are
the massive deposits of BSi that must have occurred with rapid
drawdowns in ocean DSi concentrations? In addition, are these
deposits resolvable by bulkmeasurements or isotopically, and can
they be attributable to transient decreases in the ocean inventory
of Si on the basis of mass-balance calculations?

Formation of Chert Deposits
High BSi sediments from the deposition of sponges, radiolarians
and/or diatoms, which are precursors to chert formation, still
occur today e.g., in places where productivity is high such
as upwelling areas. The interpretation that DSi saturation
occurred in bottom waters above chert nodule formation has
been questioned (Ritterbush et al., 2015) with Moore’s (2008)
alternative explanation for chert formation as mobilization of
amorphous hydrothermal deposits in deeper sediments, which
removes chert nodules as indicators of DSi concentration
through time. This brings into question an important tenant by
Maliva et al. (1989) regarding chert deposition reflecting DSi
concentration in the water column.

Does Sponge Abundance Reflect DSi?
Maldonado et al. (1999) suggested declines in reef building
sponges occurred at the Cretaceous-Tertiary boundary because
of DSi limitation as diatoms evolved. However, highly siliceous
sponge reefs are still forming in selected areas of the modern
oceans despite the relatively low DSi concentrations (Uriz,
2006; Chu and Leys, 2010; Maldonado et al., 2015). There
are certainly other factors, such as food availability and ocean
temperature (Kahn et al., 2012) that control the abundance and
biosilicification of sponges (Alvarez et al., 2017).

Biosilicification Is Not the Only Factor
The first order interpretation is that DSi controls the morphology
and biosilicification of organisms (Leadbeater and Jones, 1984;
Finkel et al., 2010; Yamada et al., 2014). Yet, additional
evolutionary selective pressures on the morphology of the
siliceous diatom frustule have been identified, including changes
in growth-limiting nutrients other than Si (Marchetti and Cassar,
2009), CO2 (Milligan andMorel, 2002), and predation (Pondaven
et al., 2007) have shaped the morphology of the frustule over
geologic time (Finkel and Kotrc, 2010). In addition, Si transporter
(SITs, SIT-Ls and Lsi2-like) genes are found in many eukaryotes
that are not major biosilicifiers today (Marron et al., 2016), yet
in some organisms (e.g., calcareous haptophytes) Si is required in
trace amounts (Durak et al., 2016). Are there other factors that
are contributing to changes in oceanic DSi in deep time?
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FIGURE 6 | Significant biological and geological events throughout geologic time that affect the global oceanic Si cycle. Events are color coded for the different types

of events (blue for Si-related, green for biological, dark red for geological). The size of the open arrows denote uncertainty in the determination of the molecular clock

dates.

Temporal Sensitivity of Marine DSi

Concentration
All narratives describe changes in DSi as a linear process from
high to low DSi concentrations with the evolution of specialized

mechanisms for DSi uptake and biosilicification. A change in
DSi fluxes to the ocean, can be caused for example by either

changes in hydrothermal fluxes or by changes in continental

weathering. Further investigations must be done to unravel the
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amplitude and duration of such events that impact global DSi

concentrations. In addition, there can be short-term changes in
DSi fluxes (Frings et al., 2016) as well as fluctuations in the short-
term production of biosilicifying organisms due to changes in the
sources of DSi. For example, Ritterbush et al. (2015) argue that
the Early Jurassic siliceous sponge takeover was likely permitted
by an increased DSi flux as a consequence of weathering of
the Central Atlantic Magmatic Province (CAMP) basalts. Does
the volcanism associated with the formation of large igneous
provinces (Kidder and Worsley, 2010) allow for changes in
oceanic DSi concentrations or are inputs continuously balanced
by burial?

CONCLUSION

Combining evidence from many different fields, e.g.,
biogeochemistry (Tréguer and De La Rocha, 2013), the
study of the geological record (Maliva et al., 2005; Fischer and
Knoll, 2009; Kidder and Tomescu, 2016), and the emerging
field of geogenomics (Baker et al., 2014; Marron et al., 2016),
we have identified changes in seawater DSi geochemistry by
biosilicification (Figure 5). The first biological impacts on the Si
cycle were likely due to the evolution of silicon homeostasis or
detoxification mechanisms in the Proterozoic. We hypothesize
that further decreases in DSi occurred prior to the start of the
Phanerozoic with the evolution of widespread, large-scale skeletal
biosilicification. DSi concentrations continued to be reduced by
biomineralization and burial of BSi through deep time. Finally,
we further hypothesize that the evolution of diatoms leads to a
low DSi ocean already by the middle Mesozoic.

Our analysis suggests that the oceans have probably
experienced lower DSi concentrations than previously
appreciated (Siever, 1991). Our results challenge the Maliva

et al. (1989, 2005) and the Siever (1991, 1992) framework and

these results are contrary to what is currently believed. In
addition, our analysis necessitates a revision of the singular role
of DSi in driving the evolution of biosilicifying organisms in
both marine and terrestrial systems, and the controls on global Si
geochemistry.

It should be noted that the formation of Si-rich precipitates
would also impact cycling of other elements especially in
the Precambrian oceans, including iron, trace metals and
phosphorus (e.g., Konhauser et al., 2007; Jones et al., 2015). In
addition, the rise to ecological prominence of the diatoms is
a relevant landmark in the history of the Earth system with a
probable increase in the strength and efficiency of the biological
pump and its impact on C (Renaudie, 2016). Therefore, the
study of secular changes in the Si cycle bears on our general
understanding of geochemical cycles in marine systems.
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We explore the distribution of sponges along dissolved silica (dSi) concentration gradients

to test whether sponge assemblages are related to dSi and to assess the validity of

fossil sponges as a palaeoecological tool for inferring dSi concentrations of the past

oceans. We extracted sponge records from the publically available Global Biodiversity

Information Facility (GBIF) database and linked these records with ocean physiochemical

data to evaluate if there is any correspondence between dSi concentrations of the

waters sponges inhabit and their distribution. Over 320,000 records of Porifera were

available, of which 62,360 met strict quality control criteria. Our analyses was limited to

the taxonomic levels of family, order and class. Because dSi concentration is correlated

with depth in the modern ocean, we also explored sponge taxa distributions as a function

of depth. We observe that while some sponge taxa appear to have dSi preferences

(e.g., class Hexactinellida occurs mostly at high dSi), the overall distribution of sponge

orders and families along dSi gradients is not sufficiently differentiated to unambiguously

relate dSi concentrations to sponge taxa assemblages. We also observe that sponge

taxa tend to be similarly distributed along a depth gradient. In other words, both dSi

and/or another variable that depth is a surrogate for, may play a role in controlling sponge

spatial distribution and the challenge is to distinguish between the two. We conclude that

inferences about palaeo-dSi concentrations drawn from the abundance of sponges in the

stratigraphic records must be treated cautiously as these animals are adapted to a great

range of dSi conditions and likely other underlying variables that are related to depth. Our

analysis provides a quantification of the dSi ranges of common sponge taxa, expands

on previous knowledge related to their bathymetry preferences and suggest that sponge

taxa assemblages are not related to particular dSi conditions.

Keywords: sponge assemblages, palaeoecological indicators, spatial distribution, dissolved silica gradient, depth

gradient, Si cycle

INTRODUCTION

Sponges are aquatic, sessile, benthic, and filter feeding organisms that belong to the animal phylum
Porifera. Their body structure is simple, with different kinds of cells specialized in a variety of life
functions and organized in different layers according to their function (Hooper and Van Soest,
2002; Van Soest et al., 2012; Maldonado, 2014). Their origins have been placed in the Cambrian
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(Hooper and Van Soest, 2002; Xiao et al., 2005), or even before as
suggested by the discovery of potential sponge biomarkers (Love
et al., 2009; Yin et al., 2015; Gold et al., 2016).

Four classes of sponges are currently recognized: Calcarea,
which includes species with calcareous skeletons; Hexactinellida,
commonly known as glass sponges; Demospongiae, containing
the majority of extant sponges; and the Homoscleromorpha
(Hooper and Van Soest, 2002; Morrow and Cárdenas, 2015;
Van Soest et al., 2017). The last three classes include species
with siliceous skeletons cemented by organic components (i.e.,
a collagen-like protein, spongin), as well as species that lack a
mineral (i.e., neither siliceous nor calcareous) skeleton and are
constructed with spongin skeletons, occasionally reinforced with
foreign inorganic elements (e.g., sand or remains of biogenic
silica from other organisms, including sponges; Hooper and Van
Soest, 2002).

Through complex enzymatic and metabolic processes
(Wang et al., 2011a,b, 2012a), siliceous species of
Hexactinellida, Demospongiae and Homoscleromorpha
take up Si (predominantly present as silicic acid, H4SiO4 and
conventionally referred to as dissolved silica; dSi) from their
surrounding water to secrete individual structures known
as spicules which provide skeletal support to the organic
components of the sponge (Uriz et al., 2003). In some species
of hexactinellids and demosponges, skeletal structures are
massive and hypersilicified, with stony consistency and can form
agglomerates and build reef-like formations (Conway et al., 2001;
Uriz et al., 2003; Leys et al., 2004; Maldonado et al., 2015a,b) or
“sponge grounds” (Klitgaard and Tendal, 2004). Sponges of these
groups may be important players in the global silicon cycle due
to their widespread occurrence and high preservation potential
(Maldonado et al., 2005, 2010).

Silica uptake and silicification in sponges is regulated by
the availability of dSi in the ambient water and dSi uptake
conforms to enzymatic (Michalis-Menten) kinetics withmaximal
uptake rates occurring only above 100–200µM dSi (Reincke
and Barthel, 1997; Maldonado et al., 1999, 2011). These values
are higher than typical concentrations in most of the modern
ocean, suggesting sponge dSi uptake mechanisms evolved in
higher dSi waters (Maldonado et al., 2015a) and dSi is a limiting
factor for living sponges (Maldonado et al., 2011). Maldonado
et al. (1999) also showed that secretion of certain spicule types
is regulated by dSi thresholds and suggested that instances of
these spicules in fossil sponges reflect dSi replete environments.
Efficient mechanisms to utilize dSi have evolved in sponges
(Müller et al., 2003; Schröder et al., 2004; Wang et al., 2012a,b)
and involve the presence of silicatein, an enzyme that is able
to control and catalyze the intracellular deposition of dSi from
an unsaturated environment, as well as proteins that actively
transport dSi across the cell membranes (Schröder et al., 2004;
Marron et al., 2016).

Additional information about variations in the shape, or size
of sponge spicules, or about disrupted spiculogenesis (shape
changes, atrophies or other malformation of spicules) in relation
to dSi concentration is scattered throughout the literature
(Jørgensen, 1944; Hartman, 1958; Stone, 1970; Yourassowsky and
Rasmont, 1984; Zea, 1987; Bavestrello et al., 1993; Rützler and

Smith, 1993; Schönberg and Barthel, 1997; Mercurio et al., 2000;
Valisano et al., 2012; Cárdenas and Rapp, 2013). Overall these
studies show that the availability of dSi is a factor that can affect
the morphology, composition or size of spicules in some species.

If spicule morphology and/or morphometrics are affected by
dSi and given that these are the main underlying characters
used for the classification of siliceous sponges (Hooper and
Van Soest, 2002), some taxa or taxa assemblages may be
characteristic of habitats with particular dSi conditions. These
might conceivably have different adaptation mechanisms and
therefore, differentially influence the ocean Si cycle. An essential
first step to use sponges as indicators is recognizing and
quantifying any causal relationship between modern sponge
distributions and the underlying environmental drivers; this is
the crucial first step in palaeoecological proxy development (e.g.,
Birks, 1995).

The spatial distribution of Porifera has been studied at
local and regional scales and has been related to different
environmental factors. Differences in sponge species
composition between shallow and deep waters have been
acknowledged for decades. De Laubenfels (1936) recognized that
the spatial distribution of shallow water sponges is limited by
strong environmental barriers (e.g., depth, light or temperature).
More recently, the spatial distribution of marine sponges at
local scales (e.g., 10 s of km; coral reefs, straits or gulfs) has
been correlated to geomorphological features (Przeslawski et al.,
2014), sediment properties, depth, distance to the coast, nutrient
availability (including dSi), light penetration, hydrodynamics
(Huang et al., 2011), deep sea currents (Cárdenas and Rapp,
2015), and biotic factors such as predation or competition for
space (Huang et al., 2011; Pawlik et al., 2015; Slattery and Lesser,
2015). In general, these observations are replicated at regional or
broader scales (e.g., >>100 km; seas or oceans). Here, sponge
distributions have been related to depth, temperature and light
availability (Vacelet, 1988; Finks and Keith Rigby, 2003; Leys
et al., 2004; Downey et al., 2012), or to biogeographic regions
(Hooper and Lévi, 1994; Van Soest, 1994; Van Soest et al.,
2012) delimited by underlying abiotic drivers and characteristic
marine biotas (e.g., Spalding et al., 2007). Interestingly, results
from predictive models using physico-chemical environmental
variables (Huang et al., 2011) and regional surveying (Howell
et al., 2016) suggest that temperature, depth and nutrient
status—including dSi—are major drivers controlling sponge
distribution.

There is potential for sponge species composition and spicule
morphology in the sedimentary record to yield insight into
dSi at the time of their formation. The reconstruction of
paleo-dSi is receiving increasing attention, partly motivated
by the linkages between the long-term carbon and silicon
biogeochemical cycles (Conley et al., 2000; Frings et al., 2016).
To date, dSi reconstruction using sponges has been achieved
by exploring morphometric relationships of fresh-water spicules
through dSi gradients (Kratz et al., 1991). More recently, silicon
isotope analysis of sponge spicules has exploited the observation
that the fractionation of stable Si isotopes between ambient dSi
and the biogenic Si in spicules is a function of dSi concentration
in the surrounding environment (Hendry et al., 2010, 2011; Wille
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et al., 2010; Hendry and Robinson, 2012; Fontorbe et al., 2016,
2017). The development of a complementary palaeoecological
approach based on taxa assemblages could greatly extend the
understanding of dSi changes in past and present oceans. By
estimating the distributions of sponge taxa along a dSi gradient,
particular species assemblages can be identified to provide insight
into past Si dynamics in ocean and coastal environments.

In this work we explore the distribution of sponges along
dSi gradients to test whether sponge assemblages are a function
of dSi and to assess the validity of sponge taxonomy as a
palaeoecological tool for inferring palaeo-concentrations of dSi.
To achieve this we extracted and combined information from
publically available oceanographic and biodiversity databases
to evaluate the dSi conditions where sponges are found in
the global ocean. Because dSi is correlated with depth in the
modern ocean, we also explore taxa distributions as a function
of depth. In general, we find that while there are hints of
an assemblage-dSi relationship, sponges are not sufficiently
differentiated as a function of dSi availability to clearly indicate
specific dSi concentrations, a conclusion with implications for
reconstructions of the ocean Si cycle.

MATERIALS AND METHODS

Data Sources
We used sponge records held in the Global Biodiversity
Information Facility (GBIF) and a gridded climatology of
ocean chemistry data, interpolated from measurements, from
the World Ocean Circulation Experiment (WOCE) (Gouretski
and Koltermann, 2004). This is available with a horizontal
grid resolution of 0.5◦ and with 40 unevenly spaced vertical
layers. GBIF is an international open data infrastructure and
the world’s largest biodiversity database, and provides a freely
available, single point access to millions of biodiversity records
(http://www.gbif.org/what-is-gbif). GBIF aggregates data from
a variety of sources of variable extent, quality and taxonomic
precision (see www.gbif.org for more information). WOCE
is a global data resource of the US National Oceanic and
Atmospheric Administration ultimately based on observations
from ships, floats, drifters and satellites. We interrogated
GBIF via the online portal (http://www.gbif.org/occurrence)
and downloaded 323,953 georeferenced records of Porifera
available in November 2016 (GBIF Occurrence Download:
https://doi.org/10.15468/dl.viufhq). The taxonomic classification
of species in these records follows that of the World Porifera
Database (WPD, http://www.marinespecies.org/porifera/news.
php?p=show&id=4893). Only records with an associated depth
(143,275; 44%) were used in the analyses. Paleontological records
and freshwater taxa included in the dataset were also removed
(830 and 192 records, respectively). To validate the geolocation
data of GBIF, we compared the water depth associated with
each record with the ETOPO1 1 Arc-Minute Global Relief
Model (Amante and Eakins, 2009). Because both datasets
contain variable quality and resolution depth data, records that
disagreed by more than 500m were discarded. Agreement was
taken as a sign of confidence in the depth data. This 500m
threshold was selected (rather arbitrarily) to allow for (i) the

possibility of steep bathymetry at spatial scales below that of
ETOPO1 and (ii) the inclusion of dredge samples, where only
the trawl start or finish point is given. This quality control
process lead to the exclusion of 5,190 (ca. 3.6%) of datapoints,
which in some cases were in disagreement by > 6000m (see
Supplementary Figure 1). In addition, any remaining records
which were flagged within GBIF as having a “non-numeric”
or “non-metric” depth in the original dataset (13,317 and
5,060, respectively) were removed, to avoid any conversion
issues.

Information at the level of class and order, missing in some
of the GBIF records although the lower taxonomic rank of
family or genus was given, was added following the WPD.
GBIF contains a mixture of reliable and unreliable taxonomic
information (Van Soest et al., 2012), and includes records
with taxonomic identifications derived from photographs
and/or video-recordings, which e.g., Leys et al. (2004) have
identified as a source of uncertainty. We assumed that
the taxonomic identifications included in the GBIF records
at the level of order and family are more accurate than
those from lower levels (genera and species), which generally
require a greater degree of taxonomic expertise. For this
reason we limit our analyses to the level of family and
above (order and class). Our analyses could be improved
and extended to a higher taxonomic resolution with an
increase in the reliability of taxonomic identifications of GBIF
records.

The final dataset for this study included 62,360 discrete,
globally distributed records (Figure 1). Of these, 2,905
are classified only as far as class, 890 only as far as order
(31 different orders), 2086 to family level (128 different
families), 24,525 to the level of genus (555 different genera)
and the remainder (31,955) to species (2,758 different
species) or subspecies. For comparison, the World Porifera
Database (Van Soest et al., 2017) currently recognizes 32
extant orders, 149 extant families and 740 extant genera,
implying we capture a large proportion of total global sponge
biodiversity.

For each individual sponge observation in GBIF, ocean
temperature, salinity and nutrient concentrations (nitrate,
phosphate and dSi) were extracted from WOCE (Gouretski and
Koltermann, 2004) from the box enclosing the recorded sponge
location. A summary of the data, including counts, maxima,
minima and averages for each variable on a taxa-by-taxa basis
for each of the families represented in the data set is provided
(Supplementary Table 1).

Effect of Sampling Techniques and
Sampling Effort
dSi concentrations in ocean bottom waters and the locations
of the sponge records from the dataset are shown in Figure 1.
Most of the records examined are limited to shallow water
collections where dSi is generally low, which we attempt to
account for in our analysis (see below). However other sampling
biases might also be present. For instance, deep sea habitats are
usually sampled with trawls or dredges. These generally catch
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FIGURE 1 | Ocean dissolved silica concentrations in bottom waters (i.e., seafloor). Gray dots indicate the location of individual sponge records included in this

manuscript from GBIF.

abundant, large or hard specimens, but groups represented by
small or fragile individuals (e.g., Cladorhizidae and Calcarea)
are often not recovered (Raff et al., 1994), and therefore might
be underrepresented. At present, quantifying the scale and
significance of this bias is not possible.

We investigated the impact of very intense sampling within
small regions by first regarding the taxa as only present or
absent for each box in the WOCE dataset, and calculating
the global distribution along an environmental gradient using
20 equally spaced bins for each variable (shown for dSi
in Figure 2A). The presence/absence aggregation made only
a very minor difference to the distribution of taxa along
environmental gradients (Figure 2B), so we proceed with the
full (i.e., non-aggregated) dataset. To crudely address a sampling
bias toward continental shelves and shallow water areas in
GBIF records we normalized the taxa distributions to the total
Porifera distribution (Figure 2) to obtain a suite of distributions
that describe the relative importance of individual taxa to
the total Porifera population along any given environmental
gradient. This approach implicitly assumes that sampling and
identification of the Porifera records is not biased toward one
group of taxa and is not suitable for e.g., calibrating individual
sponge taxa environmental preferences. However, the intent here

is not to estimate the true distribution of sponge taxa in the
global ocean, but rather to explore relative differences among
taxa. In the Supplementary Table 1 we show a summary of the
uncorrected data.

Violin Plots
For taxa that are abundant (more than 100 records in GBIF),
violin plots of the normalized data as a function of underlying
environmental gradients were created at different levels of
taxonomic classification (class, order, and family) and form the
basis of further discussion. Where applicable, we include sponge
species (referred to as “lithistids” hereafter) with highly silicified
skeletons that were previously classified in the polyphyletic order
Lithistida (Pisera and Lévi, 2002) but are now divided among
unrelated orders of the class Demospongiae (Cárdenas et al.,
2012). In these plots, the width of the bars indicates the relative
contribution of the taxa to the total of all sponge taxa recorded in
GBIF at the corresponding value of the environmental variable;
note these are further standardized to themaximum contribution
of that taxa, so do not contain any useful information about the
absolute abundance of any given taxa, which is not possible with
the “presence-only” GBIF data.
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FIGURE 2 | (A) Global distribution of GBIF records aggregated as presence/absence values in 0.5◦ boxes of the WOCE dataset. (B) Global distribution of GBIF

records without correction for sampling bias.

RESULTS

The relative frequency distribution of sponge taxa vs. dSi
and depth is shown in Figures 3–5. At the level of class the
Hexactinellida are found across broad ranges of dSi (0–180µM;
Figure 3A) and depth (0–6,000m; Figure 3B). Sponges with
calcareous skeletons show similar distributions but are a greater
relative contributor to total sponge taxa at dSi <100µM and
< 3,000m depth. The rest of the classes are also found in the
same range, however their major contributions to the total are
below 120µMand shallower than 1,000m for the siliceous classes
Homosclerophorida and Demospongiae.

In our analysis, 19 of the 32 total sponge orders are
represented within GBIF in at least 100 boxes of the WOCE
dataset (Figure 4). A majority occur seem dominantly at
dSi <50µM, while other groups of demosponges (Tethyida,
Suberitida Polymastiida and Haplosclerida), hexactinellids
(Hexactinosa and Lyssacinosida), homosclerophorids and the
Clathrinida are more evenly distributed along the dSi gradient.
The hexactinellid order Amphidiscosida make their greatest
contributions to sponge assemblages in environments with
dSi>100µM and the calcarean order Leucosolenida shows
a bimodal distribution. Figure 4B shows the distribution
of the same orders as a function of depth. A comparison
between the two plots indicates that orders with relatively
more frequent occurrences at higher dSi are also represented at
depths greater than 2,000m. The demosponge orders without
siliceous skeletons (i.e., Dendroceratida, Verongiida –excluding
some species (Ehrlich et al., 2010), and the Clionaida are not
found in the GBIF database at depths greater than 1000m.

The distribution of lithistids along the depth gradient indicates
this group is a relatively consistent contributor to total sponge
assemblages at dSi below 50µM and is not found at depths
greater than 2,500m.

At the highest level of taxonomic resolution that we consider,
43 families within Porifera occur in 100 or more WOCE
boxes (for reference, there are 149 currently recognized families
within Porifera; Van Soest et al., 2017). Their distributions
follow similar tendencies to those shown at the level of order,
with some families better represented at dSi<50µM, some
approximately equally represented along the gradient, some
occurring at both high and low dSi and others more likely
to be found at dSi>100µM (Figure 5A). Distribution of these
families along the depth gradient (Figure 5B) roughly tracks
the dSi gradient. Families that occur at high dSi such as the
Cladorhizidae, and Polymastiidae and all of the hexactinellids,
are also likely to occur in deep waters. Non-siliceous sponges of
the orders Verongiida, Dictyoceratida and Dendroceratida, with
the exception of Spongiidae (see discussion below), are found
within the group of taxa that occur at dSi <20µM, together with
the family Clionidae (usually sponges associated with calcium
carbonate substrates) but also with families that have siliceous
skeletons (i.e., Petrosiidae, Dictyonellidae and Callyspongiidae).
These are only found at shallow depths (Figures 5A,B).

DISCUSSION

Our analysis provides a quantification of the dSi ranges of
common sponge taxa and expands on previous knowledge
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FIGURE 3 | Violin plots showing the distribution of the sponge classes in a dSi gradient (A) and a depth gradient (B).

related to their bathymetry (Vacelet, 1988; Maldonado and
Young, 1998; Rapp et al., 2011; Downey and Janussen, 2015;
Hestetun et al., 2015). The distribution of sponge taxa along
a depth gradient exhibits clear similarities to dSi, meaning the
challenge is to distinguish between the two.

Below, we discuss the role of dSi availability, and the effects of
other variables that might be indirectly influencing the patterns
presented here. We also discuss how this data might contribute
to clarifying the role of sponges in the ocean Si cycle in the
geological past, and the usefulness of sponge assemblage data as
a marine palaeoecological tool.

Effects of dSi Availability and Habitat
Depth on Sponge Distributions
Depth is an important factor controlling sponge distribution
(Vacelet, 1988; Huang et al., 2011; Howell et al., 2016), though
it acts indirectly via its correlation with ecologically meaningful
parameters (including dSi concentrations, but also light, food
availability, temperature, etc.,). It is evident that either dSi, depth
or both play a major role controlling the spatial distribution
of sponge taxa (Figures 3–5). Our results confirm that the
Porifera are not uniformly distributed along either a dSi or
a depth gradient. Because the differentiation along the two
gradients is similar, it is unclear whether dSi availability,
habitat depth, or another unidentified factor (or combination
of factors), is driving the spatial distributions of sponges. At
least at regional scales, water depth acts as a surrogate variable
for light penetration, temperature, and nutrient concentrations;
these all are inter-correlated and could be influencing sponge
distributions (Vacelet, 1988). Other depth-related factors such as
food resources (i.e., particulate and dissolvedmatter), turbulence,
spatial competition, and predation have been suggested as drivers
of sponge community structure and distribution (Pawlik et al.,
2015; Slattery and Lesser, 2015).

Bottom-water temperature and concentration of some
nutrients have also been identified as important variables
controlling sponge distribution at local scales (Huang et al.,
2011; Howell et al., 2016). However, the distribution of sponges
as a function of temperature, dissolved oxygen and nutrient
(nitrate and phosphate) concentrations extracted from WOCE
(see Supplementary Material) revealed that the distribution of
sponge taxa along these gradients is not strongly differentiated,
in contrast to the dSi and depth gradients. Although we cannot
exclude these factors, the fact that habitat depth shows a
similar sponge distribution pattern with dSi is suggestive of dSi
availability being an important driver of the spatial distribution
of some sponge groups, and implies that sponge distribution
as a function of depth simply reflects the general relationship
between depth and [Si] (see below; Figure 6). Unfortunately, we
cannot strictly identify the direction of causality and rule out the
possibility that depth is simply acting as a surrogate for another,
as yet unidentified variable.

In general, ocean dSi correlates with depth (Sarmiento and
Gruber, 2006), as biogenic silica produced by siliceous plankton
at the surface progressively dissolves as it sinks through the water
column (although this pattern is somewhat complicated by the
marine overturning circulation that acts to mix water-masses
of varying ages, and therefore accumulated dSi) and because of
high diatom production due to upwelling. To further explore this
issue, we have plotted dSi and depth for all families included in
our dataset in Figure 6. This confirms the presence of a positive
relationship between dSi and depth with a similar form to that for
the whole ocean (Figure 6).

Sponge Assemblages along dSi And Depth
Gradients
Our data show that either depth or dSi play major
roles controlling the spatial distribution of some
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FIGURE 4 | Violin plots showing the distribution of sponge orders along the dSi gradient (A) and the depth gradient (B). Only orders represented within GBIF in at

least 100 boxes of WOCE dataset are shown. Numbers in parenthesis are codes given to each of the represented orders. Lithistids includes taxa assigned to this

taxon by Pisera and Lévi (2002). Taxa with gray background include sponges without siliceous spicules. Color codes as in Figure 3.

taxa (Figures 3–5). Below we discuss which of those
taxa might include species with different dSi uptake
requirements and therefore could be indicative of dSi
conditions.

Hexactinellida
Species of the order Hexactinosa (e.g., Farrea occa, Aphrocallistes
vastus and Heterochone calyx) are known to construct
hypersilicified skeletons and to form sponge reefs where
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FIGURE 5 | Violin plots showing the distribution of sponge families in a dSi gradient (A) and a depth gradient (B). Only families represented within GBIF in at least 100

boxes of WOCE dataset are shown. Numbers in parenthesis are codes given to each family. Taxa with gray background include sponges without siliceous spicules. A

key to the orders represented in Figure 4 is included. Color codes as in Figure 3.
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FIGURE 6 | Cross-plot of mean habitat depth and mean ambient dissolved Si

concentrations for all sponge families in the GBIF database. See previous

figures for key to colors. All taxa are included regardless of their abundance,

unlike Figures 3–5 where an occurrence criterion of 100 WOCE boxes is

imposed. Data are aggregated at the presence/absence level for individual

WOCE boxes. Gray dots in the background are ocean bottom water dSi

concentrations (i.e., the same data as Figure 1).

dSi is reasonably high (ca. 40µM), e.g., on the western coast of
Canada (Leys et al., 2004; Conway et al., 2005; Whitney et al.,
2005; Chu et al., 2011). The occurrence of these reef-building
species is thought to be controlled by the combined action of
particular oceanographic, geomorphological conditions and
biotic factors, including dSi availability (Conway et al., 2005;
Maldonado et al., 2015a). Hexactinosa (Figure 4) are important
components of the sponge fauna at high dSi and depth together
with species belonging to Amphidiscosida, Aulocalycoida,
and Lyssacinosida (Rossellidae), which lack a dyctional (fused
spicules in a 3D framework) skeleton suitable for reef formation
but nevertheless have relatively more dSi per biomass unit than
sponges from other sponge classes (Barthel, 1995).

Demospongiae
The families Cladorhizidae, and Polymastiidae are relatively
more likely to be found in dSi rich waters (Figure 5A). These
families have also a broad distribution range along depth
gradients and are likely to be found in deep waters (>2,000m)
where dSi is also high. Whether or not the distribution of these
taxa is driven by dSi or by depth remains to be answered.
Detailed studies of dSi uptake mechanisms and rates of these
sponge species, living in different dSi conditions will contribute
to answer this question and to identify species that can be used as
indicators of particular dSi ranges.

The remaining siliceous and non-siliceous demosponges
are likely to be found in low dSi habitats, although some

of those might occur at greater depths with high dSi.
Some of Dictyoceratida families (i.e., Spongiidae), which lack
siliceous skeletons, are likely to occur at high dSi and depth
(Figure 5). This is an interesting observation because members
of this group are conventionally thought to be found in
tropical latitudes and shallow waters (Vacelet, 1988) and in
some species the settlement of their larvae is affected by
low temperatures, and light penetration (Maldonado, 2009).
As far as we know, species of Spongiidae have not been
reported from bathyal depths in the taxonomic literature. It
is possible that these records might be misidentified, given
that the taxonomy of these sponges is extremely difficult.
However, until independent verification of these Dictyoceratida
records we assume that their documentation in GBIF is
correct, and therefore that other factors correlated to depth
(including temperature, light penetration, nitrate or phosphate
concentrations) are driving the occurrence of particular species
of this group.

Lithistids
Sponges included in this polyphyletic (diverse phylogenetic
affinities) group include species with articulated spicules called
desmas, that form a rigid skeleton in most species (Pisera and
Lévi, 2002). The majority (93%) of lithistid records are from
the order Tetractinellida, and the most common families were
Theonellidae (21%), Corallistidae (18%), and Scleritodermidae
(17%). According to Figure 4, lithistid taxa are more likely to
be found at <60µM dSi, with the greatest relative frequency
at <20µM and <1,000m. Some of them are known to
build reef-like formations in habitats where dSi availability is
low relative to that reported for the Hexactinosida reef-like
builders (Maldonado et al., 2015a,b). Hypersilicified species
lithistid (e.g., Leiodermatium spp) also cohabit with members
of sponges without siliceous skeletons (i.e Dictyoceratida,
Dendroceratida, and Verongiida) (Przeslawski et al., 2014,
2015) in relatively shallow habitats of northern Australia, with
dSi concentrations <5µM, exposed to strong tidal currents,
high turbidity, and substantial sediment mobility (Przeslawski
et al., 2011). As suggested by Maldonado et al. (2015b),
some lithistid species seem to benefit from heavy sediment
deposition, and patterns of local circulation that might deliver
food and Si in pulses. It remains to be answered how these
hypersilicified skeletons of lithistid species can develop in lower
dSi and whether or not these species might have more efficient
Si uptake systems than other taxa such as Hexactinosida
which tend to be found in comparatively higher dSi
(Figures 4, 5).

Calcarea
The GBIF data shows that sponges of the class Calcarea
are found in the depth gradient up to 5,000m with peaks
below 3,000m. This confirms previous findings (Duplessis
and Reiswig, 2000; Rapp et al., 2011) and suggest that
the diversity of the group at abyssal depths is higher
than previously thought, and that they are occasionally
capable of growing in environments below carbonate mineral
saturation.
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Toward Quantification
There is a large body of literature that deals with methods to
derive quantitative palaeoenvironmental reconstructions from
(micro)fossil assemblages, in terrestrial, freshwater, and marine
environments. As summarized in e.g., Telford and Birks (2005)
or Juggins (2013), there is an increasing awareness of the
limitations of these approaches, even in favorable situations. We
have decided against a more quantitative approach for several
reasons, including (i) GBIF data are compiled from disparate,
unconnected sources with different sampling strategies, (ii) the
higher end of the dSi gradient is poorly represented in the
data, (iii) the data are “presence-only,” rather than true species
abundances, meaning taxa optima can not be easily defined, (iv)
we have no independent model verification dataset, (v) variance-
partitioning presumably will indicate a high degree of shared
variance between depth and dSi, and (vi) the environmental
calibration data has a hard-to-quantify noise component, being
derived separately from the GBIF data at a lower spatial
resolution.

In the future, a true sponge assemblage (with taxa abundances)
and environmental variable dataset collected in a region or
regions where dSi is decoupled from depth would be able
to overcome some of these difficulties. Sponge silicon isotope
ratios are becoming more widely used as a proxy for past-
dSi concentrations (e.g., Fontorbe et al., 2017). Though not
widely used, “mutual-range” approaches (Sinka and Atkinson,
1999), modern analog techniques (MAT; Lytle and Wahl, 2005),
or artificial neural networks (Racca et al., 2007) may prove
fruitful palaeoecological complements. Finally, lab- to field scale
experiments carefully designed to extract the influence of dSi
availability on sponge physiology and ecology, or approaches that
seek to use individual spicule morphometrics (cf. Kratz et al.,
1991) may also be part of the developing palaeo-dSi “toolbox.”

Did dSi Control Sponge Distributions in the
Past?
The evolution of the ocean Si cycle has received attention for
many decades (e.g., Maliva et al., 1989; Kidder and Tomescu,
2016). The prevailing narrative (Maliva et al., 1989; Siever,
1991; Kidder and Tomescu, 2016) argues for two particularly
important events. The first is a transition from a Precambrian
ocean saturated with respect to dSi to a slightly undersaturated
Mesozoic ocean. The second was a further decrease, sometime
in the Cretaceous-Paleogene, in the dSi content of mean ocean
water to a modern, dSi-deplete ocean. Both transitions are
ascribed to biological innovations—the first to the evolution
of silicification by radiolarians and sponges, and the second to
the expansion of diatoms—and therefore biology’s progressive
ability to remove dSi from seawater. Superimposed on this
long-term decline in ocean dSi, transient excursions in the
ocean dSi inventory have been proposed in response to periods
of extensive volcanism (particularly the emplacement of large
igneous provinces, LIPs) (Ritterbush et al., 2014, 2015; Kidder
and Tomescu, 2016), or orogenesis (e.g., Cermeño et al., 2015).
One of the lines of evidence supporting these interpretations
is a change in the sedimentary facies associated with sponges

in the rock or sediment record (e.g., Kidder and Tomescu,
2016). The link between sponge abundances/distributions and
dSi stems from the implicit assumption that siliceous sponges
are unable to thrive at low dSi (e.g., Ritterbush et al., 2015;
Kidder and Tomescu, 2016). Kidder and Tomescu (2016),
for example, interpret an Ordovician retreat in sponges from
lagoonal depositional environments toward deeper, shelf settings,
as reflecting radiolarian driven dSi depletion of the surface
ocean. After the mid-Ordovician, sponge fossils from peritidal
and lagoonal facies are apparently rare in the fossil record
(see Gammon et al., 2000) for a possible Eocene exception.
Maliva et al. (1989) argue that sponges become quantitatively
unimportant in the ocean Si cycle during the Cenozoic. To
what extent are these putative changes in sponge abundance and
distribution driven by dSi availability?

Our dataset shows that all sponge groups that are sufficiently
sampled (i.e., >100 WOCE boxes, see Supplementary Table
1) are capable of growing in low dSi environments. Indeed,
at least in some isolated instances, siliceous sponge taxa are
capable of forming large reef-like aggregations at <10µM
dSi (Maldonado et al., 2015a,b). This implies that while any
decline in dSi availability may have been a contributory factor
to sponge exclusion from shallow water environments, other
factors, perhaps related to the evolution, and ecology of sponge
competitors should be taken into account. Therefore the presence
of any given taxon cannot be in and of itself be indicative of the
prevailing dSi concentrations.

For example, reef-building litihistid species, used as indicators
of greater dSi availability in past environments (e.g., Corsetti
et al., 2015; Ritterbush et al., 2015), are in our dataset more
frequent <20µM and < 2,500m. There is currently no evidence
to suggest that they were unable to live in similar environments
in the geological past (Pisera, 1997). The expansion of certain
sponge groups after the Triassic-Jurassic extinction is more likely
a consequence of a greater availability of suitable ecological
niches vacated after the collapse of calcareous invertebrates in
that period (Ritterbush et al., 2014, 2015).

Lastly it is important to mention that generally the majority
of siliceous and non-siliceous sponges are not well represented
in the fossil record as their skeletons are easily destroyed. Species
with rigid skeletons, e.g., lithistids, some hexactinellids and fossil
sponges with basal calcareous skeletons (i.e., Chaetetida and
Stromatoporoidea) are more likely to be preserved, biasing the
stratigraphic record (Pisera, 2006).

CONCLUSIONS

We show here that the distribution of sponges classified at
the level of family is related to ambient dSi concentrations
or habitat depth, or both. The distribution patterns along dSi
concentrations or habitat depth indicate that the majority of
taxa, including those in the class Calcarea without siliceous
skeletons, occur in broad dSi (0–180µM) and depth (0–
∼5,500m) ranges. It also shows that themajority of demosponges
without autochthonous siliceous skeletons are found at dSi
<20µM and shallow depths, but together with groups that
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have skeletons made up of siliceous spicules. Demosponges with
rigid siliceous skeletons and traditionally known as lithistids
do not seem to be associated with deep environments rich
in dSi indicating that these kind of sponges might have
evolved particularly efficient mechanisms to incorporate and
accumulate dSi in their skeletons. Hexactinellids on the other
hand, also builders of strong and rigid siliceous skeletons
are distributed along the dSi gradient but are more likely
to be present in deep and silica-rich environments. The
hexactinellids share this kind of environments with some
demosponges evenly distributed along the dSi and depth
gradient and mainly from the orders Cladorhizidae and
Polymastiida.

The groups skewed to either low or high dSi might include
species indicative of specific environmental Si conditions. As no
unique or clear assemblage of taxa could be identified, additional
information on Si uptake rates for possible indicative species
is required to conclusively relate their spatial distribution to
dSi levels. One might expect to see greater differentiation along
environmental gradients if sponges are considered at the level of
genera or even species, though we note that some genera (e.g.,
Geodia) are highly cosmopolitan. Similarly, studying dSi uptake
mechanisms of sponge species occurring at a broad dSi and depth
ranges could provide essential information on the adaptation
potential of sponge taxa.

Links between the abundance of sponges in sedimentary
records and the contemporary dSi concentrations should
therefore be interpreted with caution, given these organisms

are clearly adapted to live in a range of dSi concentrations
and depth habitats, as seen in our results. Other biotic
(e.g., competitive interactions) and abiotic factors (e.g., light
penetration, temperature, nutrient and food availability), some
of which are also related to depth, may be important factors in
the distributions of modern sponges - and were probably equally
important in palaeo-environments.
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A corrigendum on

Iron Availability Influences Silicon Isotope Fractionation in Two Southern Ocean Diatoms

(Proboscia inermis and Eucampia antarctica) and a Coastal Diatom (Thalassiosira pseudonana)

by Meyerink, S., Ellwood, M. J., Maher, W. A., and Strzepek, R. (2017). Front. Mar. Sci. 4:217.
doi: 10.3389/fmars.2017.00217

In the original article, there was a mistake in Table 1 as published. It seems that during the
transcription of the data into Table 1 an error occurred whereby three values from a different
experiment were inadvertently added to the average silicon isotope data for iron-limited Eucampia
antarctica experiment (Eucampia antarctica 4.4 nmol L−1 Fe; 40 nmol L−1 DFB). The corrected
Table 1 appears below. Note that the dataset used to generate Figure 2 was not in error. The authors
apologize for this error and state that this does not change the scientific conclusions of the article
in any way.

In the original article, the error in Table 1 was translated through to a silicon isotope value
quoted in the Abstract and the Results section of this manuscript. In the Abstract and in the
Results section titled “Effects of Fe-Availability on Si Isotope Fractionation” the value of −1.57
± 0.50‰ (n= 11) is in error as result of the error in Table 1. The correct value should be−1.82±
0.36‰ (n= 8).

A correction has been made to the Abstract and the following paragraph in the Results section
titled “Effects of Fe-Availability on Si Isotope Fractionation”:

Abstract: The fractionation of silicon (Si) isotopes was measured in two Southern Ocean diatoms
(Proboscia inermis and Eucampia antarctica) and a coastal diatom (Thalassiosira pseudonana) that
were grown under varying iron (Fe) concentrations. Varying Fe concentrations had no effect on
the Si isotope enrichment factor (ε) in T. pseudonana, whilst E. antarctica and P. inermis exhibited
significant variations in the value of ε between Fe-replete and Fe-limited conditions. Mean ε values
in P. inermis and E. antarctica decreased from (± 1 SD) −1.11 ± 0.15‰ and −1.42 ± 0.41‰
(respectively) under Fe-replete conditions, to −1.38 ± 0.27‰ and −1.82 ± 0.36‰ (respectively)
under Fe-limiting conditions. These variations likely arise from adaptations in diatoms arising
from the nutrient status of their environment. T. pseudonana is a coastal clone typically accustomed
to low Si but high Fe conditions whereas E. antarctica and P. inermis are typically accustomed to
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High Si, High nitrate low Fe conditions. Growth induced
variations in silicic acid (Si(OH)4) uptake arising from Fe-
limitation is the likelymechanism leading to Si-isotope variability
in E. antarctica and P. inermis. The multiplicative effects of
species diversity and resource limitation (e.g., Fe) on Si-isotope
fractionation in diatoms can potentially alter the Si-isotope
composition of diatom opal in diatomaceous sediments and sea
surface Si(OH)4. This work highlights the need for further in
vitro studies into intracellular mechanisms involved in Si(OH)4
uptake, and the associated pathways for Si-isotope fractionation
in diatoms.
Effects of Fe-Availability on Si Isotope Fractionation: Mean
values for ε varied between the Fe-replete and Fe-limited
conditions for the two Southern Ocean diatoms (Table 2).
While there was some variability in the values of ε for E.
antarctica, there was a significant difference in ε (p = 0.04)
between Fe-replete and Fe-limited conditions, with mean ε

values being more negative for Fe-limited cultures (Fe-limited,
ε = −1.82 ± 0.36‰; Fe-replete, ε = −1.40 ± 0.41‰)

(Table 1). Mean ε values were also more negative for P. inermis
cultured under Fe-limited conditions (Fe-limited, ε = −1.38
± 0.27‰; Fe-replete, ε = −1.11 ± 0.15‰). Both Fe-replete
and Fe-limited datasets for P. inermis exhibited a significant
difference at the 90% confidence interval (p = 0.08), and
removing outliers from both Fe-replete and Fe-limited data
sets for P. inermis makes the difference more significant (p =

0.04).
The authors apologize for this error and state that this does

not change the scientific conclusions of the article in any way.
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Iron Availability Influences Silicon
Isotope Fractionation in Two
Southern Ocean Diatoms (Proboscia
inermis and Eucampia antarctica)
and a Coastal Diatom (Thalassiosira
pseudonana)
Scott Meyerink 1*, Michael J. Ellwood 1*, William A. Maher 2 and Robert Strzepek 1

1 Research School of Earth Sciences, Australian National University, Canberra, ACT, Australia, 2 Ecochemistry Laboratory,

Institute for Applied Ecology, University of Canberra, Canberra, ACT, Australia

The fractionation of silicon (Si) isotopes was measured in two Southern Ocean diatoms

(Proboscia inermis and Eucampia Antarctica) and a coastal diatom (Thalassiosira

pseudonana) that were grown under varying iron (Fe) concentrations. Varying Fe

concentrations had no effect on the Si isotope enrichment factor (ε) in T. pseudonana,

whilst E. Antarctica and P. inermis exhibited significant variations in the value of ε between

Fe-replete and Fe-limited conditions. Mean ε values in P. inermis and E. Antarctica

decreased from (± 1SD) −1.11 ± 0.15‰ and −1.42 ± 0.41 ‰ (respectively) under

Fe-replete conditions, to −1.38 ± 0.27 ‰ and −1.57 ± 0.5 ‰ (respectively) under

Fe-limiting conditions. These variations likely arise from adaptations in diatoms arising

from the nutrient status of their environment. T. pseudonana is a coastal clone typically

accustomed to low Si but high Fe conditions whereas E. Antarctica and P. inermis

are typically accustomed to High Si, High nitrate low Fe conditions. Growth induced

variations in silicic acid (Si(OH)4) uptake arising from Fe-limitation is the likely mechanism

leading to Si-isotope variability in E. Antarctica and P. inermis. The multiplicative effects

of species diversity and resource limitation (e.g., Fe) on Si-isotope fractionation in

diatoms can potentially alter the Si-isotope composition of diatom opal in diatamaceous

sediments and sea surface Si(OH)4. This work highlights the need for further in vitro

studies into intracellular mechanisms involved in Si(OH)4 uptake, and the associated

pathways for Si-isotope fractionation in diatoms.

Keywords: silicon isotopes, Southern Ocean, diatom, isotope fractionation, iron

INTRODUCTION

Diatoms play a vital role in the biogeochemical cycles of carbon (C) and silicon (Si). They dominate
the production of biogenic silica (BSi) in the ocean, and hence have a controlling influence on the
marine Si cycle through the utilization of dissolved silicon [silicic acid, Si(OH)4], which they use
in the formation of their cell wall, or frustule (Nelson et al., 1995; Trèguer et al., 1995; Tréguer and
De La Rocha, 2013). Diatoms make up a significant proportion of phytoplankton communities in
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nutrient rich regions of the ocean such as the Southern Ocean,
where they contribute significantly to the deep export of C and
Si to ocean sediments (Smetacek, 1999; Kemp et al., 2000; Roca-
Martí et al., 2017). BSi preservation rates can reach as high as 30%
in some of these areas due to increased sedimentation rates of
diatom produced opaline silica (McManus et al., 1995; Nelson
et al., 1995; Ragueneau et al., 2000).While the accumulation
of sedimentary BSi (or opal) presents a promising tool for
reconstructing the degree of coupling between the Si and C
cycles, indices based on the accumulation of sedimentary opal are
often subject to winnowing and focusing of sediments, and the
dissolution of opal at the sediment-water interface (De La Rocha
et al., 1998; Ragueneau et al., 2000). Variations in the ratios of 30Si
to 28Si (expressed as δ

30Si in ‰) in opaline sediments and in the
Si(OH)4 pool present in surface waters represents a promising
tool in providing information on the marine Si cycle, and as
such, has been used as a proxy for marine diatom production and
Si(OH)4 utilization in several palaeo-oceanographic studies (De
La Rocha et al., 1998; Beucher et al., 2007; Pichevin et al., 2009;
Ellwood et al., 2010; Rousseau et al., 2016); and in field studies
(Varela et al., 2004; Cardinal et al., 2007; Beucher et al., 2011).

During Si uptake, diatoms discriminate against heavier
isotopes, which changes the isotopic composition of both the
diatom opal and the residual Si(OH)4 pool (De La Rocha
et al., 1997; Sutton et al., 2013). This results in a lighter
isotope composition (28Si or 29Si vs. 30Si) in the frustule,
relative to its dissolved Si source. Although the exact mechanism
of fractionation of silicon isotopes in diatoms is unknown,
fractionation has been determined to resemble Rayleigh style
fractionation kinetics under closed-system conditions, where the
substrate [dissolved Si in the form of Si(OH)4] is precipitated
into the product, BSi (Criss and Criss, 1999). The isotope
fractionation factor (α) for Rayleigh fractionation determines the
rate of fractionation between the Si(OH)4 and the Si-BSi product,
and is calculated by the following equation (De La Rocha et al.,
1997):

αBSi−DSi =

ln
(

1−
(

(1+δ
30Siacc/1000)(1−f )

(1+δ30Sio/1000)

))

ln f
(1)

where αBSi—DSi is the isotope fractionation factor between the
Si(OH)4 and the BSi product, f is the fractional depletion of
Si(OH)4 in the media and δ

30Siacc and δ
30Sio are the δ

30Si values
of the accumulated BSi and of Si(OH)4 in the media at f = 1.0
(respectively). Isotope fractionation is often described in terms
of a per mil (‰) value such as the enrichment factor (ε). The
relationship between α and ε can be described using the following
equation:

ε(‰) = (α − 1) × 1000 (2)

Estimates for Si isotope fractionation in diatoms under controlled
laboratory conditions were initially found to be (expressed as
ε in ‰), −1.1 ± 0.4 ‰ (average ± 1SD), with little variation
between species (Thalassiosira sp., Thalassiosira weissflogii and
Skeletonema costatum) (De La Rocha et al., 1997). Fractionation
was also found to be independent of changes in temperature

(12–22◦C) (De La Rocha et al., 1997); Si quota, Si efflux and
pCO2 concentration in T. weisflogii (Milligan et al., 2004).
While these studies focused mainly on temperate and sub-
polar species of diatoms, they did not adequately represent the
isotope composition of individual Polar and Southern Ocean
diatoms, and further studies found an inter-species effect between
the Southern Ocean diatoms Fragilariopsis kergulensis (−0.54
± 0.09 ‰) and Chaetoceros brevis (−2.09 ± 0.09 ‰) (Sutton
et al., 2013). While the reasons for the difference in isotopic
composition of these species is unclear, Sutton et al. (2013)
suggested that potential phylogenetic and morphological effects
could play an important role in Si isotope fractionation.

Diatoms in the Southern Ocean experience rapid fluctuations
in both physical and chemical conditions associated with the
variations in sea ice extent, deep winter mixing and alterations
in nutrient supply (Sackett et al., 2013). In the short term,
these extremes in physico-chemical conditions can potentially
influence Si isotope fractionation in diatoms through variations
in cell morphology, growth rate and nutrient uptake rate
(Hutchins and Bruland, 1998; Takeda, 1998; Brzezinski et al.,
2002; Leynaert et al., 2004; Meyerink et al., 2017). Field studies
show that Si isotopic fractionation by siliceous phytoplankton
varies across the Antarctic Polar Frontal Zone (APFZ), and
coincides with the presence of a strong northward gradient in
Si(OH)4 concentrations (Cardinal et al., 2007; Fripiat et al., 2011).
Despite the large zonal variations in Si isotopic fractionation,
there was no change among different size fractions, suggesting
that the latitudinal variations in Si isotope fractionation in
siliceous phytoplankton could be a direct result of nutrient
availability, more than species composition (Cardinal et al.,
2007). In order to decipher the effects both factors have on the
surface Si isotope composition in the Southern Ocean, a better
understanding of the effects nutrient availability has on Si isotope
fractionation in diatoms is required.

Iron (Fe) availability affects the growth rate, Si uptake, cell
morphology and BSi content in diatoms (Leynaert et al., 2004;
Hoffmann et al., 2008; Marchetti and Cassar, 2009; Boutorh
et al., 2016; Meyerink et al., 2017). These microscale effects
can have far reaching consequences on the physico-chemical
environment, particularly in the Southern Ocean. Fe-limited
diatoms in Antarctic water take up more Si(OH)4 relative to
nitrate (NO−

3 ), so that by the time surface waters reach the
sub-Antarctic zone (SAZ), it is depleted in Si(OH)4 relative to
NO−

3 (Varela et al., 2004; Matsumoto et al., 2014). Alleviation
of Fe-limitation in Antarctic waters may have potentially altered
the Si(OH)4: NO−

3 uptake ratio in diatoms during glacial
times, and resulted in a “leakage” of silicic acid to sub-polar
waters (Brzezinski et al., 2002; Matsumoto et al., 2002). Opaline
sediments exhibit variations in their Si isotope composition from
glacial times, and can potentially be a useful tool in resolving the
mechanisms behind the glacial-interglacial transitions of the past
(De La Rocha et al., 1998; Beucher et al., 2007; Pichevin et al.,
2009; Ellwood et al., 2010; Rousseau et al., 2016). In order to
quantitatively use δ

30Si to determine diatom production during
these periods, a better understanding of how Fe-availability
affects diatom δ

30Si composition is required; especially since it
is thought that the supply of Fe to Southern Ocean waters was
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higher during glacial periods (Martinez-Garcia et al., 2011). Here,
the results of the fractionation of Si-isotopes in these diatoms
under varying degrees of Fe-limitation are presented.

METHODS

Culture Conditions
The centric diatom T. pseudonana (Strain CS-20) was obtained
from the Australian national algae culture collection in Hobart,
Australia and maintained in f/2medium (CSIRO recipe) at 20◦C
under a continuous photon flux density (PFD) of 120–145 µE
m−2 s−1, before being transferred to Fe-replete Aquil medium
(Price et al., 1988). Stock cultures of the Southern Ocean diatoms
P. inermis and E. Antarctica were isolated from waters south of
the Antarctic Polar Frontal Zone in December 2001 (Strzepek
et al., 2011). The Southern Ocean diatoms have since been
maintained in Fe-replete Aquil medium at a temperature of 3◦C
under a continuous photon flux density (PFD) of ∼35 µE m−2

s−1. Cultures were acclimated to the different Fe concentrations
in 28 mL polycarbonate vials for a minimum of three transfers
(approximately 10–12 generations), before being transferred to 1
L polycarbonate bottles for experimental work. All cultures were
grown in batches rather than under semi-continuous conditions
to minimize contamination from trace metals. Average PFD’s for
cultures of E. Antarctica, P. inermis, and T. pseudonana were 45
µE m−2 s−1, 60 µE m−2 s−1 and 133µE m−2 s−1 respectively
(Sunda and Huntsman, 1997; Strzepek et al., 2012). Experimental
temperatures were 20◦C for T. pseudonana and 3◦C for the
Southern Ocean species.

Medium Preparation
Aquil medium was prepared using trace-metal ultra-clean
techniques and enriched with the following nutrients; 10
µmol L−1 phosphate, 100 µmol L−1Si(OH)4, 300 µmol L−1

nitrate, 0.55 µg L−1 vitamin B12, 0.5 µg L−1 Biotin and
100 µg L−1thiamin. Basal medium and stock solutions were
eluted through a column containing Toyopearl AF-chelate-
650M (Tosohbioscience) ion-exchange resin to remove metal
contaminants and filter sterilized (0.2 µm) (Price et al., 1988).
Iron contamination of the basal medium was measured using
high-resolution IC-PMS after pre-concentration (Ellwood et al.,
2008) and found to be 0.56 ± 0.02 nmol L−1 (n = 3). Trace
metal ion concentrations were controlled through the addition
of a trace-metal ion buffer system, which used 10 and 100 µmol
L−1 ethylene-diamine-tetra-acetic-acid (EDTA), as the chelating
agent, for both Southern Ocean species and T. pseudonana
(respectively). Trace metal concentrations were 7.91 nmol L−1

ZnSO4, 1.98 nmol L−1 CuSO4, 5 nmol L−1 CoCl2, 22.8 nmol L−1

MnCl2, 9.96 nmol L−1 Na2SeO3 and 100 nmol L−1 Na2MoO4

for media containing P. inermis and E. Antarctica; and 100 nmol
L−1 ZnSO4, 40 nmol L−1 CuSO4, 40 nmol L−1 CoCl2, 100 nmol
L−1 MnCl2, 10 nmol L−1 Na2SeO3 and 100 nmol L−1 Na2MoO4

for media containing T. pseudonana. Free ion concentrations
were calculated using Visual MINTEQ, giving concentrations
(expressed as –log free metal ion concentration = pMetal) of,
pCu 14.07, pMn 8.18, pZn 10.78 and pCo 11.09 for Aquil medium
at a temperature of 3◦C and a pH of 8.4 for Southern Ocean

media, while pMetal values for T. pseudonana media were pCu
13.65, pMn 8.35, pZn 10.72 and pCo 11.26 for Aquil medium at a
temperature of 20◦C and a pH of 8.1.

Measurement of Culture pH
Culture pH was measured by the change in absorbance of
m-cresol purple in culture medium at specific wavelengths of
434, 578, and 730 nm respectively on a Varian Cary 1E UV-
visible spectrophotometer with attached temperature controller
(Clayton and Byrne, 1993; Yao et al., 2007). Measurements
were made at 25◦C and corrected for dye-induced changes in
the pH. The pH was then adjusted to the culture temperature
of 20◦C using CO2SYS (http://cdiac.ornl.gov/oceans/co2rprt.
html).

Iron Manipulation
T. pseudonana cultures were treated with a range of Fe
concentrations varying from Fe limiting to Fe replete: from 30
through to 50, 80, 250, and 500 nmol L−1 of total dissolved
Fe, equating to –log Fe3+ concentration (pFe) values of 20.59,
20.36, 20.16, 19.67, and 19.36 respectively. The Fe concentrations
were selected to induce different degrees of limitation as
defined by the reduction in growth rate from µmax. Inorganic
Fe concentrations (Fe′) were calculated according to Sunda
and Huntsman (2003) for a temperature of 20◦C, a mean
irradiance of 133 µE m−2 s−1 and a mean starting pH of
7.98. Fe′ values based on total dissolved Fe concentrations of
500, 250, 80, 50, and 30 nM equated to 0.42, 0.21, 0.07, 0.04,
and 0.02 nM respectively (Table 1) (Sunda and Huntsman,
2003).

Southern Ocean cultures were treated differently to T.
pseudonana cultures, and two competing ligands were used to
induce Fe-limitation. This is because Southern Ocean diatoms
are well adapted to iron limiting conditions over coastal isolates
such as T. pseudonana. Iron replete media was prepared
through the addition of a filter-sterilized FeEDTA complex
(1:1.05[mol:mol]) to Aquil containing 10 µmol L−1 EDTA for
a final concentration (including contamination) of 58.3 nmol
L−1 of total dissolved Fe. Iron limited media was prepared
by adding Fe pre-complexed with the terrestrial siderophore
desferrioxamine B mesylate (DFB; Sigma Aldridge) to Aquil
media containing 10 µMol L−1 EDTA for a final concentration
of 4.4 nmol L−1. Varying degrees of Fe limitation were induced
in culture by increasing the amount of DFB in culture at
concentrations of 40 and 80 nmol L−1 for E. Antarctica and
P. inermis (respectively). The Fe′ concentration in the iron-
replete media was calculated according to Sunda and Huntsman
(2003) for a temperature of 3◦C, a mean irradiance of 52 µE
m−2 s−1 and a pH of 8.4. The overall conditional dissociation
constant (K′

d
) was calculated according to methods described by

Strzepek et al. (2011) and represents the sum of the conditional
stability constant in the dark (3.52 × 10−7) and the conditional
photo-dissociation constant (Khv = 2.17 × 10−6) of EDTA at
3◦C. The Fe′ concentration for FeDFB treatment was calculated
according to the equation [Fe′] = [FeDFB] / [L′] × Kcond

Fe′L ;

where Kcond
Fe′L = 1011.8 (Maldonado et al., 2005). In the instance

where total Fe exceeded the concentration of DFB bound Fe
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(Fetot = 4.4 nmol L−1; DFB = 4 nmol L−1), we assumed a
0.1 nmol L−1 excess of DFB in the media and a 0.5 nmol L−1

excess of total Fe that was available for interaction with EDTA
(Table 1).

Specific Growth Rate, Cell Counts and Si(OH)4
Consumption
Growth rates were determined from in vivo chlorophyll a
fluorescence using a Turner Designs model 10-AU Fluorometer.
Specific growth rates of exponentially growing cultures were
determined from linear regressions of ln in vivo fluorescence vs.
time. Cell density (cells mL−1) was determined by microscopy
(Sedgewick-Rafter or Haemocytometer – brightline, Neubauer
improved). Each sample was enumerated a minimum of
three times resulting in a S.E between counts <11% for
P. inermis and E. Antarctica, and <5% for T. pseudonana.
Consumption of Si(OH)4 in culture was obtained by measuring
samples of culture media shortly after inoculation and at the
exponential stage of growth (respectively), when cultures were
harvested.

δ
30Si Determination of Diatom Silica

Once cultures were in their exponential phase of growth, 50–
100 ml of cell culture was collected onto a 2 µm, 25 mm
polycarbonate filter, rinsed with nutrient free Aquil, and washed
into 3 mL Teflon bombs. Purification of the samples were
done according to similar methods for sponge spicules by
Wille et al. (2010). The samples were evaporated to dryness
at 50◦C in a drying oven overnight. To remove organics,
samples were treated with 1 mL of 30% hydrogen-peroxide
(H2O2) solution, and allowed to reflux for 24 h at 70◦C on a
hotplate. Following oxidation, the lids were removed, and the
samples were left to evaporate to dryness before adding 2 ml
of 0.5 M sodium hydroxide (NaOH) to dissolve the sediment.
Samples were then left to reflux overnight again for 24 h at
50◦C. The Si(OH)4concentration within the sample digest was
then measured colorimetrically (Strickland and Parsons, 1965).
Sodium was removed from the samples using cation exchange
columns to prevent any subsequent interference during isotope
determination. Cation exchange columns consisted on 1 mL
Dowex 50W-X8 cation exchange resin (200–400 mesh) with a
2.5 mL reservoir. Columns were cleaned with 0.5 mL 8% (w/w)
hydrofluoric acid (HF) followed by 2.25 mL of deionized water.
The resin with protonated by passing 2.25 mL of 4mol L−1

HCl followed by 2.25 mL of deionized water. The columns were
then loaded with 0.5 mL of sample, before being rinsed with
4 × 0.5 mL of deionized water. To minimize contamination,
samples were collected in vials that were cleaned using 8%
(w/w) HF, before being rinsed with deionized water. Samples
for δ

30Si determination of the growth media were prepared
by dissolving the sodium silicate standard used for nutrient
enrichment in the growth medium to a concentration of 2
mmol L−1 in separate solutions of nutrient free Aquil and
0.5 M sodium hydroxide. These samples were then treated
with the same column procedure as the cell samples prior to
analysis.

Determination of δ
30Si of Diatom Silica

The δ
30Si composition of diatom silica was determined according

to methods developed by Wille et al. (2010) using a multi-
collector inductively coupled plasma mass spectrometer (MC-
ICP-MS) (Finnigan Neptune, Germany) operating in dry plasma
mode at medium-resolution (M/1M ∼2,000). An ESI-Apex
nebulizer fitted with a Teflon inlet system and a demountable
torch fitted with an alumina injector was used for sample
introduction to minimize any background interference. A
standard-sample-standard bracketing technique was used for
data acquisition and reduction (Wille et al., 2010). The δ

30Si
signal (based on the relative abundance of 30Si to 28Si (30Si/28Si)
was calculated using the following formula:

δ
30Si =

[(

RSample

RStd

)

− 1

]

× 1000 (3)

Where Rsample is the ratio of 30Si/28 Si of the sample and RStd is

the 30Si/28Si of the in-house standard developed from dissolution
a diatomaceous sediment and purified (Figure 1). Measurements
of sample blanks were made prior to each run to ensure that the
combined blank and background was <1% of the total sample
signal. Inter-laboratory NBS-28 and diatomite standards were
prepared with each daily run, andweremeasuredwith every three
samples (≤ 8 diatomite/NBS -28 standards per daily run).

δ
30Si and δ

29Si values relative to NBS-28 plotted on an mass-
dependent fractionation line with a slope of 0.520 ± 0.009 and is
consistent with the consensus slope of 0.511 obtained from inter-
laboratory silicon standardmeasurements (Reynolds et al., 2007).
The reproducibility of the δ

30Si signal measured for the NBS-28
standard (prepared in full and measured on 5 separate occasions)
was 0.25 ± 0.04 ‰. Measurements of the “diatomite standard”
produced amean δ

30Si value of 1.29± 0.25‰ (2 SD, n= 33), and
is in good agreement with inter-laboratory comparisons (δ30Si=
1.27 ‰) (Reynolds et al., 2007).

FIGURE 1 | Mass dependent fractionation of δ29Si vs. δ
30Si for all diatom

samples relative to NBS-28. Regression line represents δ
29Si = [0.520 ±

0.009].δ30Si −0.002 ± 0.006, (r2 = 0.99, n = 55 samples).
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RESULTS

Growth rates between replicate cultures varied by <6 %
(coefficient of variation, CV) and f was kept above a value of
0.6 in all cultures (Table 1). All values for ε are presented as
means, ± 1 standard deviation (S.D.). P. inermis, E. Antarctica
and T. pseudonana exhibited mean ε values of −1.11 ± 0.15 ‰,
−1.42 ± 0.41 ‰ and −0.59 ± 0.11 ‰, respectively when grown
under Fe-replete conditions (Figure 2). The mean ε values for
P. inermis and E. Antarctica grown under Fe-replete conditions
were not statistically different (p > 0.05) from the mean value
of −1.1 ‰ obtained by De La Rocha et al. (1997); however,
they were statistically different compared to the mean ε value for
T. pseudonana (p < 0.05). Whilst a relatively low f compared
to alternate studies (e.g., Sutton et al., 2013) may introduce an
underestimation of the results (De La Rocha et al., 1997); the
observation that T. pseudonana exhibited little variation in its
isotope composition despite the range in f values suggests that
this bias was insignificant (Table 2).

Effects of Fe-Availability on Si Isotope
Fractionation
T. pseudonana displayed little variation in ε with decreasing Fe
concentration (Figure 2). No clear trends were observed across

FIGURE 2 | Box and whisker plot displaying the effects of Fe-availability on T.

pseduonana, P. inermis and E. Antarctica. (A) Represents comparisons

between all species, (B) represents the variation in Si-isotope fractionation

factor across multiple Fe-concentrations for T. pseudonana. Lines are median

values, Boxes represent 1st and 3rd quartiles and dots represent outliers

(n ≥ 3).

the five Fe-conditions, with ε values ranging between 0.51 ±

0.46 ‰ and 0.75 ± 0.24 ‰. Comparisons of ε values between
Fe-limited (Fe′ = 208, 67, 42, and 25 pmol L−1) and Fe-replete
conditions (Fe′ = 418 pmol L−1) were not statistically significant
(ANOVA, p > 0.1). Because of the statistical insignificance
between these ε values, the mean was taken of all values (−0.61
± 0.21 ‰) and compared against ε values obtained from two
strains of T. pseudonana (CCMP1014 and CCCM58, −0.97 ±

0.14 and−0.88± 0.06‰, respectively) cultured under Fe-replete
conditions by Sutton et al. (2013). We observed a difference (p
< 0.05) between the ε in our strain (CS-20) and the two strains
grown by Sutton et al. (2013) (Table 2).

Mean values for ε varied between the Fe-replete and Fe-
limited conditions for the two SouthernOcean diatoms (Table 2).
While there was some variability in the values of ε for
E. Antarctica, there was a significant difference in ε (p = 0.04)
between Fe-replete and Fe-limited conditions, withmean ε values
being more negative for Fe-limited cultures (Fe-limited, ε =

−1.57 ± 0.50 ‰; Fe-replete, ε = −1.40 ± 0.41 ‰) (Table 1).
Mean ε values were also more negative for P. inermis cultured
under Fe-limited conditions (Fe-limited, ε = −1.38 ± 0.27 ‰;
Fe-replete, ε =−1.11± 0.15 ‰). Both Fe-replete and Fe-limited
datasets for P. inermis exhibited a significant difference at the
90% confidence interval (p = 0.08), and removing outliers from
both Fe-replete and Fe-limited data sets for P. inermismakes the
difference more significant (p= 0.04).

DISCUSSION

This is the first study to specifically investigate the effects of Fe-
limitation on Si-isotope fractionation in diatoms. Previous work
has demonstrated that Fe-limitation can alter Si(OH)4uptake
kinetics, cell morphology and nutrient stoichiometry in diatoms
(Hutchins and Bruland, 1998; Takeda, 1998; Brzezinski et al.,
2002; Leynaert et al., 2004; Meyerink et al., 2017). Here, the
processes by which Si isotopes are fractionated during diatom Si
uptake and cell wall synthesis are explored and related back to
mechanisms involving Si(OH)4 uptake.

Fractionation of Si-Isotopes in Diatoms
Whilst little effect in the variability of the Si-isotope fractionation
factor was observed in T. pseudonana in response to Fe-
stress (Figure 2B), both Southern Ocean species exhibited a
fractionation factor that was more negative under Fe-limitation
(Figure 2A). Values for ε have been observed to vary under
optimal growth conditions between diatom species (Sutton et al.,
2013), so it is possible that there may be an inter-species
effect when it comes to environmental controls on Si-isotope
fractionation in diatoms. Sutton et al. (2013) demonstrated
that Si-isotope fractionation can vary by as much as 1.5
‰ between diatom species, enough to potentially confound
palaeoceanographic interpretations utilizing δ

30Si from diatom
opal to estimate the nutrient status of the surface ocean.
In addition to interspecies effects, variations in the value
for ε between individual diatom strains have been observed
(Sutton et al., 2013). Silicon isotope fractionation independently
measured in T. weissflogii across three seperate studies yielded
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TABLE 2 | Comparison of Fe-replete, Si-isotope fractionation factors (ε, ‰) between this study and previous studies. n is the number of replicate cultures.

Species name Strain/Isolation source PFD

(µE m−2 s−1)

n Temperature

(◦C)

µmax

(day−1)

f Fractionation

factor (ε, ‰*)

This study

P. inermis ANARE V3 CLIVAR 60 3 3 0.35 ± 0.02 0.97 ± 0.06 −1.11 ± 0.15

E. Antarctica ANARE V3 CLIVAR 50 4 3 0.32 ± 0.02 0.7 ± 0.02 −1.42 ± 0.41

T. pseudonana* CS-20 133 6 20 1.52* 0.77 ± 0.14 −0.61 ± 0.21

Sutton et al., 2013

T. pseudonana CCMP1014 200 4 18 1.30 ± 0.13 0.92 ± 0.005 −0.97 ± 0.14

T. pseudonana CCCM58 200 4 18 1.34 ± 0.11 0.92 ± 0.007 −0.88 ± 0.06

T. weissflogii CCMP1010 200 3 18 0.66 ± 0.06 0.91 ± 0.15 −0.72 ± 0.04

P. glacialis CCMP650 50 3 3 0.21 ± 0.01 0.91 ± 0.005 −1.15 ± 0.03

F. kerguelensis LOHAFEX 90 4 3 0.22 ± 0.02 0.92 ± 0.007 −0.53 ± 0.11

F. kerguelensis EIFEX 90 3 3 0.20 ± 0.02 0.9 ± 0.01 −0.56 ± 0.07

T. antarctica CCMP982 30 3 3 0.19 ± 0.01 0.92 ± 0.001 −0.74 ± 0.05

C. brevis CCMP164 90 4 3 0.36 ± 0.04 0.9 ± 0.01 −2.09 ± 0.09

T. nordenskioeldii CCMP997 170 4 3 0.58 ± 0.01 0.92 ± 0.01 −1.21 ± 0.04

Milligan et al., 2004

T. weissflogii Coastal Strain 160 6 20 1.4 ± 0.05 0.88 ± 0.01 −1.58 ± 0.1

De La Rocha et al., 1997

S. costatum CCMP1332 99 4 15 No data reported 0.96 ± 0.03 −0.95 ± 0.4

T. weissflogii Unknown source 99 4 15 No data reported 0.8 ± 0.08 −1.28 ± 0.46

Thalassiosira sp. Isolate 99 5 15 No data reported 0.85 ± 0.03 −1.04 ± 0.42

All values presented as means ±1 SD. µmax is the maximum growth rate per day. Inter-comparisons in ǫ between Thalassiosira pseudonana strains in this study and previous studies

by Sutton et al. (2013) are highlighted in bold. *Maximum growth rate from single replicate culture. Because there was no difference in ε between replicate cultures, the value for ε is

the mean of all cultures ±1 SD.

ε values ranging between −0.72 ± 0.04 ‰ and −1.5 ± 0.1 ‰
(De La Rocha et al., 1997; Milligan et al., 2004; Sutton et al.,
2013). Similar variations have also been observed for three T.
pseudonana clones; −0.61 ± 0.21 ‰ measured in this study
and −0.94 ± 0.14 ‰ and −0.88 ± 0.06 ‰ measured for two
clones cultured by Sutton et al. (2013). Sutton et al. (2013)
suggest that the differences in ε values for T. weissflogii can be
attributable to the diatom being a coastal isolate rather than an
open ocean isolate. There were remarkable similarities, however,
in ε values between the two T. pseudonana strains (CCMP1014
and CCCM58) cultured by Sutton et al. (2013), even though
CCMP1014 is an open ocean isolate from the (North Pacific
Gyre; https://ncma.bigelow.org/) and CCCM58 is a coastal isolate
(Moriches Bay, Long island, NY; http://www3.botany.ubc.ca/
cccm/index.html). While it is possible that inherent differences
between strains as a result of the growth conditions in their
endemic environment, variations culturing conditions need to be
ruled out first before this hypothesis can be invoked.

Potential Mechanisms Controlling Si
Isotope Fractionation in Diatoms
Silicon-processing in diatoms is affected by Fe bioavailability
(Meyerink et al., 2017) and hence canmanifest to variations in the
δ
30Si composition of diatom silica. Understanding how diatoms
fractionate Si isotopes during uptake and bio-mineralization
requires a thorough investigation into how diatoms take up
Si(OH)4 from the surrounding water column and use it in the
formation of their cell frustules (Sutton et al., 2013; Meyerink

et al., 2017). There are numerous intracellular pathways during
the synthesis of biogenic silica in diatoms where fractionation of
Si isotopes can potentially occur.

In diatoms, Si(OH)4 uptake from the surrounding water
column is typically characterized either by diffusion orMichaelis-
Menten saturation kinetics (Hildebrand, 2008; Javaheri et al.,
2014). At low ambient Si(OH)4 concentrations, uptake is mainly
a saturatable process (≤10 µmol L−1), and is facilitated by Si
transporters (SITs) that are localized in cell membranes (Shrestha
and Hildebrand, 2015). SITs are membrane bound proteins
that actively take up Si(OH)4and transport it across the outer
cell membrane to the cell cytoplasm against a concentration
gradient (Hildebrand, 2008). At higher ambient Si(OH)4
concentrations (≥30 µmol L−1), diffusional uptake dominates
Si acquisition with SITs playing more of a regulatory role
(Thamatrakoln and Hildebrand, 2008; Shrestha and Hildebrand,
2015). Passive diffusion of Si(OH)4 appears to be proportional
to the permeability of the cell membrane and the concentration
gradient across the cell membrane (Hildebrand, 2008; Javaheri
et al., 2014). Once past the cell membrane, Si(OH)4 is then
transported intracellularly to the Si deposition vesicle (SDV)
by as yet unknown transporters/compounds classified simply as
“Si binding components” (Thamatrakoln and Hildebrand, 2008).
Si binding components play an important role in setting the
Si(OH)4 concentration gradient across the cell membrane under
scenarios where diffusional uptake dominates (Thamatrakoln
and Hildebrand, 2008). Active transport involving SITs likely
plays an important role in facilitating the transport of Si from
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the cell cytoplasm into the SDV, as concentration gradients across
the intracellular membrane separating the SDV from the cell
cytoplasm are extremely high (Hildebrand, 2008). A new cell wall
is created when the SDV is exocytosed at the M (mitosis) stage of
the cell cycle. Cell wall formation during this stage is facilitated
by silafins and long chain polyamines, which act as a “template”
on to which the new cell wall is precipitated (Mock et al., 2008).

Fractionation of Si isotopes can potentially occur along
any of these pathways. Milligan et al. (2004) explored where
isotopic discrimination takes place within the cell by conducting
a number of experiments where they varied the efflux:influx
ratio of Si(OH)4 into and out of the cell. They suggested
that fractionation of Si isotopes occurs during the membrane
transport step and not during Si polymerization, as Si isotope
fractionation should scale linearly with the efflux:influx ratio.
In addition, the relatively small Si isotope effect may also be
evidence of discrimination at the transport level, as this does not
necessitate the breaking or forming of chemical bonds (Milligan
et al., 2004). If this is the case, fractionation of Si isotopes occurs
either at the membrane/seawater interface, as Si(OH)4 is taken
up from the water column and transported to the cell cytoplasm,
or, as Si is transported from the cell cytoplasm into the Silicon
deposition vesicle.

Effects of Fe-Limitation on Si-Isotope
Fractionation in Diatoms
Sutton et al. (2013) observed an inter-specific variation in
mean ε values in Southern Ocean diatom species based on
mono-culture in-vitro incubations. They argue that variability
in diatom community composition could partly explain the
observed variability in Southern Ocean Si-isotope fractionation
factors. It is possible that variations in the Fe-status of certain
regions in the Southern Ocean may contribute to variations
in the apparent Si isotope fractionation factor. For example,
Si isotope fractionation factors of diatom communities can
potentially vary as a result of certain diatoms adapted to low
Fe-conditions out competing other diatoms under Fe-limiting
conditions. This may alter the δ

30SiDSi composition of surface
waters. While this scenario is hypothetical, it may contribute
to some of the variability in the observed relationship between
the mixed layer mean apparent fractionation factor (130Si =
δ
30SiDSi – δ

30SiBSi) and Si(OH)4 concentration in the Southern
Ocean and the seasonal variations in Si uptake:dissolution
(Varela et al., 2004; Cardinal et al., 2007; Fripiat et al.,
2012).

Silicon metabolism in diatoms is particularly sensitive to
variations in Fe-supply and as such, variations in ε can potentially
be dependent on Fe-induced physiological variations within the
cell. A notable result from our study was the relative response
in the Si isotope fractionation factor (ε) of T. pseudonana
under Fe-limitation compared to P. inermis and E. Antarctica.
T. pseudonana exhibited no variation in ε in response to Fe-
limitation, and maintained a mean ε value of –0.61 ± 0.21 ‰
across all Fe′ concentrations. In contrast, we observed a negative
response in Si isotope fractionation as a result of increased Fe-
limitation in both Southern Ocean species (Figure 2). The reason

behind this difference could lie in how Si is metabolized by
Southern Ocean diatoms under Fe-stress.

Kinetic uptake experiments show diatoms decrease their
Si(OH)4 uptake rate under Fe-limitation (Franck et al., 2000;
Leynaert et al., 2004; Meyerink et al., 2017). This is generally
manifested by a reduction in the maximal Si(OH)4 uptake rate
(VSi−max) and half saturation constant (KSi). In addition, diatoms
grown under Fe-limiting conditions generally exhibit reductions
in their growth rate, and variations in their cell morphology. A
recent study by Meyerink et al. (2017) investigated the effects of
Fe availability on the Si(OH)4 uptake kinetics of two Southern
Ocean diatoms (E. Antarctica and P. inermis) and a coastal isolate
(T. pseudonana). An interesting result from the study shows
that when VSi−max is normalized to cell surface area, it exhibits
a linear relationship with cell growth rate. This relationship is
independent of any variations in cell morphology or species. It
is likely that this relationship can be explained by the fact that
silicon uptake in the diatoms was under diffusion control, as
they were acclimatized under high Si conditions. Under diffusion
controlled uptake, the VSi−max values reflect the realized Si(OH)4
uptake rates in culture which at steady state cannot exceed
cellular demands for Si(OH)4 (Thamatrakoln and Hildebrand,
2008). In contrast, variations in KSi in response to Fe availability
exhibited no relationship with other cell parameters, however it
was noticeably higher in value in the Southern Ocean species
than the KSi value for T. pseudonana. This is likely because the
Southern Ocean diatoms are well adapted to growing under high
Si conditions.

Diatoms with a high KSi for Si(OH)4 such as E. Antarctica and
P. inermis (≥10 µmol L−1) (Meyerink et al., 2017) could possibly
fractionate Si-isotopes differently to diatoms with a relatively low
KSi such as T. pseudonana because of their likely dependence
on diffusional uptake of Si(OH)4 at concentrations greater than
30 µmol L−1 (Thamatrakoln and Hildebrand, 2008). Under Fe-
limitation, diatoms decrease their cellular growth rate, which
results in a subsequent decrease in their maximal Si(OH)4 uptake
rate (VSi−max) (Franck et al., 2000; Leynaert et al., 2004;Meyerink
et al., 2017). This may result in a decrease in a diatoms specific
affinity for Si(OH)4 that can be maintained by a decrease in
the KSi (Franck et al., 2000; Leynaert et al., 2004; Meyerink
et al., 2017). Previous studies suggest that diatoms maintain their
affinity by altering their cell size (Leynaert et al., 2004); however,
E. Antarctica exhibits a 2-fold decrease in KSi when Fe-limited,
which is concomitant with an increase in cell-size (Meyerink
et al., 2017). It is therefore more likely that diatoms maintain
their affinity for Si(OH)4 by adjusting the point where diffusive
transport takes over from active transport. Active transport
persists at Si(OH)4 concentrations greater than 30 µmol L−1

under Fe-limitation, and as a result, could possibly induce a
decrease in the diatoms Si-isotope fractionation factor (Shrestha
andHildebrand, 2015). If this is correct, why do E. Antarctica and
P. inermis exhibit a more negative response in ε when compared
to T. pseudonana? It is possible that different genera of diatoms
switch from active to diffusive transport at different Si(OH)4
concentrations. While T. pseudonana does this at∼30 µmol L−1

under Fe-replete conditions (Shrestha and Hildebrand, 2015),
this value could be higher for Southern Ocean diatoms. When
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diatoms approached Fe-limiting conditions, such as in this study,
T. pseudonana possibly remained under the threshold where
active transport takes place, while E. Antarctica and P. inermis did
not. If this is the case, then Si-isotope signatures may potentially
be subject to the synergistic effects of species diversity and
resource limitation.

CONCLUSIONS

This is the first culture study to investigate the effects of Fe-
limitation on Si-isotope fractionation in diatoms. Whilst any
effects arising from Fe-limitation on the value of ε were not
evident in T. pseudonana, we observed that both Southern
Ocean diatoms under Fe-limitation exhibit mean ε values that
are 0.19–0.27‰ (within error) more negative compared to Fe-
replete values. While this variation is likely not enough to
have any significant effect on interpretations involving δ

30Si
in diatomaceous opal or sea surface Si(OH)4/BSi, the finding
that the value for ε in the Southern Ocean species was prone
to changes in the physico-chemical environment compared to

that of the coastal species highlights the need to improve our

understanding of how diatoms fractionate Si-isotopes during
Si-uptake and frustule formation, and thus, warrants further
investigation into the biochemical pathways in diatoms where
Si-isotope fractionation can potentially occur.

AUTHOR CONTRIBUTIONS

SM and ME conceived of the research. SM undertook the
experiments and SM and ME interpreted the results with
contributions from WM and RS. SM wrote the manuscript with
contributions fromME, WM, and RS.

ACKNOWLEDGMENTS

The Australian Research Council (DP130100679) and the
Australian Antarctic Division (AAD Project 3120) are
acknowledged for financial support of this work. The Authors
would also like to thank two reviewers for their helpful
comments.

REFERENCES

Beucher, C. P., Brzezinski, M. A., and Crosta, X. (2007). Silicic acid dynamics in the

glacial sub-Antarctic: implications for the silicic acid leakage hypothesis.Global

Biogeochem. Cycles 21:GB3015. doi: 10.1029/2006GB002746

Beucher, C. P., Brzezinski, M. A., and Jones, J. L. (2011). Mechanisms controlling

silicon isotope distribution in the Eastern Equatorial Pacific. Geochim.

Cosmochim. Acta 75, 4286–4294. doi: 10.1016/j.gca.2011.05.024

Boutorh, J., Moriceau, B., Gallinari, M., Ragueneau, O., and Bucciarelli, E. (2016).

Effect of trace metal-limited growth on the postmortem dissolution of the

marine diatom Pseudo-nitzschia delicatissima. Global Biogeochem. Cycles 30,

57–69. doi: 10.1002/2015GB005088

Brzezinski, M. A., Pride, C. J., Franck, V. M., Sigman, D. M., Sarmiento,

J. L., Matsumoto, K., et al. (2002). A switch from Si(OH)4 to NO−
3

depletion in the glacial Southern Ocean. Geophys. Res. Lett. 29, 5-1–5-4.

doi: 10.1029/2001gl014349

Cardinal, D., Savoye, N., Trull, T. W., Dehairs, F., Kopczynska, E. E., Fripiat, F.,

et al. (2007). Silicon isotopes in spring Southern Ocean diatoms: large zonal

changes despite homogeneity among size fractions. Mar. Chem. 106, 46–62.

doi: 10.1016/j.marchem.2006.04.006

Clayton, T. D., and Byrne, R. H. (1993). Spectrophotometric seawater pH

measurements: total hydrogen ion concentration scale calibration of m-

cresol purple and at-sea results. Deep Sea Res. Pt I 40, 2115–2129.

doi: 10.1016/0967-0637(93)90048-8

Criss, R. E., and Criss, R. (1999). Principles of Stable Isotope Distribution. NewYork,

NY: Oxford University Press.

De La Rocha, C., Brzezinski, M., DeNiro, M., and Shemeshk, A. (1998). Silicon-

isotope composition of diatoms as an indicator of past oceanic change. Phys.

Rev. Lett. 77, 2041–2044.

De La Rocha, C. L., Brzezinski, M. A., and DeNiro, M. J. (1997). Fractionation of

silicon isotopes by marine diatoms during biogenic silica formation. Geochim.

Cosmochim. Acta 61, 5051–5056. doi: 10.1016/S0016-7037(97)00300-1

Ellwood, M. J., Boyd, P. W., and Sutton, P. (2008). Winter-time dissolved iron

and nutrient distributions in the Subantarctic zone from 40-52S; 155-160E.

Geophys. Res. Lett. 35:L11604. doi: 10.1029/2008gl033699

Ellwood, M. J., Wille, M., and Maher, W. (2010). Glacial silicic acid concentrations

in the Southern Ocean. Science 330, 1088–1091. doi: 10.1126/science.1194614

Franck, V. M., Brzezinski, M. A., Coale, K. H., and Nelson, D. M. (2000). Iron

and silicic acid concentrations regulate Si uptake north and south of the polar

frontal zone in the pacific sector of the southern ocean. Deep Sea Res. Pt II 47,

3315–3338. doi: 10.1016/S0967-0645(00)00070-9

Fripiat, F., Cavagna, A.-J., Dehairs, F., Brauwere, A. D., André, L., and Cardinal,

D. (2012). Processes controlling the Si-isotopic composition in the Southern

Ocean and application for paleoceanography. Biogeosciences 9, 2443–2457.

doi: 10.5194/bg-9-2443-2012

Fripiat, F., Cavagna, A.-J., Dehairs, F., Speich, S., Andre, L., and Cardinal, D.

(2011). Silicon pool dynamics and biogenic silica export in the Southern Ocean

inferred from Si-isotopes. Ocean Sci. 7, 533–547. doi: 10.5194/os-7-533-2011

Hildebrand, M. (2008). Diatoms, biomineralization processes, and genomics.

Chem. Rev. 108, 4855–4874. doi: 10.1021/cr078253z

Hoffmann, L., Peeken, I., and Lochte, K. (2008). Iron, silicate, and light co-

limitation of three Southern Ocean diatom species. Polar Biol. 31, 1067–1080.

doi: 10.1007/s00300-008-0448-6

Hutchins, D. A., and Bruland, K. W. (1998). Iron-limited diatom growth and

Si:N uptake ratios in a coastal upwelling regime. Nature 393, 561–564.

doi: 10.1038/31203

Javaheri, N., Dries, R., and Kaandorp, J. (2014). Understanding the sub-cellular

dynamics of silicon transportation and synthesis in diatoms using population-

level data and computational optimization. PLoS Comput. Biol. 10:e1003687.

doi: 10.1371/journal.pcbi.1003687

Kemp, A. E. S., Pike, J., Pearce, R. B., and Lange, C. B. (2000). The “Fall

dump” – a new perspective on the role of a “shade flora” in the annual cycle

of diatom production and export flux. Deep Sea Res. Pt II 47, 2129–2154.

doi: 10.1016/S0967-0645(00)00019-9

Leynaert, A., Bucciarelli, E., Claquin, P., Dugdale, R. C., Martin-Jezequel,

V., Pondaven, P., et al. (2004). Effect of iron deficiency on diatom cell

size and silicic acid uptake kinetics. Limnol. Oceanogr. 49, 1134–1143.

doi: 10.4319/lo.2004.49.4.1134

Maldonado, M. T., Strzepek, R. F., Sander, S., and Boyd, P. W. (2005).

Acquisition of iron bound to strong organic complexes, with different Fe

binding groups and photochemical reactivities, by plankton communities

in Fe-limited subantarctic waters. Global Biogeochem. Cycles 19:GB4S23.

doi: 10.1029/2005GB002481

Marchetti, A., and Cassar, N. (2009). Diatom elemental andmorphological changes

in response to iron limitation: a brief review with potential paleoceanographic

applications. Geobiology 7, 419–431. doi: 10.1111/j.1472-4669.2009.00207.x

Martinez-Garcia, A., Rosell-Mele, A., Jaccard, S. L., Geibert, W., Sigman, D. M.,

and Haug, G. H. (2011). Southern Ocean dust-climate coupling over the past

four million years. Nature 476, 312–315. doi: 10.1038/nature10310

Matsumoto, K., Chase, Z., and Kohfeld, K. (2014). Different mechanisms of silicic

acid leakage and their biogeochemical consequences. Paleoceanography 29,

238–254. doi: 10.1002/2013PA002588

Frontiers in Marine Science | www.frontiersin.org July 2017 | Volume 4 | Article 217184

https://doi.org/10.1029/2006GB002746
https://doi.org/10.1016/j.gca.2011.05.024
https://doi.org/10.1002/2015GB005088
https://doi.org/10.1029/2001gl014349
https://doi.org/10.1016/j.marchem.2006.04.006
https://doi.org/10.1016/0967-0637(93)90048-8
https://doi.org/10.1016/S0016-7037(97)00300-1
https://doi.org/10.1029/2008gl033699
https://doi.org/10.1126/science.1194614
https://doi.org/10.1016/S0967-0645(00)00070-9
https://doi.org/10.5194/bg-9-2443-2012
https://doi.org/10.5194/os-7-533-2011
https://doi.org/10.1021/cr078253z
https://doi.org/10.1007/s00300-008-0448-6
https://doi.org/10.1038/31203
https://doi.org/10.1371/journal.pcbi.1003687
https://doi.org/10.1016/S0967-0645(00)00019-9
https://doi.org/10.4319/lo.2004.49.4.1134
https://doi.org/10.1029/2005GB002481
https://doi.org/10.1111/j.1472-4669.2009.00207.x
https://doi.org/10.1038/nature10310
https://doi.org/10.1002/2013PA002588
http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Meyerink et al. Silicon Isotopes in Iron-Limited Diatoms

Matsumoto, K., Sarmiento, J. L., and Brzezinski, M. A. (2002). Silicic acid leakage

from the southern ocean: a possible explanation for glacial atmospheric pCO2.

Global Biogeochem. Cycles 16, 5–1. doi: 10.1029/2001GB001442

McManus, J., Hammond, D. E., Berelson, W. M., Kilgore, T. E., Demaster, D. J.,

Ragueneau, O. G., et al. (1995). Early diagenesis of biogenic opal: dissolution

rates, kinetics, and paleoceanographic implications. Deep Sea Res. Pt II 42,

871–903. doi: 10.1016/0967-0645(95)00035-O

Meyerink, S. W., Ellwood, M. J., Maher, W. A., Price, G. D., and Strzepek, R.

F. (2017). Effects of iron limitation on silicon uptake kinetics and elemental

stoichiometry in two Southern Ocean diatoms, Eucampia antarctica and

Proboscia inermis, and the temperate diatom Thalassiosira pseudonana. Limnol.

Oceanogr. doi: 10.1002/lno.10578. [Epub ahead of print].

Milligan, A. J., Varela, D. E., Brzezinski, M. A., and Morel, F. M. M. (2004).

Dynamics of silicon metabolism and silicon isotopic discrimination in a

marine diatom as a function of pCO2. Limnol. Oceanogr. 49, 322–329.

doi: 10.4319/lo.2004.49.2.0322

Mock, T., Samanta, M. P., Iverson, V., Berthiaume, C., Robison, M., Holtermann,

K., et al. (2008). Whole-genome expression profiling of the marine diatom

Thalassiosira pseudonana identifies genes involved in silicon bioprocesses. Proc.

Nat. Acad. Sci. U.S.A. 105, 1579–1584. doi: 10.1073/pnas.0707946105

Nelson, D. M., Treguer, P., Brzezinski, M. A., Leynaert, A., and QuÈguiner, B.

(1995). Production and dissolution of biogenic silica in the ocean: revised

global estimates, comparison with regional data and relationship to biogenic

sedimentation. Global Biogeochem. Cycles 9, 359–372. doi: 10.1029/95GB01070

Pichevin, L. E., Reynolds, B. C., Ganeshram, R. S., Cacho, I., Pena, L.,

Keefe, K., et al. (2009). Enhanced carbon pump inferred from relaxation

of nutrient limitation in the glacial ocean. Nature 459, 1114–1117.

doi: 10.1038/nature08101

Price, N. M., Harrison, G. I., Hering, J. G., Hudson, R. J., Nirel, P. M., Palenik, B.,

et al. (1988). Preparation and chemistry of the artificial algal culture medium

Aquil. Biol. Oceanogr. 6, 443–461.

Ragueneau, O., Treguer, P., Leynaert, A., Anderson, R. F., Brzezinski, M. A.,

DeMaster, D. J., et al. (2000). A review of the Si cycle in the modern

ocean: recent progress and missing gaps in the application of biogenic

opal as a paleoproductivity proxy. Glob. Planet. Change 26, 317–365.

doi: 10.1016/S0921-8181(00)00052-7

Reynolds, B. C., Aggarwal, J., André, L., Baxter, D., Beucher, C., Brzezinski, M. A.,

et al. (2007). An inter-laboratory comparison of Si isotope reference materials.

J. Anal. Atom. Spectrom. 22, 561–568. doi: 10.1039/B616755A

Roca-Martí, M., Puigcorbé, V., Iversen, M. H., van der Loeff, M. R., Klaas, C.,

Cheah, W., et al. (2017). High Particulate organic carbon export during the

decline of a vast diatom bloom in the Atlantic sector of the Southern Ocean.

Deep-Sea Res. Pt. II 138, 102–115. doi: 10.1016/j.dsr2.2015.12.007

Rousseau, J., Ellwood, M. J., Bostock, H., and Neil, H. (2016). Estimates of

late Quaternary mode and intermediate water silicic acid concentration

in the Pacific Southern Ocean. Earth Planet. Sci. Lett. 439, 101–108.

doi: 10.1016/j.epsl.2016.01.023

Sackett, O., Petrou, K., Reedy, B., De Grazia, A., Hill, R., Doblin, M., et al. (2013).

Phenotypic plasticity of southern ocean diatoms: key to success in the sea ice

habitat? PLoS ONE 8:e81185. doi: 10.1371/journal.pone.0081185

Shrestha, R. P., andHildebrand,M. (2015). Evidence for a regulatory role of diatom

silicon transporters in cellular silicon responses. Eukaryot. Cell 14, 29–40.

doi: 10.1128/EC.00209-14

Smetacek, V. (1999). Diatoms and the ocean carbon cycle. Protist 150, 25–32.

doi: 10.1016/S1434-4610(99)70006-4

Strickland, J. D. H., and Parsons, T. R. (1965). A Manual of Sea Water Analysis.

Ottawa, ON: Fisheries Research Board of Canada.

Strzepek, R. F., Hunter, K. A., Frew, R. D., Harrison, P. J., and Boyd, P. W.

(2012). Iron-light interactions differ in SouthernOcean phytoplankton. Limnol.

Oceanogr. 57, 1182–1200. doi: 10.4319/lo.2012.57.4.1182

Strzepek, R. F., Maldonado, M. T., Hunter, K. A., Frew, R. D., and Boyd, P.

W. (2011). Adaptive strategies by Southern Ocean phytoplankton to lessen

iron limitation: Uptake of organically complexed iron and reduced cellular

iron requirements. Limnol. Oceanogr. 56, 1983–2002. doi: 10.4319/lo.2011.56.

6.1983

Sunda, W., and Huntsman, S. (2003). Effect of pH, light, and temperature on

Fe-EDTA chelation and Fe hydrolysis in seawater. Mar. Chem. 84, 35–47.

doi: 10.1016/S0304-4203(03)00101-4

Sunda, W. G., and Huntsman, S. A. (1997). Interrelated influence of iron,

light and cell size on marine phytoplankton growth. Nature 390, 389–392.

doi: 10.1038/37093

Sutton, J. N., Varela, D. E., Brzezinski, M. A., and Beucher, C. P. (2013).

Species-dependent silicon isotope fractionation by marine diatoms. Geochim.

Cosmochim. Acta 104, 300–309. doi: 10.1016/j.gca.2012.10.057

Takeda, S. (1998). Influence of iron availability on nutrient consumption ratio of

diatoms in oceanic waters. Nature 393, 774–777. doi: 10.1038/31674

Thamatrakoln, K., and Hildebrand, M. (2008). Silicon uptake in diatoms revisited:

a model for saturable and nonsaturable uptake kinetics and the role of

silicon transporters. Plant Physiol. 146, 1397–1407. doi: 10.1104/pp.107.

107094

Trèguer, P., Nelson, D. M., Van Bennekom, A. J., DeMaster, D. J., Leynaert, A.,

and Queguiner, B. (1995). The silica balance in the world ocean: a reestimate.

Science 268:375. doi: 10.1126/science.268.5209.375

Tréguer, P. J., and De La Rocha, C. L. (2013). The world ocean silica cycle. Ann.

Rev. Mar. Sci. 5, 477–501. doi: 10.1146/annurev-marine-121211-172346

Varela, D. E., Pride, C. J., and Brzezinski, M. A. (2004). Biological fractionation of

silicon isotopes in Southern Ocean surface waters. Global Biogeochem. Cycles

18. doi: 10.1029/2003GB002140

Wille, M., Sutton, J., Ellwood, M. J., Sambridge, M., Maher, W., Eggins, S., et al.

(2010). Silicon isotopic fractionation in marine sponges: A new model for

understanding silicon isotopic variations in sponges. Earth Planet. Sci. Lett. 292,

281–289. doi: 10.1016/j.epsl.2010.01.036

Yao, W., Liu, X., and Byrne, R. H. (2007). Impurities in indicators used for

spectrophotometric seawater pH measurements: assessment and remedies.

Mar. Chem. 107, 167–172. doi: 10.1016/j.marchem.2007.06.012

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Meyerink, Ellwood, Maher and Strzepek. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Marine Science | www.frontiersin.org July 2017 | Volume 4 | Article 217185

https://doi.org/10.1029/2001GB001442
https://doi.org/10.1016/0967-0645(95)00035-O
https://doi.org/10.1002/lno.10578
https://doi.org/10.4319/lo.2004.49.2.0322
https://doi.org/10.1073/pnas.0707946105
https://doi.org/10.1029/95GB01070
https://doi.org/10.1038/nature08101
https://doi.org/10.1016/S0921-8181(00)00052-7
https://doi.org/10.1039/B616755A
https://doi.org/10.1016/j.dsr2.2015.12.007
https://doi.org/10.1016/j.epsl.2016.01.023
https://doi.org/10.1371/journal.pone.0081185
https://doi.org/10.1128/EC.00209-14
https://doi.org/10.1016/S1434-4610(99)70006-4
https://doi.org/10.4319/lo.2012.57.4.1182
https://doi.org/10.4319/lo.2011.56.6.1983
https://doi.org/10.1016/S0304-4203(03)00101-4
https://doi.org/10.1038/37093
https://doi.org/10.1016/j.gca.2012.10.057
https://doi.org/10.1038/31674
https://doi.org/10.1104/pp.107.107094
https://doi.org/10.1126/science.268.5209.375
https://doi.org/10.1146/annurev-marine-121211-172346
https://doi.org/10.1029/2003GB002140
https://doi.org/10.1016/j.epsl.2010.01.036
https://doi.org/10.1016/j.marchem.2007.06.012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Advantages  
of publishing  
in Frontiers

OPEN ACCESS

Articles are free to read  
for greatest visibility  

and readership 

EXTENSIVE PROMOTION

Marketing  
and promotion  

of impactful research

DIGITAL PUBLISHING

Articles designed 
for optimal readership  

across devices

LOOP RESEARCH NETWORK

Our network 
increases your 

article’s readership

Frontiers
Avenue du Tribunal-Fédéral 34  
1005 Lausanne | Switzerland  

Visit us: www.frontiersin.org
Contact us: info@frontiersin.org  |  +41 21 510 17 00 

FAST PUBLICATION

Around 90 days  
from submission  

to decision

90

IMPACT METRICS

Advanced article metrics  
track visibility across  

digital media 

FOLLOW US 

@frontiersin

TRANSPARENT PEER-REVIEW

Editors and reviewers  
acknowledged by name  

on published articles

HIGH QUALITY PEER-REVIEW

Rigorous, collaborative,  
and constructive  

peer-review

REPRODUCIBILITY OF  
RESEARCH

Support open data  
and methods to enhance  
research reproducibility

http://www.frontiersin.org/

	Cover
	Frontiers Copyright Statement
	Biogeochemistry and Genomics of Silicification and Silicifiers
	Table of Contents
	Editorial: Biogeochemistry and Genomics of Silicification and Silicifiers
	Author Contributions
	Acknowledgments
	References

	Bolidophyceae, a Sister Picoplanktonic Group of Diatoms – A Review
	Introduction
	Discovery and Taxonomy
	Genetic Diversity
	Clade Diversity
	Diversity Within the Genus Triparma

	Ecology
	Oceanic Distribution
	Seasonal Cycle
	Role in Food Webs

	Cell Physiology
	Temperature
	Silica
	Mitotic Nuclear Division

	Conclusion – the Evolutionary Relationships Between Diatoms and Bolidophyceae
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	The Impossible Sustainability of the Bay of Brest? Fifty Years of Ecosystem Changes, Interdisciplinary Knowledge Construction and Key Questions at the Science-Policy-Community Interface
	Introduction
	The Bay of Brest ecosystem since WWII
	Agriculture and Phytoplankton Dynamics
	Proliferation of Invasive Species and Environmental Impacts on the Ecosystem
	Proliferation of C. fornicata and the Silicate Pump Hypothesis
	What Is the Present State of the Bay of Brest?

	Construction of a Basis for Interdisciplinary Knowledge About the Bay of Brest
	When Pelagic and Benthic Scientists First Meet
	Origin of the Silicate Pump/C. fornicata Hypothesis
	The Humanities Enter the Game
	More Recent Moves Toward Interdisciplinarity at IUEM

	Key Questions at the Science-policy-community Interfaces
	What Prevented a Containment Project 15 Years Ago?
	Is Co-adaptive Management a Sufficient Condition for Sustainability?
	What Form of Governance Between Land and Ocean?

	Perspectives
	Author Contributions
	Funding
	References

	Understanding Diatom Cell Wall Silicification—Moving Forward
	Introduction
	General Chemical Features of Silica Polymerization
	Silicic Acid Transport and Intracellular Stabilization
	Microscopic Evaluation of Valve Structure and Formation in Thalassiosira pseudonana
	An Overview of the Organic Materials Associated With the SDV
	The Role of Carbohydrate Polymers in Silicification
	Soluble Proteins Isolated by Dissolving Detergent-Cleaned Silica
	Insoluble Material Associated With Detergent-Cleaned Silica
	Silicalemma-Associated Proteins
	Transcript Expression Patterns
	Amino Acid Sequence Features of known Silicification Proteins
	The Relationships Between Expression Patterns, Amino Acid Composition, and Targeting
	A Hypothesis About the Timing of Events in Valve Formation
	Areas for Attention Moving Forward
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Optical Properties of Nanostructured Silica Structures From Marine Organisms
	Introduction
	Theoretical Background
	Light Guidance and Reflection
	Light in Photonic Structures

	Light Propagation in Glass Sponge Materials
	Optical Properties of Diatoms Thecae
	Frustules: Interest for Optical Studies
	Light Focusing and Concentration
	Light Filtration
	Photoluminescence

	Potential Applications of Biosilica
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References

	Transparent Exopolymeric Particles (TEP) Selectively Increase Biogenic Silica Dissolution From Fossil Diatoms as Compared to Fresh Diatoms
	Introduction
	Materials and Methods
	Samples Preparation
	TEP Gradient
	Batch Preparation
	Dissolution Experiment
	TEP Sampling and Measurement
	Dissolved and Particulate Biogenic Silica Measurements
	Chemistry Analysis
	Kinetic Calculation
	Statistical Analysis

	Results
	Discussion
	Conclusion
	Author Contributions
	Acknowledgments
	References

	Copepods Boost the Production but Reduce the Carbon Export Efficiency by Diatoms
	Introduction
	Materials and Methods
	Study Area
	Mesocosms
	Sample Collection and Analysis
	Statistical Analysis

	Results
	Nutrient Concentrations and Uptake
	Standing Stocks and Phytoplankton Composition
	Sinking Fluxes

	Discussion
	Impact of Phytoplankton Community Structure
	The Importance of Zooplankton Abundance to POC Flux

	Conclusions
	Author Contributions
	Acknowledgments
	References

	Competition between Silicifiers and Non-silicifiers in the Past and Present Ocean and Its Evolutionary Impacts
	Introduction
	Evolutionary Competition Across Geological Time
	Evolutionary Competition in Modern Ecosystems
	Cellular and Molecular Aspects of Evolutionary Competition
	Future Directions
	Author Contributions
	Acknowledgments
	References

	A Review of the Stable Isotope Bio-geochemistry of the Global Silicon Cycle and Its Associated Trace Elements
	Introduction
	Silicon Reservoirs
	Biomineralization, the Structure of Biogenic Silica, and Its Relevance to the Global Si Cycle
	Global Si Cycle Over Time

	Stable Silicon Isotope Ratios to Study the Global Si Cycle
	Weathering
	Vegetation
	Freshwater
	Rivers
	Challenges in Interpreting River Geochemistry
	Lakes
	Challenges in Interpreting Lake Geochemistry and Palaeolimnological Records

	Marine
	Global Water Column Distribution
	Hydrothermal Vents
	Sedimentary Processes
	Pore water and biogenic silica preservation
	Diagenetic silica precipitation and reverse weathering

	Additional Challenges in Interpreting Marine Data


	Palaeoceanographic (and Palaeolimnological) Applications
	Trace Element Geochemistry of Diatoms and Sponges
	Aluminum
	Germanium
	Zinc

	Major Element Stable Isotope Ratios in Diatoms, Sponges and Radiolarians
	Carbon
	Nitrogen
	Oxygen
	Silicon
	Diatoms
	Siliceous sponges
	Radiolaria


	Multi-proxy Geochemical Approaches in Palaeoceanography
	Challenges for Palaeo-Record Interpretation
	Cleaning of bSiO2
	Constant Silicon Isotope Fractionation Factor
	Application of δ18O as a Palaeoceanographic Proxy


	Conclusions and Perspectives
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	Biosilicification Drives a Decline of Dissolved Si in the Oceans through Geologic Time
	Introduction
	Biogeochemistry of Silica in the Oceans
	Changing Si Biogeochemistry in the Precambrian Oceans
	Biosilicification in the Paleozoic Oceans
	Transition to an Ocean Dominated by Biosilicification
	Oceanic DSi during the Quaternary
	Synthesis: Reconstruction of Oceanic DSi Concentrations in Deep Time
	Challenges to Existing Knowledge
	An Imperfect Geological Record
	Formation of Chert Deposits
	Does Sponge Abundance Reflect DSi?
	Biosilicification Is Not the Only Factor
	Temporal Sensitivity of Marine DSi Concentration

	Conclusion
	Author Contributions
	Acknowledgments
	References

	Assessing the Potential of Sponges (Porifera) as Indicators of Ocean Dissolved Si Concentrations
	Introduction
	Materials and Methods
	Data Sources
	Effect of Sampling Techniques and Sampling Effort
	Violin Plots

	Results
	Discussion
	Effects of dSi Availability and Habitat Depth on Sponge Distributions
	Sponge Assemblages along dSi And Depth Gradients
	Hexactinellida
	Demospongiae
	Lithistids
	Calcarea
	Toward Quantification

	Did dSi Control Sponge Distributions in the Past?

	Conclusions
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Corrigendum: Iron Availability Influences Silicon Isotope Fractionation in Two Southern Ocean Diatoms (Proboscia inermis and Eucampia antarctica) and a Coastal Diatom (Thalassiosira pseudonana)
	Iron Availability Influences Silicon Isotope Fractionation in Two Southern Ocean Diatoms (Proboscia inermis and Eucampia antarctica) and a Coastal Diatom (Thalassiosira pseudonana)
	Introduction
	Methods
	Culture Conditions
	Medium Preparation
	Measurement of Culture pH
	Iron Manipulation
	Specific Growth Rate, Cell Counts and Si(OH)4 Consumption

	δ30Si Determination of Diatom Silica
	Determination of δ30Si of Diatom Silica

	Results
	Effects of Fe-Availability on Si Isotope Fractionation

	Discussion
	Fractionation of Si-Isotopes in Diatoms
	Potential Mechanisms Controlling Si Isotope Fractionation in Diatoms
	Effects of Fe-Limitation on Si-Isotope Fractionation in Diatoms

	Conclusions
	Author Contributions
	Acknowledgments
	References

	Back cover



