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ABSTRACT

Diatoms have co-evolved with the silicon cycle and are largely responsible for reducing surface concentrations of

silicate in the ocean to their present levels. We quantify silicification in marine diatoms at a range of high silicate

concentrations representative of environments found over their geological history. The species examined include

Stephanopyxis turris, an ancient centric species found throughout the Cenozoic, Thalassiosira pseudonana and

Thalassiosira weissflogii, two younger centric species, and two pennate ecotypes of Staurosirella pinnata iso-

lated from different nutrient regimes. Frustule thickness and micromorphological structure are strongly affected

by silicate concentration. All species become increasingly silicified with silicate concentrations at concentrations

vastly in excess of surface ocean concentrations today. In contrast, the half-saturation constant for silicate uptake

for most modern diatoms is below 2 lM. Based on the results, we hypothesize that silicate uptake is multiphasic

in diatoms and that multiple silicate transport systems may have evolved in response to decreases in surface sili-

cate concentration over geological time. The oldest species examined is more heavily silicified than the more

modern species, presumably reflecting the conditions under which it originated. Yet diversification in silicification

can be rapid, as illustrated by greater silicification in onshore versus the offshore ecotype of the same modern

species. This work suggests that silicification of fossil frustules may eventually provide a paleoproxy for surface

silicate concentrations over the Cenozoic, although development of species-specific calibrations will be necessary

and the effects of a range of environmental conditions must be investigated.
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INTRODUCTION

Silicon is the second most abundant element in the Earth’s

crust. In the absence of biological activity, dissolved Si con-

centrations in the ocean would be in excess of 1000 lM

(Siever, 1991). Currently, surface silicate concentrations

range from <1 lM in the surface of much of the ocean gyres to

over 100 lM in some areas of the Southern Ocean (Tréguer

et al., 1995). The evolution of organisms that convert dis-

solved Si into mineralized structures has driven a secular

decrease in the availability of silicate in the surface ocean over

the Phanerozoic (Maliva et al., 1989; Siever, 1991; Grenne &

Slack, 2003; Muttoni & Kent, 2007). Over the Paleozoic and

much of the Mesozoic, siliceous sponges and radiolarians

reduced surface silicate concentrations (Siever, 1991; Racki

& Cordey, 2000). The evolution and radiation of the dia-

toms over the Cretaceous and Cenozoic, with their ability

to draw-down surface silicate to unprecedented levels,

precipitated a biogeographic shift and decrease in the silici-

fication of the spicules of siliceous sponges (Maldonado

et al., 1999) and tests of radiolarians (Harper & Knoll,

1975; Lazarus et al., 2009). Similarly, diatom frustules

may have become less silicified over time in response to

decreases in silicic acid concentrations (Finkel & Kotrc,

2010). If this is the case then the silicification of fossil

diatom frustules may provide a paleoproxy for surface

silicate concentrations.

The oldest well-preserved diatom frustules from the Meso-

zoic generally appear more robust and highly silicified than

more modern assemblages (Round et al., 1990; Armstrong &

Brasier, 2005; Finkel & Kotrc, 2010). Early Cretaceous
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diatom assemblages are dominated by centric diatoms with

frustule walls that are often 1–3 lm in height, and many

exhibit highly robust, highly silicified linking structures

(Gersonde & Harwood, 1990; Harwood & Gersonde, 1990;

Finkel & Kotrc, 2010). In contrast many modern centric and

pennate species have extremely thin walls, <<1 lm, and less

silicified linking structures (Finkel & Kotrc, 2010). A macro-

evolutionary shift toward more lightly silicified diatom frus-

tules is consistent with secular decreases in silicate availability

over the Mesozoic and Cenozoic. Changes in diatom silicifica-

tion and the length of diatom chains have probably interacted

with the biogeochemistry of Si altering the residence time of

silicate in the surface ocean.

Almost all diatoms have evolved an obligate requirement

for silicon for growth and reproduction. In response to silicate

deficiency, the cell division cycle of diatoms will be arrested at

the first or second gap phases (Brzezinski et al., 1990; Brze-

zinski, 1992; Brzezinski & Conley, 1994). Diatoms respond

to silicate concentrations through the induction of a variety of

silicate transporters (Thamatrakoln et al., 2006; Mock et al.,

2008). Experimental work indicates that over current oceanic

concentrations of silicate, diatom silicate uptake kinetics often

follows Michaelis–Menten-type saturation kinetics (Paasche,

1973a; De La Rocha et al., 2000; Martin-Jézéquel et al.,

2000; Leynaert et al., 2009), with half-saturation coefficients

that are generally <2 lM, corresponding to the surface con-

centrations over vast areas of the ocean (Sarmiento & Gruber,

2006).

If silicate is the only factor limiting growth, increases in sil-

icate concentration from limiting to saturating concentra-

tions will be associated with an increase in silicate uptake and

increases in Si relative to other cellular constituents resulting

in more robust frustules (Paasche, 1973b; Booth & Harri-

son, 1979). The degree of silicification depends on the cou-

pling of silicate uptake relative to the assimilation of other

elements associated with growth rate. For example when N,

P, Fe or irradiance limits growth rate, C uptake rate

decreases more than silicate uptake, resulting in an increase

in Si:C (Hutchins & Bruland, 1998; Claquin et al., 2002;

Leynaert et al., 2004; Marchetti & Harrsion, 2007). As a

consequence the mass of Si accumulated per unit of frustule

surface area is negatively correlated with N, P, Fe and irradi-

ance limited growth rate (Hutchins & Bruland, 1998;

Claquin et al., 2002; Marchetti & Harrsion, 2007). Much

of the physiological work on the impact of silicate concentra-

tions on diatoms has focused on growth rate and Si:C:N

ratios, especially under current, often limiting, oceanic

ranges of silicate concentrations. Michaelis–Menten-type

uptake kinetics of silicate and increases in silicification with

increasing silicate concentration suggest that Si in the frus-

tule may increase in a predictable manner with surface water

silicate concentrations and therefore might be a useful proxy

for past surface silicate concentrations. Little is known about

how diatom frustule morphology and silicification responds

to the growth saturating surface silicate concentrations that

probably characterized the ocean through the Mesozoic and

much of the Cenozoic. We quantify the effect of silicate con-

centrations ranging from concentrations present in the cur-

rent ocean under upwelling conditions to the much higher

concentrations that may have been present in the Mesozoic

and Cenozoic Ocean, from 20 to over 1000 lM (Siever,

1991), on diatom frustule morphology and silicification

under standardized growth conditions in three centric and

two pennate chain-forming diatom species isolated from a

range of oceanic conditions and representing early and later

frustule morphotypes.

MATERIALS AND METHODS

Experimental design and culture conditions

Diatom strains were selected to quantify the effect of high

silicate concentrations on both pennate and centric diatoms

isolated from a range of different environmental regimes

(Table 1). All five strains were obtained from the Provasoli-

Guillard National Center for the Culture of Marine Phyto-

plankton (CCMP): two morphologically similar marine

chain-forming pennate diatom strains originally identified as

Fragilaria pinnata now Staurosirella pinnata (Williams &

Round, 1987; Round et al., 1990), one isolated from an open

ocean (CCMP 395) and the other from a coastal brackish site

(CCMP 398), and three centric diatoms: Stephanopyxis turris

(CCMP 815), Thalassiosira pseudonana (CCMP 1014) and

Thalassiosira weissflogii (CCMP 1010).

Table 1 Description of experimental species. Cell volume is the average across all silicate treatments

Species CCMP #

Cell volume

(lm3) Habitat Source location

Latitude

(�N)

Longitude

(�W)

Stephanopyxis turris (Greville et Arnott)

Ralfs in Prichard

815 37 230 Coastal Ocean Gulf of Mexico, North Atlantic 29.47 86.12

Thalassiosira weissflogii (Hustedt)

Hasle et Heimdal

1010 1692 Open Ocean Gulf Stream, North Atlantic 37.00 65.00

Thalassiosira pseudonana (Hustedt)

Hasle et Heimdal

1014 40 Open Ocean North Pacific Gyre 28.00 155.00

Staurosirella pinnata (Ehrhardt) 395 798 Open Ocean Sargasso sea, North Atlantic 33.18 65.25

Staurosirella pinnata (Ehrhardt) 398 789 Brackish Oyster Pond, Martha’s Vinyard 41.36 70.60
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The diatom cultures were grown in an artificial sea water

media; all elements are added to a MilliQ (Billerica, MA,

USA) filtered water source following the recipe described by

Berges et al. (2001), except for differences in silicate con-

centrations. Silicon was added using appropriate amounts of

a 60 g L)1 Na2SiO3Æ9H2O solution to obtain silicate con-

centrations of between 20 and 1100 lM; all silicate concen-

trations are in excess of what is required for diatom species

to maintain maximum growth rate. Staurosirella pinnata

(CCMP 395, 398) were grown under 20, 50, 250, 500,

900 lM silicate, T. pseudonana (CCMP 1014) and T. weissf-

logii (CCMP 1010) were grown under 20, 250, 900 lM sili-

cate and S. turris (815) was grown under 35, 70, 150, 550,

1100 lM silicate. Three to five separate replicate bottles were

followed for each species under each silicate treatment. After

a first set of experiments performed on S. turris, the pH of

the media was set at 8.2 ± 0.1 using a 5% HCl solution. pH

was checked occasionally to confirm there were no large

changes over the course of the experiment. Diatom cultures

were maintained in transparent polycarbonate bottles instead

of glass to control silicate concentrations. All bottles were

cleaned with phosphate-free detergent, soaked in 10%

hydrochloric acid solution, and rinsed with Milli-Q filtered

water before sterilization. Strains were maintained at 17 �C
and 300 lmol quanta m)2 s)1, S. turris was grown under a

12:12 light–dark cycle, all other strains were exposed to

continuous light.

Growth rate determination

All strains were maintained in exponential growth under each

silicate treatment for a minimum of five generations in semi-

continuous batch culture (Ukeles, 1973) before determining

growth rate and harvesting for elemental composition and

frustule morphology. Prior to the experiment, each species

was grown in batch mode to determine the range in cell den-

sity during exponential growth. Throughout the experiment,

cell densities were maintained below the cell densities

obtained in mid-exponential phase of the batch culture

thereby ensuring all cultures were optically thin and that pH

and nutrient concentrations were maintained in a narrow

range. Cell counts and equivalent spherical diameter were esti-

mated using a Beckman Multisizer 3 Coulter Counter for all

strains. The growth rate for each of the strains (l, h)1) was

determined by linear regression of cell counts (corrected for

culture dilution) over time. Counts were done in triplicate for

each experimental replicate.

For the chain-forming S. pinnata (CCMP 395 and 398),

chain length was measured using a light microscope and

haemocytometer. Chain lengths were counted for all five rep-

licates during exponential and stationary growth (3 days after

the initiation of stationary phase). For all replicates, a mini-

mum of 50 chains were counted during both exponential and

stationary growth.

Elemental composition and frustule morphology

Each replicate was harvested onto 13-mm pre-combusted

(5 h at 400 �C) glass fiber filters for carbon and nitrogen

determinations and polycarbonate filters for silica and

scanning electron microscopy measurements using very low

vacuum pressure, not exceeding 350 mmHg, and rinsing with

a pre-filtered 3.4% NaCl solution. Two blanks were created

for each set of analyses by filtering the culture media followed

by the 3.4% NaCl rinse onto the appropriate filters. The

polycarbonate filters were placed in Millipore filter holders

using tweezers, avoiding contact with the sample, and stored

in a freezer for further analysis. The glass fiber filters were

folded in half, placed in a desiccator for �1 week and frozen

until further analysis by a CHN elemental analyzer.

Silica analysis was determined through an ammonium

molybdate colorimetric assay as designed by Strickland and

Parsons (1972). A 0.5% Na2CO3 (soda) solution was heated

to 85 �C (not boiling) for 2 h to extract particulate matter

from the filter through hydrolysis, creating orthosilicate (Paa-

sche, 1980). After the samples cooled, the contents were neu-

tralized with 3.5 mL 0.5 N HCl to a pH of 3–4. The contents

were transferred to a 50-mL volumetric flask and 10 mL of

the ammonium molybdate reagent was added. A reducing

reagent (combination of six parts 5 N sulfuric acid, 10 parts

metol sulfite solution, six parts oxalic acid solution and eight

parts Milli-Q H2O) was added to the solution producing a

blue color. Absorption was measured at 810 lm using a spec-

trophotometer. Absorption was converted to lM silicate based

on a linear standard curve of absorbance for eight known con-

centrations of silica assayed in triplicate. Standard curves were

very stable and the correlation coefficient on the linear regres-

sion was over 0.99.

Changes in frustule morphology were assayed using JEOL

JSM-5600 scanning electron microscope with a 90� tilt rotary

adapter. The polycarbonate filters with harvested diatom

frustules were boiled in a 50:50 nitric:sulfuric acid solution for

10–30 min and rinsed several times in distilled water, lightly

sonicated, and then filtered onto a new polycarbonate filter

and dried. A subset of filters were examined prior to the acid

treatment and showed no evidence of inorganic Si precipita-

tion. The samples were then coated with a thin coating of gold

and imaged with the scanning electron microscope. Images

were taken with the sample perpendicular to the electron

beam as well as at a 45� tilt angle to get estimates of the height

of the frustule wall in cross-section. Under the SEM random

horizontal transects were taken across the round polycarbon-

ate filter, typically starting at the widest section of the filter. All

appropriately oriented fragments along each transect were

measured, until a minimum number of fragments were accu-

mulated (usually 20–25). Preliminary investigations of the

species suggest that different components of the valve are

more sensitive to changes in thickness than others, and

some areas are more easily accessible for measurement. For
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Stephanopyxis, fragments of the mantle were measured in

cross-section, for Thalassiosira cross-sections of fragmented

valve faces were chosen, and for S. pinnata the length and

width of the spines and cross-section of fragmented valve faces

were measured.

Cell volume and surface area estimates

Cell volumes and surface area for CCMP 1014, 1010 and 815

were approximated using the thousands of measurements of

the equivalent spherical diameter taken with a Coulter Coun-

ter and subsequently converted to cell diameter in valve view

and cell height in girdle view using the cell diameter to height

ratio (using the geometric mean) as estimated from digital

images taken with a light microscope calibrated by a microme-

ter and assuming that these species were cylindrical. Cell vol-

ume and surface area for CCMP 395 and 398 were calculated

as above except that their shape was approximated as a scalene

(three unequal axes) ellipsoid. The length and width of the

valve face was estimated from scanning electron micrographs

and was used to calculate the height of the cell in girdle view

from the Coulter Counter estimate of equivalent spherical

diameter. An approximation was used to estimate the surface

area of the ellipsoid ¼ 4p(apb p+apc p+c pb p ⁄ 3)1 ⁄ p, where a is

valve length, b valve width, and c is the height of the cell in gir-

dle view and p ¼ 1.6075; this approximation yields a relative

error of at most 1.061% (Thomsen, 2004).

Statistical analysis

A two-way analysis of variance (ANOVA) was used to partition

the variance in Si:cell, Si:C and Si:surface area (SA) due to

silicate concentration, phylogenic (species-specific) differences

in silicate usage, and the interaction between species and

silicate concentration (Species · [Si]). All five species were

included and silicate concentration was treated as a linear

quantitative variable. The experimental design was not

completely balanced (orthogonal) and therefore the sums of

squares for each of the main effects depend on the order in

which they are included in the model. For this dataset, this

amounted to <4% of the total variance.

RESULTS

Growth rate in response to the experimental range of silicate

concentrations

Growth rate differed among strains at any given silicate treat-

ment but did not differ significantly within any of the strains

as a function of the experimental silicate treatments. The

smallest diatom in this study, T. pseudonana CCMP 1014 has

the fastest growth rate (base e) and lowest variability across

silicate treatments, 0.063 ± 0.003 (h)1, mean ± standard

deviation), a coefficient of variation of <5% across the silicate

treatments. The largest diatom, S. turris CCMP 815 has the

slowest growth rate, 0.020 ± 0.002 h)1, and largest variabil-

ity across silicate treatments. The strains intermediate in size

have intermediate growth rates across silicate treatments;

T. weissflogii CCMP 1010 has a growth rate of 0.031 ±

0.002 h)1, S. pinnata CCMP 395 has a growth rate of

0.032 ± 0.002 h)1, and S. pinnata CCMP 398 has a growth

rate of 0.029 ± 0.001 h)1.

Changes in Si:C and Si:SA in response to increasing silicate

concentrations

Si:C is lowest, 0.045 ± 0.003 mol:mol, for S. turris grown

under 35 lM silicate, and highest, 0.88 ± 0.16 mol:mol, for

S. pinnata CCMP 398 grown under 900 lM silicate, a �20-

fold variability in Si:C. Across the silicate treatments, the

largest range in Si:C was observed for the smaller species with

larger surface area to volume ratios: S. pinnata CCMP 398

increased 14-fold, S. pinnata CCMP 395 increased�11-fold,

and T. pseudonana CCMP 1014 increased over eightfold.

The larger centric species examined had a more moderate

increase in Si:C over the silicate treatments: T. weissflogii

CCMP 1010 had a 3.5-fold and S. turris CCMP 815 had a

4.3-fold increase in Si:C. The pattern of increase in Si:C with

silicate is consistent with Michaelis–Menten-type saturation

kinetics with extremely high half-saturation constants for

S. turris and T. weissflogii and multiphasic uptake kinetics in

both strains of S. pinnata (Fig. 1). Due to the limited number

of silicate concentrations examined, the estimates of maxi-

mum uptake velocity and the half-saturation coefficient are

uncertain in several of the species examined and it is difficult

to determine if the pattern in Si:C or Si:surface area with

silicate concentrations is linear, saturating or multi-phasic, but

there is evidence of saturation in Si:C and Si:SA in most of the

strains examined at the higher silicic acid treatment. The vari-

ability in Si:C within strains across silicate treatments is gener-

ally much larger than the differences in Si:C across species at a

given silicate treatment (Fig. 1). Si:cell (not shown) and Si:cell

volume ratios exhibit a very similar relationships to Si:C; log

cell carbon content is significantly linearly correlated with log

cell volume with a slope very close to unity (slope ¼ 1.08 with

a standard error of 0.4, r2 = 0.9 and sample size of 105).

Si-to-surface area ratios (lmol:lm2) increase with silicate

concentration for all strains up to the highest silicic acid

concentrations (Fig. 1) and differ between strains at the same

silicate concentration. Often species with high Si:C have lower

Si:SA. The centric diatom, S. turris CCMP 815 which has the

lowest Si:C values of the species examined has the highest

values of Si:SA. Staurosirella pinnata CCMP 395 and 398

and T. pseudonana CCMP 1014 which have the highest

values of Si:C have the lowest Si:SA. An anomaly in this

pattern is the two S.pinnata strains, for both Si:C and Si:SA

the open ocean strain CCMP 395 has lower values relative to

the coastal strain (Fig. 1).
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Morphological changes in the frustule in response to

increasing silicate concentrations

Changes in valve morphology with silicate treatment

All species examined exhibited changes in frustule morphol-

ogy with increasing silicate concentration (Figs 2 and 3,

Table 2), but the degree of change and types of morphologi-

cal change are species-specific.

The mantle wall of S. turris was much more robust, the

pore size much smaller and wall height thicker in cross-section

under higher silicate concentrations (Figs 2 and 3, Table 2).

Thin walls are present under all silicate treatments, represent-

ing newly formed frustule walls, but an increasing number of

thicker wall fragments were observed in samples exposed to

increasingly high silicate concentrations, resulting in an aver-

age increase in wall thickness of 37% between the 35- and

550-lM treatments. The mantle wall was most regular and

thickest under the 550-lM silicate treatment. Under 1100 lM,

the wall was somewhat malformed with some infilling of the

pores; this malformation may be due to lower pH levels due

to the high silicate concentration (Fig. 3).

The morphological changes observed in all the other species

were more subtle. In the centric species, T. weissflogii and

T. pseudonana, the valve face wall thickness increased 36% and

40%, respectively, between the 20- and 900-lM treatments

(Fig. 2, Table 2). The pennate, S. pinnata CCMP 395,

exhibited a similar 36% increase in valve thickness, between

the 20- and 900-lM treatment, while the valve thickness

increased �75% in the coastal ocean strain CCMP 398. The

percentage increase in wall thickness is less than the increases

in Si:C, Si:SA and Si:cell (not shown), perhaps due to differ-

ences in the amount of silica that accumulates on different

components of the frustules of different species under the

different silicic acid treatments.

Linking spines and chain length

The pennate species S. pinnata CCMP 395 and 398 form

chains through interlocking siliceous linking spines (Fig. 2).

Under exponential growth conditions silicate concentration

did not have an obvious effect on average chain length in

either strain but during stationary phase as nutrient availability

declined (and P likely became limiting) and growth rate

decreased, chain lengths increased for both strains under the

higher silicate treatments (Fig. 4). Under exponential growth,

CCMP 395 tended to be found as solitary cells or as pairs

regardless of the silicate concentration. In stationary phase,

chains in this strain were on average three to four cells long

under 20–250 lM silicate and �5 cells long under the 500-

and 900-lM silicate treatments (Fig. 4). In comparison,

CCMP 398 tended to form chains four to six cells long under

exponential conditions regardless of silicate concentration.

Under stationary conditions the chain length increased under

the three highest silicate treatments, averaging �11 cells per

chain under 900 lM of silicate (Fig. 4). There was also a large

increase in the range of chain length observed in the higher

silicate treatments under stationary phase. Linking spine

lengths increased an average of 32% in CCMP 398 and 50%

in CCMP 395 in the 900- versus 20-lM silicate treatment.

Similarly, linking spine widths increased 48% in CCMP 398

and 220% in CCMP 395 in the 900- versus 20-lM silicate

treatments (Fig. 2, Table 2).
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Fig. 2 Scanning electron micrographs of diatom frustules grown under low (left column) and high (right column) silicate concentrations. Note that for Stephanopyxis

turris, low silicate was 35 lM and high silicate was 1100 lM. For the rest of the species, low silicate was 20 lM and high silicate was 900 lM. First row – S. turris; second

row – Thalassiosira weissflogii, third row – Thalassiosira pseudonana; fourth row – Staurosirella pinnata (CCMP 398); fifth row – S. pinnata (CCMP 395).

6 Z. V. FINKEL et al .

� 2010 Blackwell Publishing Ltd



Fig. 3 Scanning electron micrographs of the micro-morphostructure of the mantle wall of Stephanopyxis turris grown under different silicate concentrations. First

column is a top view of the frustule and the second column is at a 45� angle. Each row is a different silicate treatment decreasing from the top: 1100, 550, 250, 70,

35 lM.

Diatom silicification 7

� 2010 Blackwell Publishing Ltd



Analysis of variance

Phenotypic response to silicate treatment, species identity,

and the interaction between silicate concentration and species

identity all significantly affect Si:C and Si:SA (Table 3A,B).

Silicate concentration alone explains 39–31% of the variance

in Si:C and Si:SA, respectively. Species identity explains an

additional 27–47% of the variance in Si:C or Si:SA, respec-

tively (Table 3). Inclusion of an interaction term between

species and their response to silicate concentration increases

the percent of total variance described to 86% for Si:C and

85% for Si:SA. These results indicate that variability in the

thickness of diatom frustule walls or Si:C of diatom particulate

matter reflects the species making up the assemblage and

silicate concentrations they were exposed to when they

deposited their frustule.

DISCUSSION

The Si cycle is regulated by and regulates the biogeographic

distribution, primary and export production of diatoms (Nel-

son et al., 1995; Tréguer et al., 1995; Ragueneau et al.,

2000). Fossil evidence suggests that the siliceous frustules of

Table 2 Frustule wall thickness and spine dimensions across species under low and high silicate concentrations. Sample size (n) refers to the number of frustule wall

fragments measured in cross-section

Species CCMP #

Low [Si]* High [Si]*

Mean SE n Mean SE n

Wall thickness (lm)

Stephanopyxis turris 815 0.24 0.015 22 0.33 0.023 20

Thalassiosira weissflogii 1010 0.10 0.003 20 0.14 0.007 25

Thalassiosira pseudonana 1014 0.06 0.002 25 0.08 0.002 50

Staurosirella pinnata 398 0.09 0.005 26 0.15 0.013 26

Staurosirella pinnata 395 0.08 0.006 16 0.12 0.014 9

Spine length (lm)

Staurosirella pinnata 398 0.70 0.034 17 0.92 0.052 13

Staurosirella pinnata 395 0.54 0.027 9 0.80 0.03 17

Spine width (lm)

Staurosirella pinnata 398 0.40 0.034 17 0.58 0.054 13

Staurosirella pinnata 395 0.24 0.026 9 0.52 0.033 17

*Note that for S. turris low silicate is 35 lM and high silicate is 550 lM. For all other species, low silicate refers to 20 lM and high silicate refers to 900 lM.
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Fig. 4 Change in chain length (±one standard error) in (A) Staurosirella

pinnata (CCMP 395) and (B) S. pinnata (CCMP 398), as a function of silicate

concentration under exponential and stationary growth conditions.

Table 3 (A) Analysis of variance of Si:C (mol:mol) and (B) Si:SA (lmol:lm2) as

a function of genotype (species) and phenotypic response to silicate concentra-

tion

(A)

d.f. SS %SS MSS F-value P-value

(A) Genotypic effect

(species)

4 1.20 26.9 0.30 41.5 <10)16

(B) Phenotypic

response to [Si]

1 1.75 39.2 1.75 242 <10)16

A · B 4 0.89 20.0 0.22 31 <10)16

Residuals 86 0.62 13.9 0.007

Total 95 4.47

(B)

d.f.

SS

(·10)16) %SS

MSS

(·10)16) F-value P-value

(A) Genotypic effect

(species)

4 3.22 47.3 0.81 69.8 <10)16

(B) Phenotypic

response to [Si]

1 2.12 31.2 2.12 183.9 <10)16

A · B 4 0.47 6.9 0.12 10.2 <10)6

Residuals 86 0.99 14.6 0.012

Total 95 6.81
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diatoms may have become less silicified over the Mesozoic and

Cenozoic in response to their increasing success and conse-

quent decrease in dissolved silicic acid concentrations in the

ocean surface (Finkel & Kotrc, 2010). Macroevolutionary

changes in the degree of silicification in diatom frustules over

geological time could be due to a phenotypic response to the

decreases in silicate concentrations and ⁄ or species turnover

and associated evolutionary changes in the genes that control

silicification. To determine if macroevolutionary decreases in

the degree of silicification of diatom frustules could be due to

long-term shifts in silicic acid concentrations or evolution of

new silicification pathways, we quantified the effect of silicate

concentrations on silification in extant diatom species isolated

from a range of oceanic conditions and representing early and

later diatom frustule morphotypes. If all extant species are

adapted to their more recent environmental conditions, the

genes and biochemical pathways controlling silicification and

response of Si:C, Si:SA and frustule thickness should be

similar for older and younger morphotypes isolated from

similar environmental regimes, but may differ between diatom

species isolated from environments characterized by different

silicic acid concentrations. In contrast, if individual extant

diatom species retain a biochemical memory of the conditions

under which they originated (Henderiks and Rickaby, 2007)

there may be differences in the degree of silicification in

response to silicic acid concentration, especially at high con-

centrations, between species that originated in different

periods of Earth history that were characterized by higher

average silicic acid concentrations.

The five diatom species examined had a significant pheno-

typic response in silicification in response to silicate concentra-

tions, significant taxonomic differences in silicification at any

given silicate concentration, and a significant interaction

between species identity and the degree of silicification under

each silicic acid concentration (Table 3). These results

indicate that: (i) individual diatom species do retain genetic

differences in the biochemical pathways associated with

silicification and therefore may contain a biochemical memory

of past environmental conditions and ii) both a phenotypic

response to higher silicic acid concentrations in the geological

past and species-specific changes in the transport mechanisms

associated with silicification may be responsible for macro-

evolutionary decreases in the degree of silicification in diatom

frustules since the Cretaceous.

Some of the differences in the degree of silicification

between species at the same silicate concentration can be

attributed to differences in cell size and the surface area to

volume ratio (SA:V). The smallest species, T. pseudonana

and the two pennate species, have the largest SA:V ratios and

highest Si:C over most of the silicate concentrations exam-

ined, but not all the variability in Si:C and Si:SA is due to cell

size or SA:V. Silicate uptake occurs at the cell surface and

assuming the silicate uptake system is similar across the species

examined, then Si:SA should be similar across species at any

particular silicate concentration under growth saturating

concentrations. In fact, the different species have radically

different Si:SA under similar silicate concentrations (Fig. 1,

Table 3), indicating that there are significant genetic differ-

ences in silicate uptake or exudation systems between species.

The species-specific differences in silicification between the

older and younger diatom species are consistent with the

maintenance of relic genes from ancient high-silicate environ-

ments.

Stephanopyxis turris, a species with a fossil record extending

throughout the Cenozoic, has a frustule similar to many of

the dominant Mesozoic diatoms, and the highest Si:SA and

thickest frustule wall observed in this study, although differ-

ences in growth conditions (12:12 photo-period vs. continu-

ous light and a lower growth rate) could be responsible for

some of this difference. Diatom frustules from the Early

Cretaceous tend to be heavily silicified with thick three-

layered pseudoloculate cell walls that can be ‡1 lm thick

(Finkel & Kotrc, 2010). Over the Cenozoic, there has been

an increase in the diversity of thinner-walled centrics and

pennate diatoms, often with smaller areolae (Finkel & Kotrc,

2010), such as the centrics T. pseudonana and T. weissflogii

and the pennate strains of S. pinnata. Frustule wall thickness

and Si:SA are comparable for the younger species T. pseudo-

nana, T. weissflogii and S. pinnata CCMP 398 over much of

the range of silicate concentrations examined, indicating that

there may be some similarity in their silicate transport systems.

In contrast, although there is little difference in cell size,

surface area, or general frustule morphology between the two

pennate species examined, the open ocean strain S. pinnata

CCMP 395 had lower Si:C and Si:SA and thinner frustule

walls and smaller siliceous linking spines relative to the coastal

strain S. pinnata CCMP 398 regardless of the silicate concen-

tration (Fig. 1, Table 2), consistent with recent adaptation of

the silicate transport system in response to lower silicate

concentrations. These results suggest that some diatom

species may be genetically conservative, maintaining genes

and biomineralization pathways over millions of years while

other species are adapting their silicification pathways

relatively rapidly in response to changes in their environment.

Identification of genes and gene expression products from

young and older extant diatom species under high and low

silicic acid concentrations combined with a phylogenetic and

molecular clock analysis would help confirm if silicate trans-

port systems have evolved in response to decreasing silicate

concentrations through geological time.

Decreasing silicate concentrations through the Cenozoic

may have facilitated the selection of more lightly silicified

diatoms with more flexible and lightly silicified linking struc-

tures. Chain formation in diatoms is wide-spread and affects

nutrient uptake capacity, sinking properties, and susceptibility

to grazing pressure (Smetacek, 1985; Pahlow et al., 1997;

Pasisak et al., 2003; Raven & Waite, 2004). The siliceous

linking spines for the pennate species examined became both
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longer and wider with increasing silicate concentration

(Table 2). The more heavily silicified linking spines were asso-

ciated with longer chains during stationary growth phase as

growth ceases and nutrient supply declines (Fig. 4). This

suggests that as nutrients are drawn-down to growth-limiting

concentrations, such as at the end of a bloom, under higher

silicate concentrations some diatoms will form larger chains,

which could result in higher sinking rates and export. Many of

the diatom species documented in Mesozoic assemblages

exhibit morphological features that suggest wide-spread chain

formation through robust highly silicified linking structures

(Gersonde & Harwood, 1990). Structures for chain forma-

tion in younger and modern assemblages are more varied

including robust highly silicified linking structures as well as

more lightly silicified structures and even chitinous threads

(no Si). Unfortunately, it is difficult to assay changes in chain

length from the fossil record but it would be useful to deter-

mine if longer diatom chain lengths are associated with higher

diatom export efficiency over the Mesozoic and Cenozoic and

more recent glacial–interglacial cycles.

Why do diatoms produce siliceous frustules? Most extant

diatoms have an absolute requirement for Si for growth; the

cell division cycle can be halted at two different transition

points due to Si-limitation (Brzezinski, 1992; Brzezinski &

Conley, 1994). It has been hypothesized that the frustule may

reduce predation pressure, the likelihood of viral infection,

may alter the incoming light field, perhaps acting as a

photonic crystal or as sunshade, or act as a buffer for external

carbonic anhydrase activity, and even modify the diffusion of

nutrients [for a recent review, see Finkel & Kotrc (2010) and

associated references]. The obvious costs of requiring a

siliceous frustule include the metabolic cost of silicic acid

uptake, reduced or arrested growth rate under low silicic acid

concentrations, and increased sinking rates [see Smetacek

(1985) and Raven & Waite (2004) for a more complete

discussion]. The linking of the cell division cycle to a Si

requirement puts the genes that control silicification, such as

the genes regulating silicic acid uptake, under strong selection

pressure, especially as silicic acid becomes increasingly scarce

in surface waters. A conservative strategy in response to

decreasing silicic acid concentrations would be to maintain

high capacity, low efficiency uptake systems especially if there

are still some high silicic acid regimes, while adopting ever

more efficient uptake systems. Younger derived taxa, adapted

to the more recent lower silicic acid conditions may be

less likely to maintain the more ancient biomineralization

pathways.

The degree of silicification, the amount of Si that accumu-

lates on a cellular, cell carbon, volume, or surface area basis, is

a result of the uncoupling between net silicate uptake and

growth rate or carbon uptake (Harrison et al., 1977; Claquin

et al., 2002). For example, net silicate uptake increases relative

to carbon uptake with increasing silicate concentration when

silicate controls growth rate in T. pseudonana, resulting in

thicker more regular frustules under higher silicate concentra-

tion (Paasche, 1973b). Similar changes in frustule morphol-

ogy have been reported for Thalassiosira eccentrica and

Coscinodiscus radiatus in silicate-limited chemostats (Booth

& Harrison, 1979). Decreases in carbon fixation due to

growth-limiting levels of light, nitrogen, phosphorus

(Claquin et al., 2002) and iron (Hutchins & Bruland, 1998;

Leynaert et al., 2004; Marchetti & Harrsion, 2007), with

relatively little change in silicate uptake, will also cause an

increase in the degree of silicification. Although growth limi-

tation by factors other than silicate concentration will tend to

cause an increase Si:C (Leblanc et al., 2005), laboratory work

indicates that relatively small changes in silicic acid concentra-

tion have a larger quantitative impact on Si:C. For example, a

slightly larger than order of magnitude decrease in free iron

availability causes a 17–87% increase in Si:C in a range of

Pseudo-nitzschia spp. (Marchetti & Harrsion, 2007), while

less than half an order of magnitude increase in silicate con-

centration results in a 250–700% increase in Si:C, in the range

of species examined in this study (Fig. 1). This indicates that

an order of magnitude shift in silicic acid concentrations over

the Mesozoic could dominate over other factors that impact

silicification.

Silicate uptake in diatoms is often described as following

Michaelis–Menten-type saturation kinetics, although sig-

moidal and more complex functions have been reported

(Paasche, 1973a,b; Harrison et al., 1976; Leynaert et al.,

2009). Half-saturation constants for silicate uptake as low as

0.2 lM and as high as 97 lM (for Phaeodactylum tricornutum,

a diatom that does not require Si to grow (Nelson et al.,

1984)), have been reported (Martin-Jézéquel et al., 2000).

Most of the diatom species examined have a half-saturation

constant for silicate uptake of <2 lM (Martin-Jézéquel et al.,

2000) indicating that for most species silicate uptake rate will

be saturated well below 10 lM. Instead we find a hyperbolic

pattern in Si:cell (not shown), Si:C, Si:SA over the concentra-

tion range of 20–1100 lM with the onset of saturation not

occurring until �500 lM silicate for all three of the centric

diatom species examined including Thalassiosira pseudonana,

a species known to have a half-saturation constant of

0.8–1.5 lM for silicate uptake when grown under lower

silicate concentrations. If silicate uptake follows Michaelis–

Menten kinetics and the half-saturation constant is <<20 lM,

and growth rate and cell size are independent of silicate

concentration, as it is in this study, then increases in silicate

concentrations above 20 lM should not have had any effect

on silicification. For the two pennate species examined, Si:C

and Si:SA appear to increase in a sigmoidal pattern; there is

little change in Si:C and Si:SA from 20 to 250 and 550 to

900 lM relative to the increase from 250 to 550 lM (Fig. 1),

indicative of bi- or multiphasic uptake of silicate. Recently,

multiphasic uptake of silicate was documented for a benthic

diatom assemblage; silicate uptake rate was hyperbolic

between 0 and 60 lM but then increased linearly between 60
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and 300 lM (Leynaert et al., 2009). Diffusion has been

invoked to explain linear increases in silicate uptake under high

concentrations of substrate (Lomas & Glibert, 1999; Wisch-

meyer et al., 2003; Leynaert et al., 2009). The deviations

from linearity in the increase in silicification over 250–

1100 lM suggest that active transport mechanisms may be

involved. We hypothesize that both benthic and planktonic

diatoms have bi- or multi-phasic silicate uptake kinetics corre-

sponding to different silicate transport systems operating over

different silicate concentrations, accounting for the multiple

and diverse silicate transporter genes indentified from single

species (Thamatrakoln et al., 2006). To test this hypothesis,

silicic uptake experiments should be conducted over a large

range of silicic acid concentrations (from <1 to in excess of

500 lM) and the genes associated with active silicic acid uptake

assayed from a range of younger and older diatom species.

Approximately, 85% of the variability in silicification, Si:C

and Si:SA, in the diatoms examined can be attributed to spe-

cies identity and silicate concentration. This suggests that

Si:SA or wall thickness of frustule fragments (which is corre-

lated with Si:SA) from individual diatom species, or a

weighted average of the changes in silicification of numerous

individual species, might be a useful proxy for large changes in

surface water silicate concentrations (Figs 1–3). Measure-

ments of Si:SA from bulk diatom assemblages will probably

provide a poor estimate of silicate concentrations due to the

large variability in silicification between species under the same

silicate concentrations (�50% of the total variability, Table 3).

Construction of a transfer function for surface silicate concen-

trations from Si:SA and wall thicknesses from fossilized frus-

tules of individual diatom species will require confirmation

that these patterns exist in surface waters and can be preserved

in sediment, under a range of environmental conditions.

Going forward the proxy could be improved by focusing

solely on the thicker, mature valves that will be most respon-

sive to changes in silicic acid concentrations and excluding

newly forming valves that are always thinner than mature

values regardless of the silicic acid concentration (Tiffany &

Hernández-Becerril, 2005).

CONCLUSIONS

Previous work has established that majority of diatom species

tested exhibit Michaelis–Menten-type silicate uptake kinetics

with half-saturation constants £2 lM when grown under

modern ranges of oceanic silicate concentrations. In this

study, we show that individual diatom species become more

heavily silicified with increasing silicate concentrations over

the range of 20–1100 lM. The increase in Si:C and Si:SA

over this extended range of silicic acid concentrations is best

described as sigmoidal for the two pennate species and

Michaelis–Menten-type for the three centric diatom species

examined, although more silicate treatments and silicic acid

uptake experiments are required to properly characterize the

kinetics of steady-state silicate uptake. We hypothesize that

diatoms have bi- or multi-phasic uptake systems for silicate,

with one transport system operating below and another

above 20 lM silicate. Species-specific differences in Si:C and

Si:SA at the same silicate concentration are parsimonious

with an evolutionary change in silicate transport systems that

arose in response to decreases in silicate concentration in the

ocean through the Mesozoic and Cenozoic as well as varia-

tions in surface silicate availability in the ocean. The strong

relationship between individual species’ Si:SA and diatom

frustule thickness with silicate concentration over a large

range of silicate concentrations suggests that a weighted aver-

age of changes in the frustules thickness of specific species

may be a useful paleoproxy for surface silicate concentrations

under conditions where nutrient (N, P, Fe) and light-growth

limitation (Martin-Jézéquel et al., 2000; Claquin et al.,

2002) and predator-induced (Sommer, 1998; Pondaven

et al., 2007) increases in silicification are secondary to this

primary signal.
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