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Diatoms in biotechnology: modern tools and applications
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Abstract Diatoms have played a decisive role in the
ecosystem for millions of years as one of the foremost set
of oxygen synthesizers on earth and as one of the most
important sources of biomass in oceans. Previously,
diatoms have been almost exclusively limited to academic
research with little consideration of their practical uses
beyond the most rudimentary of applications. Efforts have
been made to establish them as decisively useful in such
commercial and industrial applications as the carbon neutral
synthesis of fuels, pharmaceuticals, health foods, biomole-
cules, materials relevant to nanotechnology, and bioreme-
diators of contaminated water. Progress in the technologies
of diatom molecular biology such as genome projects from
model organisms, as well as culturing conditions and
photobioreactor efficiency, may be able to be combined in
the near future to make diatoms a lucrative source of novel
substances with widespread relevance.
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Introduction

Approximately three billion years ago, photosynthetic
bacteria brought about the oxygen synthesis that has
since been sustained by some form of their progeny to
which aerobic life owes its very existence to such
organisms. Land-dwelling photoautotrophs were cultivated

for agriculture and economic means early in human history,
but it was only recently that global interest in marine algae
was spawned by the realization that the ocean is a relatively
untapped and unexplored source of biomass and novel
biomolecules.

One set of major players in biomass production and the
sinking of atmospheric greenhouse gas and biomass
production are diatoms. Estimates indicate that these
photosynthetically active organisms are responsible for
20–25% of total terrestrial primary production (Field et al.
1998) and approximately 40% of annual marine biomass
production (Falkowski et al. 1998), making them the most
dominant group of organisms sequestering carbon from the
atmosphere. Diatoms are exceedingly robust and can
inhabit virtually all photic zones from the equator to
seemingly inhospitable sea ice where they are highly useful
indicators of environmental conditions in their rapid
response to environmental changes, including their capacity
to react to sea ice freezing around them with their “natural
antifreeze” ice-binding proteins (Janech et al. 2006). Thus,
in all climate zones, diatoms show an exceedingly high
degree of flexibility that could pose utilizations in biotech-
nological applications despite challenging conditions.

Along the same lines, diatoms have recently received
further attention due to their enormous economic potential:
Diatoms naturally produce substances for foodstuffs, anti-
biotics, and pharmaceutically active substances. This makes
them a valuable resource for the acquisition of food
supplements and substitutes for synthetic substances rang-
ing from cosmetic chemicals to jet fuel. Industrial applica-
tions considered and initiated for commercial use of
diatoms include nitrogen-fixing biofertilizer, renewable
energy, fluid fuel production, raw materials production,
and naturally-occurring and industrial waste detoxification
using biological refuse as substrate. Furthermore, their
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unusual cell wall may prospectively be applied in nano-
technologies or computer chips.

Besides these important aspects, which have been
reviewed recently (Kroth 2007), cell biological and molec-
ular applications have been elaborated for diatoms in the
last couple of years, inspiring enthusiastic perspectives for
new applications of diatom biotechnology. In this field,
diatoms may easily compete with other biological solar-
powered factories, as cultivation needs light, water, and
creativity only without the added drawback of vying with
alimentary or bioethanol resources, since some diatoms
readily thrive on such wastes as nutrients from sewage and
carbon dioxide from gaseous exhausts—all without robbing
food or cash crops of fertile soil.

In this paper, we introduce the cell biology of diatoms
and summarize applications that are already available.
Additionally, we review recent advances in techniques to
manipulate diatoms, which can create genetically modified
organisms with new capacities.

Evolution and cell biology of diatoms

Diatoms are unicellular phototrophs that evolved some 180
million years ago and may consist of more than 100,000
species (Drum and Gordon 2003; Kroth 2007), which have
an ecologically significant role in biogeochemical cycling
of carbon, phosphate, and silicon (Bidle et al. 2002;
Falciatore and Bowler 2002; Lopez et al. 2005) as well as
their massive reproduction and pollution of coastal waters
in the form of blooms (Allen et al. 2005). Most diatoms are
identified by their species-specific morphology of their
amorphous silica cell wall, which vary from each other at
the nanometer scale (Lopez et al. 2005). Although they
seemingly contain the typical complement of eukaryotic
compartments such as a cell nucleus, secretory machinery,
and mitochondria at first glance, their plastidial ultrastruc-
ture has an increased complexity in that its stroma, the
plasm of the plastid, is separated from the cytoplasm by
four membranes and not by two as found in green or red
algae and land plant plastids (Gibbs 1979). These additional
membrane barriers seem to be indelible keepsakes derived
from their cellular evolution (Cavalier-Smith 2000). Dia-
toms evolved via secondary endosymbiosis in which a
heterotrophic host cell engulfed a unicellular phototroph
with a plastid surrounded by two membranes (Maier et al.
2000). In order to optimize the symbiosis to make it most
advantageous for the host, the physiology and biochemistry
of the eukaryotic partners became intertwined, whereby the
symbiont was reduced to minimized components within a
plastid surrounded by four membranes. Reconstructing
these events led to the identification of these individual
membranes and the entailed luminal spaces separating
them. The outermost membrane of the complex is the

remaining phagotrophic vacuole and separates the former
vacuole lumen from the host’s cytosol (Hempel et al. 2007).
This is followed by the former plasma membrane and
remnant plasma of the eukaryotic symbiont (periplastidal
compartment, PPC; Gould et al. 2008), while the inner two
membranes are equivalent to the plastid envelope intro-
duced into the cellular merging with the symbiont’s plastid
(Hempel et al. 2007). Thus, for biotechnological
approaches, the complex membrane architecture of the
plastid presents a challenge and an advantage—challenge
on the one hand in targeting proteins, but an advantage for
expressing proteins in sealed-off compartments like the
PPC seen in Fig. 1, which are otherwise unavailable in
many other algal kingdoms.

Presently available applications

Nutritional applications

High-quality vitamins, essential unsaturated fatty acids,
amino acids, and food supplements are naturally synthe-
sized by most algae including diatoms and comparable to
conventional vegetable sources (Becker 2007). Prior limi-
tations imposed upon mass production of such products
from diatoms are mainly limited by production costs and
palatability, resulting in such algal products presently being
limited to such nutritional applications as health food,
cosmetics, and animal feed.

The most nutritionally relevant biomolecules produced
by diatoms are unsaturated fatty acids like eicosapentaenoic
acid (EPA, 3.9–5% of dry weight in Phaeodactylum
tricornutum (Lebeau and Robert 2003; Meiser et al.
2004), arachidonic acid (Lebeau and Robert 2003), doco-
sahexaenoic acid (Kroth 2007), and other omega-3 fatty

Fig. 1 Plastid compartmentalization in P. tricornutum resulting from
its evolution as a diatom. a Silica cell wall, b stroma, c intermembrane
space, d periplastidal compartment, and e chloroplast ER. Light
microscopy courtesy of F. Hempel; schematic drawing modified from
M. Sommer
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acids (Sheehan et al. 1998). They reduce cardiovascular
disease (Lebeau and Robert 2003), are precursors for
important tissue hormones, are present in 20% of the
brain’s grey matter (Kroth 2007), and are generally
thought to be anticarcinogenic. Optimal photoautotrophic
conditions lead to an average productivity of 530 mg
omega-3-fatty acid and 118 mg EPA per liter per day in P.
tricornutum (Meiser et al. 2004), whereby optimized
heterotrophic growth of Nitzschia laevis yielded 175 mg
EPA per liter per day (Becker 2007; Wen and Chen 2001).
Due to its abundance (up to 30% of all fatty acids) and
constituting the overwhelming majority of the polyunsat-
urated fatty acids in diatoms, purification of EPA from
diatoms is inexpensive in contrast to fish liver oil, the
other natural source, without the disadvantage of peculiar
taste, instability, and high purification costs (Lebeau and
Robert 2003).

Industrial applications

Algal biomass contains the following three main compo-
nents and fuel production possibilities: carbohydrates for
ethanol production via fermentation, proteins for methane
production via anaerobic gasification, and natural oils for
biodiesel production.

Fluid fuel synthesis

Diatoms store carbon in the form of natural oils.
Cultivation of algae, e.g. diatoms, with a lipid content
of 70% dry weight would require a surface of 4 MHa—
2.2% of arable land in the USA—in a zone of high sun
exposure to totally replace petroleum consumption in the
USA (Chisti 2007). Besides industrial exhaust, biological
refuse such as animal waste water and sewage can be used
to feed diatoms due to their enriched urea and nutrient
content that can stimulate algal growth at the correct
concentrations. Production costs are presently estimated at
2.80 USD/liter algal biodiesel assuming 30% oil content
(Chisti 2007), which equates to approximately 2.8 times
the price of oil and refinement for a liter posted by the US
Energy Information Agency in summer 2008 (http://tonto.
eia.doe.gov/oog/info/gdu/gasdiesel.asp). Nonetheless, be-
cause diatoms grow in aqueous suspension and have
more efficient access to water, CO2, and other nutrients,
they can convert into lipid stocks of up to 85% of their
total weight (Lebeau and Robert 2003) and can produce
30 times the amount oil per area of terrestrial oilseed
crops. It has been estimated that 200 kHa of open diatom/
green algae ponds could produce liquid fuel energy
equivalent to 1015 BTUs (∼1018 kJ) even without gene
manipulation or optimization via photobioreactors (Sheehan
et al. 1998).

Nanotechnology

Diatoms biomineralize a mixture of silica, proteins, and
carbohydrates to form an intricately patterned inorganic
silica shell that surpasses modern engineering capabilities.
These frustules serve as a biomimetic model silica
structures at the micro-, meso-, and nanoscale (Hildebrand
et al. 2008; Lopez et al. 2005) and are presently commonly
used as diatomaceous filters in applications ranging from
filtering liquids to DNA purification (Gilmore et al. 1993)
to adsorbing heavy metals (Al-Degs et al. 2001).

Probably, the most advantageous aspect of these silica
nanostructures is that their synthesis occurs under ambient
conditions: Amorphous silica are transported in vesicles to
be precipitated on a carbohydrate and peptide scaffolding
(Parkinson et al. 1999). The smoothing of the silica
aggregate within the vesicles, or sintering, is apparently a
process that is affected by pH and temperature in vivo
(Parkinson et al. 1999). Thanks to recently sequenced
diatom genomes (Armbrust et al. 2004; Kroth et al. 2008),
the capacity to elucidate the nature and genetic basis of this
interspecies variability will doubtlessly be forthcoming and
bolster future manipulation and design of frustule nano-
structures, which apparently varies significantly even
within species (De Martino et al. 2007).

The ability to genetically engineer diatoms to synthesize
designer frustules is anticipated to have wide range
applications as microelectronic devices, chemical and
biological sensing and diagnosis (Bismuto et al. 2008), as
drug delivery systems (Wee et al. 2005), catalysis (Jia et al.
2007), highly efficient nanofiltration (Parkinson et al. 1999),
and energy storage (Pérez-Caberoa et al. 2008), including as
capacitors (Weatherspoon et al. 2005). These structures could
also have potential for light-emitting display and optical
storage (Parkinson et al. 1999). Furthermore, frustule silicate
can be completely replaced on the atomic level with
magnesium oxide, implicating frustules in nanometallurgy
for “casting” metal nanostructures (Drum and Gordon 2003).
In order to unravel the genetic and molecular components as
well as the mechanisms involved in diatom silica frustule
synthesis, great strides must be made in the fundamental
research into this topic that have only recently commenced
(Mock et al. 2007).

Phytoremediation of heavy metals contamination

When exposed to heavy metals, plants, algae, and some
fungi synthesize oligomers of glutathione known as
phytochelatins (Grill et al. 1985). Phytochelatins (PC) are
intracellular and extracellular chelators, having the general
structure of (γ-Glu-Cys)n-Gly, whereby n normally varies
from 2 to 11 (Toppi and Gabbrielli 1999). Cumulatively,
plants, animals, algae, and fungi PCs are induced by such
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heavy metals from soil and water as Al, Ag, Cd, Co, Cr, Cs,
Cu, Hg, Mg, Mn, Mo, Ni, Pb, Se, Sr, and Zn (Cobbett and
Goldsbrough 2002; Delhaize and Ryan 1995; Prasad and
Freitas 2003; Salt et al. 1995). PCs are therefore ecologically
important for heavy metal detoxification both within cells
and tissues as well as external chelation of metals using types
of organic chelation.

Understanding the mechanistic details of chelator–
substrate binding and how they differ from one another
according to substrate specificity would make them
available to industrial use via (over)expression in diatoms
for the phytoremediation of contaminated sites (Salt et al.
1998). Intracellular PCs in metal-binding peptides are
characterized by a high cysteine content in peptides and
have already been studied in laboratory cultures of the
marine diatom P. tricornutum exposed to Cd, Pb, or Zn.
The prospect of discovering novel natural or artificial
phytochelatins, cation diffusion facilitators, and metallo-
thioneins would broaden the spectrum of metals available
for transgenic applications (Prasad and Freitas 2003).
Altogether, plant, algal, and fungal peptides, polypeptides,
and proteins expressed in diatoms could possibly bind and
collect metal contaminants in polluted waters as transgenic
plants are not able to without soil. Furthermore, the
optimization of metal, phosphate, and nitrogen recovery
could be even used to reacquire raw materials from
wastewater in addition to reducing the cost of wastewater
purification (Lebeau and Robert 2003).

Bioproductivity of diatoms

The economic feasibility of industrial production of
biomolecules by engineered organisms is dependent on
cheap culturing. Like other photosynthetic organisms,
diatoms require merely carbon dioxide, water, inorganic
salts, and light to grow, so culturing media for candidates of
interest would consist of readily available fresh, sea, or
brackish water, thus making medium enrichment with
organic compounds unnecessary (Lopez et al. 2005).
Furthermore, diatom culturing would not compete for
agricultural cropland, because containment and optimal
growth depends on fermentors that could even be located in
deserts (Gordon and Polle 2007). Optimal production
efficiency of such bioreactors depends on the qualities of
the light applied, which, in principle, is delivered naturally
by the sun or artificially via photovoltaic technology.

In the 1970s, the United States Department of Energy
sponsored the Aquatic Species Program in which it tested
the viability of using algae species found in American
waters in ponds at its Roswell, New Mexico test site. This
program determined that the maximum recovery rates in
these churned open-air ponds of 50 g dry algae per square
meter per day could be harvested (Sheehan et al. 1998). To

date, greater biomass yields are speculated with state-of-
the-art fermentors and theoretical data to improve the yields
significantly. A recent review of the subject estimated a
theoretical recovery of over 100 g dry weight per square
meter per day projected using pulsed LED photobioreactors
(Gordon and Polle 2007), whereas another review describes
the present practical maximum biomass production as being
38 g per square meter per day (Eriksen 2008). Other
technologies for increasing photobioreactor efficiency
include reducing photosynthetic antenna size to increase
photosynthetic efficiencies (Mussgnug et al. 2007) as well
as limiting the extent of photoreactions to specific wave-
lengths in order to diminish the saturation of the photosyn-
thetic machinery and allow dark reactions to occur
practically simultaneously (Gordon and Polle 2007).

Further advantages of biotechnology in diatoms

Among the artificially synthesized substances for use in
medicine and pharmacy are antibodies, vaccines, hormones,
and enzymes. These are currently produced in bacteria,
yeast, and mammalian cell culture, which have the
disadvantage of toxins, viruses, and expense. Plants have
been used in the past to circumvent these disadvantages, but
themselves have the added disadvantage of transgenic
pollen, which possibly leads to undesired propagation of
genetic modifications (Nigh et al. 2000; Wolfenbarger and
Phifer 2000), in addition to competing for land plots
normally allocated by the primary sector for agriculture.
Diatoms have the added advantageous potential to com-
partmentalize the processes introduced by transgenetics,
such that biochemical precursors could be synthesized in
one compartment apart from other biochemical processes
for subsequent processing in a separate compartment.
Because some diatoms can be grown asexually and in
closed fermentors, the problems associated with other
expression systems would be avoided.

Diatom genetic modification and future prospects

Besides harvesting naturally occurring substances from
diatoms grown optimally in bioreactors to high optical
densities, the next important prerequisite for achieving
lucrative production of substances in diatoms is gaining as
much knowledge about the organisms as possible, which
has been a continuing work-in-progress for many years
(Round et al. 2000).

Milestones in broadening the understanding of diatom cell
biology and biochemistry have been genome projects, which
are, in some cases, already published or underway (http://
genome.jgi-psf.org/Phatr2/Phatr2.home.html; Armbrust et al.
2004; Kroth et al. 2008). The complete data from
Thalassiosira pseudonana and P. tricornutum are used for
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reconstructing the cellular biochemistry and compartmental-
ization thereof in diatoms (Kroth et al. 2008; Mock et al.
2007). Localization assays with topogenic signals fused to
GFP led to the realization that targeting to various compart-
ments within organelles are highly differentiated (Apt et al.
1996, 2002; Gould et al. 2006a, b; Kilian and Kroth 2005,
Sommer et al. 2007). This determination was recently
confirmed by in depth in silico data showing that enzymes
for biochemical pathways are not always localized to one
compartment in diatoms (Kroth et al. 2008). This knowledge
in turn provides an essential basis for genetically modifying
diatoms to selectively compartmentalize novel biochemical
capacities to particular cellular locations in which key
precursors are already present and can be redirected into a
desired biochemical pathway.

One compartment, which may prove to be a very
lucrative site for introducing new and innovative capacities
may be the PPC, the remnant cytoplasm of a eukaryotic
endosymbiont, sealed off by the surrounding plastid
membranes.

Transformation

For several diatoms, including the already sequenced P.
tricornutum and T. pseudonana, transformation protocols
were broadened to introduce genetic material into diatoms
(Apt et al. 1996; Poulsen et al. 2006). All of these protocols
are based on biolistic methods, which led to random but
stable integration of foreign DNA into the chromosomes of

the cell nucleus. In combination with bioinformatics,
copious amounts of knowledge have been obtained by
transformation studies in recent years that now allow for
topogenic signal-mediated protein targeting to virtually any
cellular compartment of interest (Apt et al. 2002; Gould et
al. 2006a, b; Kilian and Kroth 2005; Lang et al. 1998).
Thus, using this complement of techniques, diatoms are rife
for synthetic biology. Nonetheless, a technique that would
be very helpful for many applications would be the ability
to supplant endogenous genes with introduced ones via
homologous recombination. In order to accomplish such an
aim, protocols must necessarily be optimized and the
frequency of transformation increased.

A further restriction on transformation is that the cell
nucleus is presently the exclusive target. Transforming the
plastid genome directly would be especially useful in the
expression of genes of prokaryotic origin because it would
minimize gene design and permit transfer directly to optimal
expression conditions. Overcoming such restrictions would
first require progress in transformation efficiency at the least.
Furthermore, such aims would probably necessitate novel
selection markers not presently in use because only a handful
of markers generating resistance to antibiotics have already
been tested (Apt et al. 1996), summarized in Table 1. The
use of a combination of multiple selection markers within
one diatom could be an effective alternative to the present
lack of antibiotic resistances (Poulsen et al. 2006).

A further prerequisite for effectively genetically engi-
neering diatoms is the use of inducible promoters, some of

Table 1 Summary of published transformable organisms and molecular tools involved in genetic manipulation of diatoms

Organism Promoter Marker Antibiotic Reporter/expressed gene Reference

Cyclotella cryptica Acc nptII G418 – 1
Navicula saprophilia acc nptII G418 – 1
Cylindrotheca fusiformis fcp sh-ble Zeocin eGFP 2, 3

nr frustulin
fruα hexose-transporter

Thalassiosira weissflogii fcp sh-ble Phleomycin/zeocin uidA 4
Thalassiosira pseudonana fcp nat1 Nourseothricin eGFP 5

nr sh-ble Zeocina

Phaeodactylum tricornutum fcp sh-ble nat1/sat-1 nptII Zeocin nourseothricin eGFP/eCFP/eYFP 4,6,7,8
nr G418a uidA
ca cat
PCMV Luciferase
PCaMV35S
PRSV-LTR

Table modified from Kroth (2007). References: 1—Dunahey et al. (1995), 2—Poulsen and Kroger (2005), 3—Fischer et al. (1999), 4—Falciatore
et al. (1999), 5—Poulsen et al. (2006), 6—Apt et al. (1996), 7—Zaslavkaia et al. (2000), 8—Sakaue et al. (2008)
acc acetyl-CoA carboxylase, fcp Fucoxanthin chlorophyll a/c-binding protein, nr Nitratreductase, fruα frustulin α 2/3, ca carbonic anhydrase,
PCMV promoter sequences of the cytomegalovirus, PRSV-LTR promoter of Rous sarcoma virus long terminal repeat, PCaMV35s promoter of
cauliflower mosaic virus 35s, Sh-ble zeocin/bleomycin binding protein, Nat1 nourseothricin acetyltransferase, Sat-1 streptothricin acetyltransfer-
ase, nptII neomycin phosphotransferase II, uidA β-glucuronidase, cat chloramphenicol acetyl transferase
a Low efficiency
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which having already become available. Overexpression
using a light-regulated promoter is in common use, the
disadvantages of which being the long (1–2 days) induction
time for expression with this promoter as well as the intense
light requirements (Apt et al. 1996). Induction of expres-
sion at high levels within minutes is shown to be possible
with the promoter of the nitrate reductase, initially
characterized in Cylindrotheca fusiformis (Poulsen and
Kroger 2005) and then in T. pseudonana (Poulsen et al.
2006). Thus, introduction and expression of heterologous
genes in diatoms seems to be a manageable task.
Nonetheless, techniques for homologous recombination
and for silencing of endogenous genes, i.e. siRNA and/or
miRNA, must be developed.

Summary

The most apparent problem with using diatoms for industrial,
commercial, and nutritional applications heretofore has been
the cheapness of the raw material of fossil oil and the
availability of easy processing of plant crops into cheap fuels
via fermentation. Due to the tenfold increase in oil price over
the last 10 years and boosted environmental awareness in the
general public, interest in the need for increased carbon-
neutral, renewable resource recovery has dramatically in-
creased worldwide. As land area for fuel crops become
increasingly scarce and competition for arable land for
agriculture increases, algal applications seem to become
increasingly enticing. The gap between the cost of fuel cost
and algal fuel production seems to be coming to a close, and
projections do not consider the immense amount of oil that
diatoms can produce (using 30% instead of 85% of dry
weight). Ideas as to funneling this carbon storage into the in
vivo production of other materials with genetic engineering
have not nearly reached fruition. Thus, future optimization of
resource production via genetic manipulation is definitively
the method of choice for making diatom biotechnology not
just viable but lucrative.
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