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SUMMARY

Morphogenesis of the intricate patterns of diatom silica cell walls is a protein-guided process, yet to date
only very few such silica biomineralization proteins have been identified. Therefore, it is currently unknown
whether all diatoms share conserved proteins of a basal silica forming machinery, and whether unique pro-
teins are responsible for the morphogenesis of species-specific silica patterns. To answer these questions,
we extracted proteins from the silica of three diatom species (Thalassiosira pseudonana, Thalassiosira
oceanica, and Cyclotella cryptica) by complete demineralization of the cell walls. Liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) analysis of the extracts identified 92 proteins that we
name ‘soluble silicome proteins’ (SSPs). Surprisingly, no SSPs are common to all three species, and most
SSPs showed very low similarity to one another in sequence alignments. In-depth bioinformatics analyses
revealed that SSPs could be grouped into distinct classes based on short unconventional sequence motifs
whose functions are yet unknown. The results from the in vivo localization of selected SSPs indicates that
proteins, which lack sequence homology but share unconventional sequence motifs may exert similar func-
tions in the morphogenesis of the diatom silica cell wall.

Keywords: biosilica, silica morphogenesis, intrinsically disordered proteins, silaffins, GFP-tagging, frustule,
fultoportula, Thalassiosira pseudonana, Thalassiosira oceanica and Cyclotella cryptica.

INTRODUCTION photoprotection (Goessling et al., 2022), enhancing light

Silica is the hydrated, amorphous oxide of the element sili-
con (SiO,-nH,0) and the second most abundant biologi-
cally formed mineral (biomineral) after calcium carbonate
(Lowenstam & Weiner, 1989). It occurs in all eukaryotic
supergroups (Marron et al., 2016), but the biological pro-
duction of silica is dominated by a group of microalgae
called diatoms (Nelson et al., 1995). Oceanic diatoms alone
account for about 20% of global primary biological produc-
tion (Benoiston et al., 2017), and therefore closely link the
biogeochemical cycles of silicon and carbon. Diatoms use
silica as their cell wall material, which is believed to have
been a key factor in their ecological success, functioning
as an armour against predators (Panci¢ et al., 2019),
improving nutrient uptake (Mitchell et al., 2013), providing
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harvesting for photosynthesis (Goessling et al., 2022), and
as a means to regulate buoyancy (Raven & Waite, 2004).
Furthermore, biogenesis of the intricately nano- and
micropatterned silica cell walls of diatoms has attracted
great interest from materials scientist as paradigms for the
bottom-up production of 3D, hierarchically porous materi-
als (Nassif & Livage, 2011).

Silica formation in diatoms occurs in specialized, lipid
bilayer-bound, intracellular compartments called silica
deposition vesicles (SDVs). There are two different types of
SDVs. One produces plate- or dome-shaped silica struc-
tures called valves, and the other produces biosilica rings,
called girdle bands. During cell division, each daughter cell
produces one valve, while girdle bands are produced
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during interphase (Hildebrand et al., 2007). When morpho-
genesis of a valve or girdle band inside a SDVs has been
completed, the silica structure is exocytosed and assem-
bled into a cell wall that completely encases the cell.

It has been proposed that the lumen of each SDV pos-
sesses a silica-forming matrix composed of organic macro-
molecules (Hecky et al., 1973; Kroger & Sumper, 2004;
Volcani, 1981). In this model, the species-specific silica
nano- and micropatterns would result from differences in
the composition of the organic matrix components. Cur-
rently, the biomolecular composition of SDVs is unknown,
because a method for their isolation has not yet been
established. However, it is assumed that some of the
organic molecules associated with the mature cell wall
originate from the silicification machinery of the SDV
(Hecky et al., 1973). Complete demineralization of diatom
cell walls using an acidic ammonium fluoride solution, sol-
ubilized phosphoproteins and long-chain polyamines
(Kroger & Sumper, 2004), while organic matrices com-
posed of proteins and polysaccharides remained insoluble
(Brunner et al., 2009; Buhmann et al., 2014; Kotzsch
et al., 2017; Pawolski et al., 2018; Scheffel et al., 2011; Tes-
son & Hildebrand, 2013). In vitro silica formation experi-
ments using mixtures of the phosphoproteins and long-
chain polyamines, both in the presence and absence of
insoluble organic matrices yielded porous silica patterns
that, in some cases, mimicked native silica morphologies,
suggesting that the biosilica associated organic compo-
nents might play a role in silica morphogenesis in vivo
(Pawolski et al., 2018; Poulsen et al., 2003; Poulsen &
Kroger, 2004; Scheffel et al., 2011).

To date, diatom biosilica associated proteins have been
biochemically characterized from only two diatom species,
Cylindrotheca fusiformis (Kroger et al., 2001, 2002; Poulsen
et al, 2003) and Thalassiosira pseudonana (Kotzsch
et al., 2016; Poulsen & Kroger, 2004; Scheffel et al., 2011).
The most prominent groups of proteins, called silaffins,
exhibit no significant sequence similarity to each other or
to any other proteins in the NCBI database, but they share
a very high degree of phosphorylation of serine and thre-
onine residues and polyamine modifications of lysine resi-
dues (Poulsen & Kroger, 2004; Scheffel et al., 2011). A
large number of genes have been identified that are
responsive to silicic acid content in the culture medium
(Mock et al., 2008; Sapriel et al., 2009) or upregulated dur-
ing valve formation (Brembu et al.,, 2017; Shrestha
et al., 2012). However, for almost all of these genes it is
unknown whether the encoded proteins are associated
with the biosilica and/or involved in silica morphogenesis.

In the present study, we aimed to expand our knowledge
of the silica-associated proteome of diatoms substantially,
and to identify proteins that might be responsible for dif-
ferences in silica morphology between species. To achieve
this, we chose three closely related species of centric
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diatoms: T. pseudonana, Thalassiosira oceanica, and
Cyclotella cryptica. It should be noted that the genus Tha-
lassiosira is paraphyletic (Kaczmarska et al., 2005), and T.
pseudonana is more closely related to C. cryptica than it is
to T. oceanica (Alverson et al., 2011). These three species
have a conserved architecture of cylindrically shaped cell
walls, with a complex silica network structure in the valves.
The network consists of radially oriented ribs forming a
branched pattern from the centre of the valve to its rim
(Figure 1a,g,b,h yellow and green lines), which are more
pronounced in C. cryptica than in T. pseudonana. Thalas-
siosira oceanica differs in that the ribs are obscured by a
covering layer of porous silica (Figure 1d,e). Neighbouring
ribs are connected by seemingly irregularly spaced short
silica bridges in C. cryptica and T. pseudonana. The gaps
in the meshwork of interconnected ribs and silica bridges
contain silica that is perforated with 20-30 nm sized circu-
lar pores (known as cribrum pores; Figure 1b,h). Multiple
tube-like structures, termed fultoportulae, are regularly
spaced near the rim of the valves in all three species (Fig-
ure 1a,d,g,b,e,h, red circles). About half of the valves also
contain one or two fultoportulae near the centre (Fig-
ure 1a,d, purple circle). Fultoportulae are involved in the
secretion of chitin fibres (Herth, 1979) and have a restricted
phylogenetic distribution within the centric diatoms (Kacz-
marska et al., 2005). The girdle band regions of the cell
walls are less complex than the valves, exhibiting a pattern
of alternating porous and non-porous regions (Figure 1c,f,
i).

In this work, we identify soluble silica-associated pro-
teins from these three species, thereby shedding light on
the machinery that might be responsible for the common-
alities and differences in silica structure, as well as identify-
ing more conserved proteins that might have a more basal
role in silica biogenesis.

RESULTS

Extraction of silica-associated proteins and protein
identification

Biosilica was isolated from T. pseudonana, T. oceanica,
and C. cryptica cultures using a previously established
method for diatoms (Kroger et al., 2000), followed by com-
plete demineralization with ammonium fluoride at pH 4.5
(Kotzsch et al., 2016). The soluble extracts were separated
by sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and stained with ‘Stains-All’,
which revealed multiple bands in the extract of T. pseudo-
nana and C. cryptica with apparent molecular masses rang-
ing from approximately 15 kDa to >170 kDa (Figure 2). In
contrast, the T. oceanica extract was dominated by a broad
band ranging from approximately 55 kDa to approximately
130 kDa. Two replicate ammonium fluoride extracts for
each of the three species were subjected to proteolytic
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digestion and subsequently analysed by high pressure LC-
MS/MS (Methods S1). After protein identification and infer-
ence (see Methods S1), we discarded seven proteins as
potential contaminants. Four of these were proteins with a
predicted chloroplast transit peptide (‘high confidence’
ASAfind predictions; Gruber et al., 2015), two were identi-
fied as histones, and one as a conserved small nucleolar
RNA-binding protein. The remaining 92 proteins were
taken forward for downstream analyses (Table S1): 29
from C. cryptica, 55 from T. pseudonana, and eight from T.
oceanica. These proteins were collectively termed ‘soluble
silicome proteins’ (SSPs).

We considered the possibility that the lower complexity
of the T. oceanica samples could be an artefact due to a poor
T. oceanica database, resulting in proteins not being identi-
fied that might be present not only in T. oceanica but also in
at least one of the other two species. To examine this possi-
bility, we performed searches of the T. oceanica derived
MS/MS spectra against the T. pseudonana and C. cryptica
databases. These searches did not result in any hits, sup-
porting the assumption that the lower complexity of SSPs
might be a genuine feature of the T. oceanica samples.

Previously characterized proteins and known domains

Seven of the 92 SSPs, all from T. pseudonana, had previ-
ously been identified at the protein level: Tp_p150 (Davis

Figure 1. Diatom silica structure. Scanning electron
microscopy images of isolated silica cell walls from
(a—c) Thalassiosira pseudonana, (d-f) Thalassiosira
oceanica, and (g-i) Cyclotella cryptica. For each spe-
cies, the cell wall is presented in (a,d,g) oblique
view, and details from the (b,e,h) valve region and
(c,f,i) girdle band region are shown. Yellow and
green lines indicate radial ribs and wide radial ribs,
respectively. Blue lines designate non-porous
regions in girdle bands. Examples of fultoportulae
on the rim are labelled with red circles, and central
fultoportulae with purple circles. Scale bars: (a,d,g)
1 um and (b,c,e,f,h,i) 400 nm.

et al., 2005), TpSil1 and TpSil3 (Poulsen & Kroger, 2004),
TpSil4 (Sumper & Brunner, 2008), and SiMat3, SiMat4, and
SiMat7 (Silacanin-1, Sin1) (Kotzsch et al., 2016). The 85
novel proteins were distinguished by an acronym for the
species of origin and a numeric identifier (e.g. TpSSP1). A
role of the SSPs in silica formation was supported by the
fact that 35 of the T. pseudonana SSPs had been previ-
ously identified in transcriptomic experiments relating to
silica metabolism (Table S2) (Brembu et al., 2017; Mock
et al., 2008; Shrestha et al., 2012), and 13 were identified
in more than one of the previous studies.

Twenty-nine of the SSPs contained known protein
domains, including three with chitin-binding domains and
eight with transmembrane domains. It has been previously
shown that silaffins are extensively post-translationally
processed (Kroger et al., 1999; Poulsen et al., 2003; Poul-
sen & Kroger, 2004), and several proteins were identified
with domains that indicate they could be involved in these
processes (Appendix S1).

Sequence characteristics of SSPs

Global sequence analysis of the SSPs revealed that they
are significantly lower in sequence complexity (Figure 3a)
than other proteins from the respective proteomes of the
three species (hereafter termed the ‘background pro-
teomes’: predicted proteome minus the SSPs). They are
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Figure 2. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
analysis of the ammonium fluoride soluble extracts. Samples were run on
the same gel and were stained with the dye ‘Stains-All'. Cc, Cyclotella cryp-
tica; To, Thalassiosira oceanica; Tp, Thalassiosira pseudonana. Arrows indi-
cate previously characterized T. pseudonana silaffins (Poulsen &
Kroger, 2004). Different aliquots of the extracts were loaded as described in
Experimental procedures section. Note that the colour and intensity of
bands in ‘Stains-All'-stained sodium dodecyl sulphate-polyacrylamide gel
electrophoresis are strongly influenced by the composition of the glycan
moieties in glycoproteins. Differences in band patterns may thus partly
reflect differences in the protein glycosylation machineries rather than the
polypeptide backbones.

also predicted to be disordered over a significantly greater
proportion of their length than the background proteomes
(Figure 3b), and display substantial biases in amino acid
composition (Figure S1). The probability of achieving bias
at least this extreme through random sampling of the pro-
teome is <0.001 for T. pseudonana and C. cryptica, and
<0.01 for T. oceanica.

Sequence similarity among SSPs is generally low, and
no protein has putative homologues in the SSP set of all
three species. In the whole dataset, there are only 10 pairs
of proteins with an identity >35% in global sequence
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alignments (Table S3). Several groups of these proteins
included both T. pseudonana and C. cryptica proteins, sug-
gesting that there is some conservation in the silica-
associated proteomes of these species. For example, C.
cryptica homologues of TpSil1 and Tp_p150 were identi-
fied as CcSSP6 and CcSSP10 respectively. TpSSP2 and
CcSSP2 are also noteworthy as they are 44% identical and
were both identified with high (normalized) spectral
counts.

There are no proteins with good similarity (BLAST e-
value <1e-30 and query coverage >50%) to the T. oceanica
SSPs represented in either the proteomes or the genomes
of the other two species. However, 30 (55%) of the T.
pseudonana SSPs and 10 (34%) of the C. cryptica SSPs
show similarity to proteins in the predicted proteome of T.
oceanica, yet none of these were found among the T.
oceanica SSPs. Where T. pseudonana lacked a similar SSP
to a C. cryptica SSP (or vice versa, based on the >35% iden-
tity in global sequence alignments, 66 proteins in total) the
SSPs were not present in the proteome of the other spe-
cies for two different reasons: In 52% of these cases (34
proteins) there is no similar protein in the other predicted
proteome (BLAST e-value <1e-30 and qcov >50%), indicat-
ing the protein is either unique to one of the species or
that the predicted proteome is incomplete in the other spe-
cies. In the other 48% of cases (32 proteins), a similar pro-
tein is represented in the other predicted proteome, so the
protein could be genuinely absent in the silica extract or
simply not detected by proteomics due to low abundance
or differing modifications.

Despite the low level of sequence similarity among the
SSPs, at the level of whole protein sequence alignments,
manual inspection of the sequences revealed that short
sequence motifs were often shared between subsets of the
proteins. To understand the nature of such smaller scale
sequence similarities, we searched for sequence motifs
that were overrepresented in the SSPs relative to the back-
ground proteomes. Enriched motifs were identified using
the motif-x software (Chou & Schwartz, 2011) via the Pro-
minTools package (Skeffington & Donath, 2020). In total,
113 motifs were found to be enriched in the SSPs relative
to the background proteome (motif-x P-value cut-
off = 107), reflecting the highly biased composition of the
sequences (Table S4). None of the enriched motifs are
common to all SSPs.

Previously, K..K motifs (period = any amino acid) have
been identified in many silica-associated proteins, and
experimentally shown to be involved in targeting these
proteins to the cell wall (Poulsen et al., 2013), and to pro-
mote silica formation in vitro (Wieneke et al., 2011). The
motif K..K is common in all three background proteomes
and is only three-fold enriched in the SSPs. However,
specific variants of K..K with restricted identities for both
the central and the flanking amino acids were among the
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Figure 3. Global properties of the soluble silicome proteins (SSPs) from Cyclotella cryptica, Thalassiosira oceanica, and Thalassiosira pseudonana. Density plots
of the percentage of (a) low complexity sequence in individual proteins and (b) predicted disordered sequence in individual proteins. In each case, the SSPs and
background proteome distributions are significantly different (Wilcoxon rank sum test with continuity correction, P < 107°).

most prominent motifs in the data set. In particular, PKA.K,
KS.KS, GKS.K, SKS.K, SKA.K, AKS.K, KS.KA, and GKA.K
were all more than 20-fold enriched. This included
DAKA.K, which is 124-fold enriched and found in eight
SSPs, KSSKA is 77-fold enriched and present in 11 SSPs,
and KAEK is 33-fold enriched and found in nine SSPs.

Given that most SSPs could not be grouped based on
full-length  sequence comparisons, we investigated
whether the proteins could be grouped based on their
motif content. Distance correlation coefficients (Székely &
Rizzo, 2014) were calculated for all pairs of the 92 SSPs
based on their enrichment in the identified motifs (see
Experimental procedures, Table S5). The 52 protein
sequences with strong motif-based similarity to at least
one other protein (dcor >0.65) were clustered based on
their enrichment in the 70 most enriched motifs. The
remaining motifs tended to be enriched to a low level in a
high proportion of the SSPs, and thus did not aid in group-
ing the sequences. This resulted in eight protein clusters
(Figure 4), with distinct patterns of motif enrichment. Clus-
ter 1 (10 proteins) and Cluster 4 (10 proteins) are enriched
in different variants of K..K motifs (particularly KSGK and
FKS.K'in cluster 1, and KSSKA in Cluster 4). Cluster 2 (three
proteins) is rich in SMSM, as are a number of proteins in
Cluster 5, which are additionally highly enriched in
DAKA.K. Cluster 3 (four proteins) is enriched in S..SSKS,
while Cluster 6 (six proteins including TpSil1 and TpSi-
Mat4) is enriched in various P, T, and S containing motifs.
Finally, Cluster 7 is enriched in a range of C and G contain-
ing motifs, and Cluster 8 in various N and Q containing
motifs.

Pairwise BLASTp comparisons of the proteins within the
clusters (Figure S2) showed that the motif-based clustering
revealed similarities between the proteins not captured by
BLAST comparisons. Even in highly unselective BLAST
comparisons (e-value cut-off of 0.01) in clusters 1-6, only
eight of the total 120 pairwise comparisons generated a
match.

Phylogenetic distribution of SSPs

Two approaches were used to assess the phylogenetic
distribution of the full-length SSP sequences. The first
makes use of the precalculated orthogroups available at
PLAZA diatoms (Osuna-Cruz et al., 2020), which include
sequences from 10 diatom species with sequenced gen-
omes as well as 16 other eukaryotes. Proteins can then be
classified as being species-specific or restricted to the cen-
tric diatoms, diatoms, Chromista, or as having a broad
distribution across the eukaryotes. The second method
was to run tBLASTn searches of the SSP sequences
against transcriptomes from the Marine Microbial Eukary-
ote Sequencing Project (Keeling et al., 2014), including
136 diatom transcriptomes and 390 from other taxa. A
version of the MMETSP data was used that had been
cleaned of contaminants (see Experimental procedures).
Of these two methods, orthogroups provide a more rigor-
ous assessment of shared ancestry. Here they are built on
genome sequence information, so proteins will not be
missing due to low or absent expression, as may be the
case in the MMETSP transcriptomes. However, the orthol-
ogy analysis does not capture the diversity of the diatoms
or the eukaryotes, which is much better represented by
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Figure 4. Heatmap displaying motif enrichment with respect to the relevant background proteomes. To be included in this analysis, each protein had to be
highly correlated in its motif profile to at least one other protein (see Experimental procedures section). Eight protein clusters were identified and are indicated
at the bottom of the heatmap. For each cluster, the motif profile is represented as a word cloud. The height of the letters is proportional to the mean enrichment
of the motif in that protein cluster, but the scale differs for each word cloud. (a-€) On the left margin, groups of motifs of interest (selected by co-occurrence in
similar proteins and/or by similarity in amino acid composition) are coloured and labelled. These correspond to the motif groups represented in Figure 6.
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Figure 5. Phylogenetic distribution of soluble silicome proteins. The central panel summarizes the BLAST analysis of the soluble silicome proteins against the
MMETSP transcriptomes (see Experimental procedures section). Only proteins with BLAST hits at an e-value <1073 are included in this analysis. Each column
displays data from a different taxonomic group. The number of hits per species is visualized as the colour of circles, while the e-value of the best hit is indicated
via the size of the circles. Proteins are classified as specific to the genus Thalassiosira, class Mediophyceae, phylum Bacillariophyta (diatoms), kingdom Chro-
mista or as having a cross-kingdom classification. The search results for two highly conserved proteins, a-tubulin and Histone-2A from Thalassiosira pseudo-
nana, are displayed for comparison. The phylogenetic distribution of the PLAZA diatom orthogroup to which each protein belongs is noted. TpSil1 was not
represented in the PLAZA database (B8LDT2 is mis-annotated as TpSil1 in the database). Chr, Chromista specific; Dia, diatom specific; Euk, eukaryote-wide dis-
tribution; Med, Mediophyceae specific (note PLAZA only contains Mediophyceae from the Thalassiosira clade); SpSp, species specific.

the MMETSP transcriptomes. Overall, it is clear that nei-
ther method provides a definitive assessment of phyloge-
netic distribution, but rather provides complementary
information to each other. The grouping of proteins by
phylogenetic distribution in Figure 5 is based on the
MMETSP BLAST searches (e-value cut-off of 1073° used
for the group assignment), and the PLAZA classifications
are indicated.

Of the 21 proteins found to be species-specific (and
therefore not displayed in Figure 5), nine were from T.
oceanica, six from C. cryptica and six from T. oceanica.
The largest phylogenetic grouping consisted of the 38 pro-
teins (23 from T. pseudonana, 14 from C. cryptica, one
from T. oceanica) restricted to the Mediophyceae (Thalas-
siosirales and bipolar centric diatoms). Among these, nine
proteins were particularly well conserved, being found in
54-67% of Mediophyceae species, which makes them good
candidates for the Mediophyceae-specific silica biomineral-
ization machinery. These proteins are TpSiMat3, TpSSP46,
Tp_p150 and its homologue CcSSP10, TpSSP3 and its
homologues CcSSP4 and TpSSP5, TpSSP6 and its homo-
logue TpSSP22.

The Bacillariophyta-specific SSPs comprise 13 proteins
(eight from T. pseudonana and five from C. cryptica),
which are candidates for being components of a basal,
diatom-specific biomineralization machinery. Of these,
five proteins were identified in >80% of diatom species.
These were TpSSP41, TpSSP28, and CcSSP20 along with
its homologues TpSSP31 and TpSSP36. TpSin1 was
classified as having a Chromista-wide distribution by the
MMETSP analysis, due to blast hits (best hit e-
value = 1.8E-36, 25% query coverage, 65% identity) in the
dinoflagellates Glenodinium foliaceum and Kryptoperi-
dinium foliaceum. These species have tertiary plastids of
diatom origin and a residual diatom-derived nucleus (Zer-
doner Calasan et al., 2018), and it is thus conceivable that
a diatom TpSin1 is retained in the organism’s DNA.
Because of this, TpSin1 can probably be considered
diatom-specific, and it is the only diatom-specific protein
found in the transcriptomes of >90% of the MMETSP dia-
tom species analysed.

Nineteen proteins were classified as having a broader
phylogenetic distribution with putative homologues out-
side the diatoms (14 from T. pseudonana, four from C.
cryptica, one from T. oceanica), often with BLAST hits in

Ochrophytes, Miozoa, and Haptophyta. They were classi-
fied as either having a Chromista, or Eukaryote-wide distri-
bution. Twelve of these proteins had characterized
domains (e.g. sulfatase, phytase, protease), which were
then key drivers of BLAST similarity. It is conceivable that
these domains may have unique functions when set in the
context of a diatom-specific sequence. For example, silica
formation in sponges is catalysed by a protein that con-
tains a cysteine protease-like domain (Cha et al., 1999).

Silica-targeting sequences

Although there were no enriched motifs shared by all
SSPs, we were interested to see if they shared sequences
that might be responsible for ‘silica targeting’, i.e. directing
the proteins into the biosilica cell wall. A TpSil3-derived
13mer peptide containing five lysine residues, was previ-
ously shown to be sufficient (along with a N-terminal sig-
nal peptide) for silica targeting of green fluorescent protein
(GFP) in T. pseudonana with high efficiency (Poulsen
et al., 2013). Similar so-called penta-lysine clusters match-
ing the regular expression K..K..K.{1,2}K..K are also present
in the other previously known silaffins, TpSil1, TpSil2, and
TpSil4 (Poulsen et al., 2013). Among the SSPs, 27 (29%)
contained at least one penta-lysine cluster, while there
were matches in only 1.5% of sequences in the background
proteomes, excluding SSPs. This raises the question how
the other SSPs become targeted to the biosilica cell wall.
Poulsen et al. (2013) showed that sequence regions con-
taining at least two K..K motifs with a maximal spacing of
10 residues could mediate silica targeting to some extent
(Poulsen et al., 2013). Such regions are present in an addi-
tional 40 SSPs, yet 25 SSPs lacked any of the silica target-
ing sequences, including 10 that contain no K..K motif at
all. SSPs devoid of any known silica targeting sequences
might rely either on a yet unknown silica targeting mecha-
nism, might reach the silica cell wall by forming clusters
with one of the SSPs that bear a silica targeting sequence,
or some could potentially be contaminants not targeted to
the silica cell wall.

Overview of SSP characteristics

Key outputs of the bioinformatic analyses of the SSPs are
summarized in Figure 6, which provides an integrated
overview how the results of the above analyses relate to
one another. Species-specific proteins tend to be (i)
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disordered over a greater portion of their length compared
with other SSPs (mean of 75% versus 45%, Welch two
sample ttest, t=7, df =50, P= 4.6E-9), and (ii) of low
sequence complexity over a greater portion of their length
(mean of 29% versus 15%, t=3.8, df =34, P=0.0006).
Compared with proteins in broader phylogenetic cate-
gories, proteins classed as species-specific or Medio-
phyceae age fall at a higher proportion into one of the
eight motif clusters (70% versus 31%; Figure S3). It is nota-
ble that there are few long regions of sequence similarity
between the SSPs of the Mediophycea or Bacillariophyta
age apart from known domains such as RCC1 repeats.
Instead, such SSPs seem to share particular combinations
of very short, unconventional motifs within intrinsically
disordered protein domains of low amino acid complexity.
Currently, there is insufficient understanding of the struc-
ture—function correlation in such proteins and their evolu-
tion, making it impossible to identify orthologues based on
sequence analysis. To attempt the identification of putative
orthologues, we investigated the location patterns of
selected SSPs in the biosilica assuming that orthologous
proteins should exhibit highly similar location patterns.

Localization of selected SSPs

A selection of SSPs were expressed as GFP fusion proteins
in their species of origin and under their native promoters,
to validate their silica association in vivo, and to examine
their precise positioning with the biosilica. We focused on
species-specific, and Mediophyceae-specific proteins,
because the former might account for species-specific dif-
ferences in the biosilica structures (e.g. rib patterns), while
the latter might have a role in the biogenesis of structural
features common to the three species (e.g. fultoportulae,
cribrum pores, and girdle bands) (see Figure 1).

In each case, tight association with the silica was tested
by extracting the cells with a hot solution of EDTA and
SDS, which removes intracellular material and cell wall
proteins that are only loosely associated with the silica
(Poulsen et al., 2013). All except one of the proteins that
were GFP-tagged in the present study, showed identical
location patterns in live cells and the purified silica (see
below). The GFP-tagging experiments could only be per-
formed with T. pseudonana and C. cryptica, because trans-
formation experiments using the protocols for both
species (Kumari et al., 2020; Poulsen et al., 2006) did not
succeed in obtaining transgenic clones when applied to T.
oceanica. Schemes showing the position of the GFP tag for
each protein are shown in Figure S4.

Given the potential role of silaffins in the morphogenesis
of species-specific silica structures (Poulsen et al., 2003;
Poulsen & Kroger, 2004), we started by examining the
locations of some of the T. pseudonana silaffins and com-
pared these with the locations of the most similar SSPs
that we had identified in C. cryptica silica. The closest

homologue to silaffin TpSil1 in the C. cryptica SSPs is
CcSSP6 (36% sequence identity in global alignment, motif-
based correlation 0.60). Both proteins are Mediophyceae-
specific, belong to motif Cluster 6: rich in both ‘type f'
motifs (e.g. PTLSP) and ‘type e’ motifs (e.g. KSGK) (see
Figure 4). They also both have a helical region at the
extreme C-terminus of the sequence, while TpSil1 has a
chitin-binding domain which is absent in CcSSP6. TpSil1-
GFP and CcSSP6-GFP were both located exclusively in the
valve part of the cell wall, and tightly associated with the
silica (Figure 7a,b). They were located throughout the
valve, but the strongest GFP signal was detected towards
the rim. In valve view, CcSSP6-GFP exhibits a sector-type
pattern that is consistent with the location between the
wide ribs of the valve (compare Figure 7b with Figure 1h).
However, this requires further experimental validation.

TpSil3 is structurally the best characterized silaffin of the
three diatom species (Poulsen & Kroger, 2004; Sumper
et al., 2007). It is located throughout the valves and in the
two girdle bands closest to each valve, but absent from
the girdle band in the mid cell region (Figure 7c). These
observations are consistent with a previous report (Schef-
fel et al., 2011). The C. cryptica SSP most similar to TpSil3
is CcSSP19. Although they share only 29% sequence iden-
tity in global alignments, they have a very high motif-
based sequence correlation of 0.89. They both belong to
Cluster 5, and are both rich in acidic ‘type d’ motifs such as
DAKA.K. Thus, they can be considered putative ortho-
logues, despite being classified as species-specific in the
phylogenetic analysis (see Figure 5). Like TpSil3-GFP,
CcSSP19-GFP is observed in both the valves and the girdle
bands (Figure 7d). However, in contrast to TpSil3-GFP, the
CcSSP19-GFP appears to be concentrated in radial struc-
tures of the valve, which are reminiscent of the pattern and
dimensions of the wide ribs (see Figure 1h). It also exhibits
a striped location pattern in the girdle bands, with curved
regions, which might correspond to non-porous valve
regions (Figure 1i). These data support the idea that both
proteins may have similar functions, but with species-
specific modulations. Interestingly, it appears that the
localizations of CcSSP6 and CcSSP19 may be complemen-
tary to one another: the former present predominantly
between the wide ribs, and the latter in the wide ribs (com-
pare Figure 7b and Figure 7d bottom panels). The more
homogeneous distribution of TpSil3-GFP is consistent with
the absence of sector-type silica architecture in the T.
pseudonana valve.

Motif Cluster 1 (rich in ‘type " motifs such as KSGK) is
the most common cluster among Mediophyceae-specific
proteins (Figure S3), and did not contain any previously
characterized proteins. We chose to examine TpSSP3 and
CcSSP4 as representatives of this cluster, which shared
44% identity in a full-length sequence alignment and were
identified with high spectral counts (Table S1). Closer
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Figure 6. Schematic diagrams summarizing the key features of the soluble silicome proteins, including functional domains, signal peptides, and transmem-
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Figure 7. Localization of SS-GFP fusion proteins. (a) TpSil1-GFP™, (b) CcSSP6™-GFP, (c) TpSil3-GFP, (d) CcSSP19-GFP, (e) TpSSP3-GFP, (f) CcSSP4-GFP, (g)
TpSSP20-GFP, (h) TpSSP16-GFP, and (i) CcSSP1-GFP fusion proteins in Thalassiosira pseudonana and Cyclotella cryptica. Each protein is expressed in its spe-
cies of origin. Confocal fluorescence microscopy images are of live cells and isolated biosilica in valve and girdle band orientation. Green, GFP fluorescence;

red, chloroplast autofluorescence. Scale bars: 2 um.

inspection of the CcSSP4 gene model revealed that it was
truncated, so the non-truncated version (52% identity to
TpSSP3), which included a signal peptide, was used for
GFP tagging (Figure S5). When expressed as GFP fusion
proteins, TpSSP3 and CcSSP4 were located exclusively in

the valves (Figure 7e,f). Remarkably, they exhibited an
evenly spaced punctate location around the circumference
of the valve, in a pattern matching the positioning of the
fultoportulae (see Figure 1a,9). We employed correlative
fluorescence and electron microscopy imaging to
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Figure 8. Thalassiosira pseudonanafultoportula structure. (a) Transmission electron microscopy image of a T. pseudonana valve from a TpSSP3-GFP expressing
cell line. (b) GFP fluorescence from the same valve. (c) Overlay of GFP signal and transmission electron microscopy image. Scale bars: (a-c) 500 nm. (d-f) Scan-
ning electron microscopy images from different individual fultoportulae in T. pseudonana. (d) Distal tube in oblique view; (e) view at a valve edge showing the
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central tube and the associated satellite pores. (g) Schematic of the fultoportula structure. Scale bars for (d-g), 100 nm.

investigate the location of TpSSP3-GFP relative to the ful-
toportulae in T. pseudonana. The result shows that
TpSSP3-GFP is indeed precisely co-located with the fulto-
portulae (Figure 8a-c).

TpSSP20 belongs to motif Cluster 1 and is well conserved
inthe Mediophyceae, yet it differs from the Cluster 1 proteins
analysed above (CcSSP3 and CcSSP4) in being also enriched
in SMSM motifs and containing a single transmembrane
domain. Despite these differences, it was also located exclu-
sively in the valves and showed a regular, punctate pattern
consistent with fultoportulae location (Figure 7g).

Motif Cluster 2 also contained only uncharacterized pro-
teins, but all its members have two characteristic regions:
an N-terminal region rich in ‘type f' motifs (Ser, Pro, and
Thr rich), and a C-terminal region rich in the Cys-rich ‘type
a’ motifs such as IGxxSC and GxxACxxN. We chose to
localize TpSSP16 as a representative of this group of pro-
teins. It shares 29% sequence identity with CcSSP23. Both
these sequences are well conserved across the Medio-
phyceae, but also have some similar sequences within the
Bacillariophyceae, but none in the Coscinodiscophyceae.
TpSSP16-GFP also exhibited the characteristic fultoportula
localization pattern (Figure 7h). No data could be obtained
for CcSSP23-GFP, which failed to display GFP fluorescence
in transformant clones.

© 2022 The Authors.

Given that CcSSP1 lacked similar sequences among T.
pseudonana SSPs, had a fasciclin domain (that is absent
from the T. pseudonana SSPs) and was identified by more
spectral counts than any other C. cryptica SSP, we consid-
ered CcSSP1 to be a good candidate for a protein, which
could be responsible for some structural differences
between T. pseudonana and C. cryptica silica. This protein
is found in only 6% of Mediophyceae species in the
MMETSP data, and belongs to motif Cluster 3, being rich
in SxxSSKS motifs as well as ‘type ¢’ motifs such as KSGK.
The GFP fusion protein was observed in both girdle bands
and valves. In the girdle bands, CcSSP1-GFP was homoge-
neously distributed in the mid-cell region, and in the valve
it exhibited the fultoportula location pattern (Figure 7i).
After EDTA/SDS treatment the GFP fluorescence from the
fultoportulae was entirely removed, whereas the GFP fluo-
rescence from the girdle bands remained (Figure 7i).

DISCUSSION

The present study vastly increases the number of known
silica-associated proteins, providing unique insights into
their phylogenetic relationships, sequence characteristics,
and possible functions in silica morphogenesis. From the
three species, we identified 92 SSPs, 75 of which had not
been previously identified at the protein level. AlImost 80%
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(73 of 92) of the SSPs appear to be diatom specific, and
they are often rich in unusual sequence motifs (Figure 4).
Sequence similarity among SSPs is generally low: only 10
of 4186 possible pairs of SSPs displayed a global sequence
identity above 35%. It has previously been noted that
biomineral-associated proteins tend to be biased in
amino acid composition and intrinsically disordered
(Evans, 2019). However, such qualitative observations have
only rarely been quantitatively analysed or put into per-
spective to the whole proteomes of the biomineralizing
organisms (Skeffington & Donath, 2020). Here we show
that the SSPs differ as a group from their respective back-
ground proteomes in (i) being significantly more biased in
amino acid composition, (ii) exhibiting significantly lower
sequence complexity, and (iii) being predicted to be intrin-
sically disordered over a larger proportion of their lengths
(see Figure 3). These trends were more pronounced in
species-specific SSPs, although this may simply reflect the
difficulties of assigning orthology relationships to low
complexity, disordered proteins.

It was very striking, from both our proteomic and SDS-
PAGE data, that the SSPs of T. oceanica are quite different
from that of T. pseudonana and C. cryptica. In fact, none of
the SSPs from T. pseudonana or C. cryptica appeared to
have homologues in the T. oceanica SSP set, and many
proteins were unique to either T. pseudonana or C. cryp-
tica SSPs. A possible reason could be differences in pro-
tein abundance or post-translation modification patterns
meaning that proteins are more likely to be detected in
one species than another. It is also possible that some of
the SSPs are principally components of the ammonium flu-
oride insoluble organic matrices, and a small proportion of
them are solubilized to different extents in the three spe-
cies. However, only three of the 12 proteins that were pre-
viously found in the insoluble organic matrix from T.
pseudonana were present among the SSPs (TpSil1, TpSi-
Mat3, and TpSiMat4). Consequently, we expect that many
of the proteins that constitute the insoluble organic
matrices of C. cryptica and T. oceanica are probably
absent from the SSP data set. To identify the full set of
biosilica-associated proteins from the three species will
require the development of methods to characterize com-
prehensively the protein complement of the insoluble
organic matrices.

Whatever the underlying biochemical reason, our data
do suggest strong differences in the SSP complement
between species. This could be interpreted as evidence
that the soluble silica proteins are unlikely to be important
components of the basal silicification machinery of dia-
toms, and that their role may be more related to the fine-
tuning of the silica structures. However, an alternative
explanation is that orthologues (or at least functional
homologues) of SSPs do exist in all three species, but they
are not readily recognized in sequence alignments and

BLAST searches due to the low complexity nature of the
sequences. In support of this idea, we found that clustering
SSPs by motif content resulted in groups of proteins with
members derived from all three species. For example,
TpSil3 and TpSil4 belonged to the same cluster as
CcSSP19 and ToSSP1, leading us to hypothesize that these
proteins may have similar roles in silica formation in each
species, driven by the particular physio-chemical proper-
ties of the amino acid side chains in the motifs. Indeed,
GFP-tagging demonstrated that TpSil3 and CcSSP19 have
a very similar distribution within the valve silica. To test
the functional equivalence of proteins within motif-clusters
more formally, knock-out mutants must be generated and
characterized. However, because there are often multiple
proteins from a species within a cluster indicates that
redundancy may make this a challenging approach in prac-
tice.

We investigated the intracellular locations of seven
newly identified SSPs in vivo through GFP-tagging, and
each was found to be tightly associated with the biosilica.
The result of this spot-check strongly supports the notion
that most SSPs are probably genuine silica-associated pro-
teins rather than contaminants.

An unexpected outcome of the GFP-tagging studies was
the identification of five proteins with a fultoportula-
specific location, which has never been observed before.
Fultoportulae have a much more complex morphology
than any of the other structural elements were in the cell
walls of Thalassiosira and Cyclotella species. A fultoportula
is composed of a central silica tube and two to four satel-
lite pores, which each penetrate the silica base layer of the
valve (Figure 8d-g). At the distal side, the pores are cov-
ered by a funnel-shaped tube. It is conceivable that the
biosynthesis of such an elaborate structure will require a
larger number of morphogenic proteins compared with the
comparatively simple patterns of branched, cross-linked
ribs and cribrum pores. One of fultoportulae-located pro-
teins, TpSSP20, was previously suggested to be involved
in cribrum pore formation based on RNAi experiments tar-
geting the tpssp20 gene (Trofimov et al., 2019). The result-
ing mutant phenotype exhibited alterations in the area and
density of the cribrum pores in the valve, but no effect on
the positioning or morphology of the fultoportulae was
reported. Considering the location of TpSSP20, the result
from the RNAi work is rather surprising, yet it is possible
that the concentration of the TpSSP20-GFP fusion protein
in the cribrum pores was is too low to be detectable by flu-
orescence microscopy. In the RNAi knock-down study
there was also no analysis of the degree of TpSSP20 gene
silencing. Given the rather mild effect on cribrum pores in
the RNAi mutants, it is conceivable that the downregula-
tion of TpSSP20 achieved was insufficient to affect fulto-
portula morphogenesis. The generation of knock-out
mutants entirely lacking TpSSP20 and the other

© 2022 The Authors.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2022), 110, 1700-1716

85U8017 SUOWILIOD BRI 3|qeo!jdde au Aq pausenob 8Je ssole O ‘88N JO S3ni Joj ARIg1T8UIIUO A8|IM UO (SUORIPUOD-PUe-SWISH LD A8 | IMA R 1[eu 1 UO//StNY) SUORIPUOD pUe SWB L 83U} 885 *[£202/90/82] U0 Arigiauliuo /8|1 ‘Meiuos Bulns JO AiseAun Aq §92GT [dyTTTT 0T/10p/wo0 As | 1M Areiq Ul |UO//SARY WO papeojumoq ‘9 ‘2202 ‘XETESIET



fultoportula located proteins would provide more definite
insight into their role in silica morphogenesis. It would
also be interesting to modulate the expression of CcSSP19
and CcSSP6, as their localization suggests that they could
have roles in determining the width and spacing of the
wide ribs.

Finally, we were interested to see whether any of the
SSPs might be part of basal silicification machinery com-
mon to all diatoms. Four proteins [TpSSP41, TpSSP28,
CcSSP20 (with homologues TpSSP31 and TpSSP36), and
Sin1] had homologues in >80% of diatom species repre-
sented in the MMETSP transcriptomes. Given that some of
these transcriptomes are probably incomplete, and that
they are very unlikely to represent the full expression
potential of the organism, it is currently reasonable to sup-
pose that these four proteins are conserved throughout the
diatoms. The only one of these proteins to have been pre-
viously studied is TpSin1, a knock-out of which displayed
changes in silica architecture and reduced the strength of
the silica cell wall (Gorlich et al., 2019). In the future it will
be interesting to see if these proteins can be detected in
the silica of diatoms from diverse lineages, and to explore
their functional roles through reverse genetics.

EXPERIMENTAL PROCEDURES
Culture conditions

Thalassiosira pseudonana (Hustedt) Hasle et Heimdal clone
CCMP1335, C. cryptica Reimann, Lewin et Guillard strain
CCMP332, and T. oceanica (Hustedt) Hasle et Heimdal CCMP1005
were grown in an enriched artificial seawater medium (EASW)
(Harrison et al., 1980) at 18°C under constant light at 5000-
10 000 lux.

Identification of silica cell wall-associated proteins

Isolation of diatom silica from approximately 50 g wet cell pel-
let of a stationary cell culture and subsequent ammonium fluo-
ride extraction was performed as described for T. pseudonana
(Kotzsch et al., 2016). The ammonium fluoride extracts were
centrifuged at 3200 g for 30 min and the supernatants were
desalted by three rounds of ultrafiltration (molecular weight
cut-off: 3-6 kDa), each resulting in a 10-fold dilution with
10 mm ammonium acetate. Extracts were analysed by SDS-
PAGE using 6% Tris-Tricine gels (Schagger & von Jagow, 1987)
stained using ‘Stains-All’ (Campbell et al., 1983), where 0.2% (T.
pseudonana), 0.5% (T. oceanica), and 5% (C. cryptica) of the
total ammonium fluoride soluble extract was loaded (Figure 2).
In solution and in-gel digests were analysed by LC-MS/MS and
database searches carried out using Mascot (Methods S1)
(Matrixscience, London, UK). Protein inference was carried out
using Scaffold (ProteomeSoftware, Portland, OR, USA) (protein
probability >0.99, at least two unique peptides, found in two
biological replicates: see Methods S1). For MIAPI compliance,
raw data have been deposited in the PRIDE database (Cham-
bers et al., 2012) (part of the ProteomeXchange consortium;
Deutsch et al., 2020), with accession no. PXD026496. Scaffold
files deposited with the PRIDE submission provide full details
of identification.

© 2022 The Authors.
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Bioinformatic methods

The properties of the protein sequences were investigated using
ProminTools (Skeffington & Donath, 2020), which relies on various
software tools: low complexity regions were identified using Seg
(Wootton & Federhen, 1993) with default parameters; predicted
intrinsic disorder was calculated using VSL2 (Peng et al., 2006);
biases in amino acid content were identified using the FLrs software
(Harrison, 2017) with a P-value cut-off of 1078 and bias quantified as
previously described (Skeffington & Donath, 2020). Motif finding
was carried out using Motif-x (Chou & Schwartz, 2011) via
ProteinMotifFinder (Skeffington & Donath, 2020). Clustering based
on motif content relied on the Ward.D method, and a distance matrix
based on the Distance Correlation (Székely & Rizzo, 2014) measure
(further details in Methods S2). Pairwise global sequence align-
ments were calculated using EMBOSS Needle (Needleman & Wun-
sch, 1970) with default parameters. Cellular locations were
predicted using Hectare (Gschloessl et al., 2008) and ASAfind (Gru-
ber et al., 2015), while transmembrane prediction was carried out
using PureseqTM (Qing et al., 2019) and MEMSAT-SVM (Nugent &
Jones, 2009). Known domains were discovered using INTERPRO V.
84.0 (Joneset al., 2014).

The phylogenetic distribution of proteins was carried out using
the MMETSP transcriptome data (Keeling et al., 2014) in particular
the ‘_clean.fasta’ files from which contaminants have been removed
(software: https://github.com/kolecko007/mmetsp_cleanup, data:
www.imicrobe.us/#/projects/104) (Marron et al., 2016). tBLASTn
searches were carried out with Seg-based filtering of low complex-
ity regions turned on, with default parameters. For further computa-
tional details see Methods S3.

Generation and characterization of transgenic cell lines

The construction for gfp fusions with genes of interest are
described in detail in Methods S4. Introduction of fusion genes
into T. pseudonana and C. cryptica and selection of transformants
were performed as described previously (Kumari et al., 2020;
Poulsen et al., 2006). Cells originating from at least 10 indepen-
dent colonies were examined by epifluorescence microscopy to
check for a consistent location phenotype for each GFP fusion pro-
tein. Confocal microscopy was performed with live cells and
extracted silica from representative cell lines (see Methods S5).
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Figure S1. Bias in amino acid frequencies for the SSPs of the three
species compared with the respective background proteomes.
Values above zero indicate enrichment, values below zero indicate
depletion.

Figure S2. Results of all versus all pairwise blastp comparisons
for the protein clusters identified in Figure 4. The percentage iden-
tity of the top HSP for each comparison is indicated by the colour
scale and the size of the squares. Query sequences are rows, sub-
ject sequences are columns. Note that the nature of the blast com-
parison means the results are not always exactly symmetrical.
Figure S3. Heatmap showing the distribution of protein motif-clus-
ter membership among the phylogenetic categories.

Figure S4. Schematic structures of GFP fusion proteins. The letters
flanking the eGFP bar represent the SSP amino acid sequence in
the immediate vicinity of the eGFP tag.

Figure S5. The revised gene model of CcSSP4. (a) Blast of the
CcSSP4 protein sequence (black) against C. cryptica genomic con-
tigs revealed two overlapping contigs (green). (b) Predicted cDNA
sequence. (c) Predicted protein sequence. The predicted signal
peptide is shown in bold.

Table S2. Thalassiosira pseudonana SSP genes identified in tran-
scriptomics studies of diatom responses to silicon availability.
Study 1 (Mock et al., 2008) identified genes with altered expres-
sion in cells under Si and Fe limitation. Study 2 (Shrestha et al.,
2012) classified genes as ‘silaffin-like response genes’ (SLRGs) if
they matched the expression profile of TpSil3, a cell culture that
was synchronized using the silicon starvation-replenishment pro-
cedure. Study 3 (Brembu et al., 2017) was also performed with
synchronized cells. The TpSil2 cluster contained genes that
strongly decreased in expression under Si starvation and showed
a strong induction after Si replenishment. The CinY1 cluster
showed a similar regulation, but of smaller magnitude, and the
SiMat7-like cluster showed an expression peak 2-4 h after Si
replenishment and a subsequent decrease in expression. Study 4
(Scheffel et al., 2011) used a bioinformatics analysis to identify
silaffin-like proteins in the T. pseudonana genome.

Methods S1. Proteomics analysis.

Methods S2. Clustering proteins based on motif content.

Methods S3. MMETSP blast analysis.

Methods S4. Generating SSP-GFP fusion constructs.

Methods S5. Confocal fluorescence microscopy imaging.

Appendix S$1. Known domains found in SSPs.

Table S1. Summary of the characteristics of the SSPs.

Table S3. Results of all versus all global sequence alignments with
EMBOSS Needle. Values are percentage identity.

Table S4. Motif enrichment values for all SSPs and enriched
motifs. Values are fold enrichment relative to the background pro-
teome.

Table S5. Motif-based protein correlation matrix.

Table S6. MMETSP transcriptomes used in analyses and taxo-
nomic assignment.
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