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Abstract The complexity of the biological system/biological systems has been fascinating and
chailenging for a long time. With the advent of mathematical tools with various omics technol-
ogy, systems biology was born and is already ubiquitous in every area of biology and biotech-
nology. Microalgal biotechnology is no exception in this new trend. As tens of microalgal ge-
nomes become publicly available on the Internet, vast amounts of data from genomics, tran-
scriptomics, and proteomics are reported everyday. Though there has not yet been enough data
gathered on microalgal metabolomics, the /in sifico models for relatively simple cyanobacteria or
for organelles, such as chloroplasts, will appear presently. With the help of systems biology, a
more in-depth understanding of microalgae will be possible. Consequently, most industrially-
interested microalgae can be metabolically redesigned/reconfigured as cell factories. Microalgae
will be served as the hosts in white biotechnology.
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INTRODUCTION

System-level approaches of biological systems started
in the early 1990s [11, though the first concept of sys-

- tem-level understanding was reported much earlier [2].

This holistic approach to understanding and simulating
biological systems became a hot issue in the first part of
the 21st century [3,4], forming a new discipline referred
to as systems biology. Systems biology-is-the global and
integrative study of biological systems and is linked to
various kinds of high-throughput omics that have made
remarkable contributions to understand biological sys-
tems and helping understand the cells as systems [5].

Over the past decades, our knowledge of biological
systems and living creatures has dramatically increased.
Additionally, the host of information on cell components
and compartments (such as organelles and tissues) has
produced to molecular levels (such as genes and pro-
teins). The reductionist approach of the 20th century has
achieved many cornerstones in bioscience and medical
areas. For example, Mendel’s work on heredity was based
on this reductionist approach while his contemporaries
failed to deduce any rules due to the complex nature of
heredity.

However, this reductionist approach often cannot see
the trees in the forest. Understanding the cells in a gene-
to-gene or gene to protein relationship between genes
and reactions or genes and phenotypes with minimal or
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no interaction between other genes and components has
some limitations. (i) This reductionist approach only
works for an isolated system with minimal or no connec-
tions to other components. The same protein from the
same gene can have a variety of functions depending on
the network state or connectivities [6]. (ii) A component
with a great number of connectivity tends to be more vital
for the cells to function properly, which cannot be deter-
mined or predicted using the reductionist approach. (iii)
The essence of life can be fully understood only when the
concentrations, the flux distributions, the reactions, the
connectivities, and the network state of all the compo-
nents such as genes, proteins, products, metabolites and
all the other molecules in the cell are known both quanti-
tatively and qualitatively.

On the other hand, systems biology in the 21st century
utilizes the integrative or holistic approach, using all the
available data from various techniques and high-end
computing powers with novel statistical analysis to recon-
struct the relationships and networks for all the existing
components in a multi-level, multi-variant manner. It was
these new omics techniques, mathematical methods and
computing powers that have hampered the development
of systems biology, even though the idea has been around
for quite some time. The reconstruction of the model
would be extremely hard and the proper simulation or
prediction for validation would not be possible without
the recent technological developments.

Systems biology investigates the behavior, structure, and
connectivity of all elements in a particular biological sys-
tem of a functioning state. In this study, a mathematical
model of this system will be reconstructed based on all
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available data on biological systems of interest. The devel-
oped model will allow hypotheses about the characteristics
and behavior of the system. These hypotheses can, in turn,
be verified by both in silico and in vitro experiments. The
in silico simulation will produce new data that will permit
verification of the hypothesis. Parallel in vitro experiments
will also generate new biological data, which will also help
validate the hypotheses developed. The iterative integrative
process will generate new biological information. The goal
of systems biology is to deduce a natural conclusion or to
understand cells as a system. When one has large amounts
of data from a particular reaction or system, one can list
the data one item at a time. This will indicate the most
precise data points but would be extremely difficult to see
the trends or to predict the data outside the obtained
range. However, if a mathematical model of the system
can be obtained, the model may not represent the precise
values, but would definitely be the simplest way to ex-
press the essence of the results. Furthermore, it would be
easy to see the trends and predict other situations through
extrapolation. Systems biology performs the same action
for a biological system of interest. The amount of data
from various omics techniques and conventional wet ex-
periments can be overwhelming even with a supercom-
puter to deduce trends. Having an in silico model using
systems biology would give biologists and biotechnolo-
gists of the 21st century the flexibility and insight to un-
derstand the dynamic interactions of biological systems.

What are Microalgae?

Unlike most taxonomy terms, the term “algae” does
not describe a particular branch of evolution, but instead
refers to all the photosynthetic organisms that are neither
plant nor bacteria. This means algae are all the photosyn-
thetic organisms that have chlorophyll @ in a thallus form
[7]. Simpler forms of algae that are either single cells or
undifferentiated multicellular are referred to as microal-
gae. If the multicellular algae differentiate in reproduction
and other functions (as in kelps and other seaweeds),
they are macroalgae. Euglena and similar genera are free-
swimming, single-celled forms that contain chlorophyll.
They are also able, under certain conditions, to ingest
food in an animal-like manner. The green algae include
most freshwater forms. The green slimes found in stag-
nant water and the green film found on the bark of trees
is green algae. The more complex brown algae and red
algac are primarily saltwater forms. The green color of
the chlorophyll is masked by the presence of other pig-
ments. Most algae are classified in the kingdom Protista
using a 5 kingdom classification or in the Eukarya do-
main in 3 kingdom system. Blue-green algae (cyanobac-
teria) have been grouped with other prokaryotes in the
Monera kingdom or Bacteria domain (Microalgae can be
considered as the most primitive form of plants). While
the photosynthesis mechanism in microalgae is similar to
that of higher plants, they are generally more efficient
converters of solar energy because of their simple cellular
structure. In addition, because the cells grow in aqueous
suspension, they have more efficient access to water, CO,,
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and nutrients,
Why Microalgae Now?

Microalgae are primary producers for food chain eco-
systems and are considered as a low utility group. How-
ever, as land resources are being depleted, microalgae are
now treated as substitute resources or new sources for
various biological materials. The number of microalgae
species has been estimated at between 22,000 and
26,000 [8], most of which are yet to be described or de-
fined. But some of the recent estimations suggest that
there could be well over 100,000 species of microalgae.
The high variety of species in various habitats is one of
the main reasons why microalgae are drawing renewed
interest from researchers. Microalgae can be used to pro-
duce a wide range of primary and secondary metabolites,
such as proteins, lipids, carbohydrates, carotenoids, vita-
mins, and other biologically active compounds [9-11].
Besides, some of the compounds from microalgae show
different characteristics from their counterparts from land
organisms [12]. Due to this vast potential, commercial
use of algal cultures spans approximately 50 years with
various applications to get the compounds from algae.
However, unlike the rapid and significant advances in the
biotechnological use of bacteria, yeast and mammalian
cells, algal biotechnology and the development of photo-
autotrophic cultures has progressed more slowly in spite
of their recognized utility [13]. The recent progress in
large-scale cultivation techniques such as efficient photo-
bioreactor (PBR) technology spreads the interests on mi-
croalgal cultures for various bioactive products and health
food.

Systems Biology to Understand the Complexity of Life

There are several important features and merits of sys-
tems biology. First, system structures and system dynam-
ics of microalgae (or any other biological systems) will be
well understood when using the system-level approaches.
Second, a system-level understanding of metabolic path-
ways, physiology and malfunction will provide a method
to control the state of cells, thus producing primary and
secondary metabolites. Finally, the applications of sys-
tem-level approaches in biotechnology provide the possi-
bility to design new biological systems with the desired
properties that do not exist in nature [14].

A pictorial roadmap of systems biology is shown in Fig.
1. As discussed earlier, systems biology involves a multi-
level, multi-variant approach, including the integration of
vast amounts of data from bioinformatics, genomics, tran-
scriptomics, proteomics, metabolomics, efc. as represented
in Fig. 1. These data will be the basis of the metabolic
models and separate models for regulatory networks and
signaling networks should be combined into the metabolic
model. Then, the iterative integrative process will fine-tune
the model to give a new method for white biotechnology.
Systems biology techniques, together with engineering
optimization, will generate cell factories that are efficiently
optimized to produce any metabolite in the cell.
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Fig. 1. Schematic diagram of systems biology to bring genomes
to life and then to cell factories.

For example, assume that there are only four compo-
nents in the cell as in Fig. 2. Each way of connecting all
components is a unique network state in the overall sys-
tem. Since the four components in Fig. 2 are different
from each other, identical connection patterns in differ-
ent orientations indicate a different state (show different
characteristics), as shown in the top line of Fig. 2.

How many ways are there to connect all four compo-
nents? Or, how many different states can a biological
system have with a mere four components? The diagrams
in the second and the third lines can be rotated to give
different network states, allowing/resulting in 4 times the
number of the diagrams (denoted with 4x in Fig. 2).
Likewise, the states in the fourth line have another con-
figuration with the same shape, but with a rotation of 90
degrees. Amazingly, there are 38 ways to make systems
with just these four components. This number will in-
crease exponentially if the characteristics of the connec-
tion are consideted. Any state of the network can have an
infinite number of possibilities through various factors:
the flux between the components, the effect of environ-
mental parameters such as temperature and pH, the con-
centration or the availability of components, the existence
of different alleles for the same component, the loss of
activity, and the mutation of a component. Consequently,

Table 1. Major databases for microalgal genome sequences

Biotechnol. Bioprocess E£ng. 2005, Vol. 10, No. 5

Example

4X

2X
1X

Fig. 2. Pictorial representation of various network states. There
are 38 ways to connect just 4 dots and the number of possible
network states increases exponentially as the number of nodes
increases.

one of the major goals of systems biology used in white
biotechnology is to find the best possible network state
among all possible network states to exploit the biological
system’s potential.

Genomic Researches for Microalgae

Microalgae can be found everywhere, both in terrestrial
and aquatic habitats (freshwater and marine) and have
extensively been studied, most recently due to the poten-
tials of secondary metabolites. These can be used as
pharmaceuticals, nutraceuticals (including dietary sup-
plements), fine chemicals and other bioactive compounds.
A large number of microalgae that have industrial poten-
tials or that are model strains with vast amounts of re-
search data are either completely sequenced already or
being sequenced.

As of August 2005, 275 complete genomes were pub-
licly available and nearly 1,500 genome projects are un-
dergoing research/study in major sequencing centers
[15]. Table 1 lists some databases that have genome se-
quences of microalgae. Among these, only a handful of
microalgal genomes are available on the Internet. They
are mostly cyanobacterial sequences with relatively smaller

Name

URL

CyanoBase: Genome Database for Cyanobacteria
Genome Projects of Cyanobacteria and Related Organisms
GOLD: Genomes OnLine Database

DOE JGI: Joint Genome Institute

NCBI Genome Project

TIGR - Comprehensive Microbial Resource

Genoscope

http://www.kazusa.or.jp/cyano/
http://bio.c.u-tokyo.ac.jp/labs/ikeuchi/c_genomeE.html
http://www.genomesonline.org/

http://www.jgi.doe.gov/
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi? DB=genomepr;j
http://cmr.tigr.org/

http://www.genoscope.cns.f{t/
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genome size. Up to now, at least 19 species of cyanobacte-
ria have been fully sequenced: Anabaena PCC 7120,
Anabaena variabilis ATCC 29413, Chlorobium tepidum
TLS, Chloroflexus aurantiacus, Crocosphaera watsonii
WH 8501, Gloeobacter violaceus PCC 7421, Nostoc
punctiforme PCC 73102, Nostoc sp. PCC 7120, Pro-
chlorococcus marinus SS120, Prochlorococcus marinus
MEDA4, Prochlorococcus marinus MIT 9312, Prochloro-
coccus marinus MIT 9313, Rhodopseudomonas palustris
CGAOQ09, Rhodopirellula baltica SH 1, Synechococcus
elongatus PCC 6301, Synechococcus elongatus PCC 7942,
Synechococcus sp. WH 8102, Synechocystis PCC 6803,
Thermosynechococcus elongatus BP-1, and Trichodes-
mium erythraeum IMS101. Furthermore, quite a few
number of cyanobacterial strains are currently being se-
quenced, including Prochloron didemni, Synechococcus
sp. CC 9311, Synechococcus sp. CC 9605, Synechococcus
sp. CC 9902, Synechococcus sp. PCC 7002, Synechococ-
cus sp. RCC 307, Synechococcus sp. WH 7803, and
Synechococcus sp. WH 7805 [16,17]. The size of most
cyanobacterial  genomes ranges between 1.5 to 9 Mb
usually with only 1 chromosome, which makes the ge-
nome projects of cyanobacteria relatively easy. Typical
cyanobacterial genome has 1,500 to 8,000 ORFs, which
give a rough ratio of 1 ORF per 1 kb.

However, for eukaryotic microalgae, no complete ge-
nome sequence is publicly available yet, though the
genome sequence of Chlamydomonas reinhardtii is almost
complete [16]. The genome of C. reinhardtii consist of 17
haploid chromosomes with mitochondrion and plastids
and the size of it is about 100 Mb. Due to the size of the
genome of eukaryotic algae, relatively few species are un-
der being sequenced: C. reinhardtii, Micromonas pusilla,
Ostreococcus sp. CCE 9901, Ostreococcus tauri, Thalas-
siosira pseudonana, and Volvox carteri {16,17].

As the number of available sequences increases expo-
nentially, annotation methods using bioinformatics and
other systematic analysis have developed accordingly.
Based on the experience in our own lab, about 60-80% of
sequenced cDNA clones of an eukaryotic microalgae could
be annotated based on similarity searches by BLAST [18]
even though there were very few sequences available for
eukaryotic microalgae in the online database. Simultane-
ous explosions of online sequence databases and bioin-
formatics tools along with Internet accessibility make
annotation process much easier than late 20th century.

Transcriptomics Research for Microalgae

Transcriptomics using DNA microarray are one of the
recent technological developments widely used to analyze
gene expression or transcriptional profiles despite the
difficulties in quantitative comparison. Presently, there is
only one commercial DNA microarray (CyanoCHIP, Ta-
kara Bio, Otsu, Japan) available for microalgae, though
there are some movements for developing for Synecho-
cystis PCC 6803 with 2,950 DNA fragments, which cover
about 95% of the total ORFs in the cyanobacterial strain
[19,20]. Most transcriptomics work reported to date, are
therefore on Synechocystis PCC 6803 using the Cyano-
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CHIP [21-25]. Other DNA microarrays that have been
developed and used are for cyanobacterial strains. The
Matsunaga Group developed the first cyanobacterial bio-
diversity microarray using bacterial magnetic particles
[26]. DNA chips with specific purposes were also de-
signed, such as the oligonucleotide microarray for detec-
tion and quantification of diverse genes of nitrogen cycle
[27]. Microarray for Prochlorococcus (P. marinus MEDA
and P marinus MIT 9313) - the smallest and most abun-
dant photosynthetic microbe in the oceans - is being de-
veloped for the analysis of gene expression patterns to
understand how these microbes cope with the dilute envi-
ronment of the oligotrophic oceans [16]. DNA microar-
rays for Nostoc sp. PCC 7120 and Synechococcus sp.
WH8102 are also being considered for development
[16,25].

As the sequencing of some eukaryotic microalgae is be-
ing completed, there are some reports indicating transcrip-
tional analysis of green algae. The circadian regulation of
transcription of C. reinhardtii was examined using a
c¢DNA chip [28]. Transcriptional profiling of astaxanthin-
induced Haematococcus pluvialis was performed by our
research team [29]. As discussed earlier, more omics data
including transcriptomics data from various DNA mi-
croarrays will help us reconstruct more vigorous in silico
models for microalgae. In turn, this will help us to under-
stand the microalgae themselves as systems.

Proteomics Research for Microalgae

There are only a few cyanobacterial proteomics studies,
which are mostly used as two-dimensional electrophore-
sis (2DE). They then go through sequencing by matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) techniques. Other re-
cent techniques such as ESI-MS/MS or MALDI-TOF
TOF are also widely used. Most cyanobacterial proteomics
studies carried out in Synechocystis sp. PCC 6803 [30-
35] and some reports on Nostoc commune DRH1, Nostoc
puntiforme PCC 73102 and Microcystis aeruginosa PCC
7806 were recently added [25]. Currently, most proteo-
mic works on microalgae are mainly focused on photo-
synthesis and other membrane-mediated functions [30,
31,34-38). A cyanobacterial 2D database, Cyano2Dbase
at Kazusa DNA Research Institute has completed infor-
mation on 234 spots from whole cell extracts as well as
50+ spots from thylakoid membrane fraction of Synecho-
cystis PCC 6803 [39]. Nevertheless, most cyanobacterial
proteomics works are still in rudimentary stages. Com-
pared to hundreds of proteomes from Bacillus or Pseu-
domonas, only a few cyanobacteria are represented by
their proteomes [40]. More detailed review on cyanobac-
terial proteomic studies can be found elsewhere [25].

Even less work has been reported on eukaryotic micro-
algae and most of them are used for commercialized
strains. Proteome analysis by SDS-PAGE of Nan-
nochloropsis salina, which is an important green algae in
aquaculture industry, indicated that cell protein profiles
depended on the pollutant concentration [41]. It has
been reported that there is a profound change in the cell
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wall composition of H. pluvialis as green algae synthe-
sizes astaxanthin [42]. Our lab also found that the ex-
pression profiles of the genes in carotenoid synthesis
pathways and stress related reactions changed dramati-
cally (unpublished data).

Metabolomics Research for Microalgae

As discussed above, the microalgae should be under-
stood as systems to be used as cell factories to produce
various bioactive compounds (refer to Fig. 1). The meta-
bolic reconstruction by systems biology begins with the
capture of data. Even though the major part of the avail-
able data is from the genomics, transcriptomics and pro-
teomics, the metabolomics data is the most important
factor in building successful in silico models. The me-
tabolome represents the collection of all metabolites in a
biological organism, which represents the end product of
its gene expression. Thus, while mRNA gene expression
data (transcriptomics) and proteomic analyses (pro-
teomics) do not tell the whole story of what might be
transpiring in a cell, metabolic profiling can give an in-
stantaneous snapshot (a specific network state) of the
physiology of that cell. One of the challenges of systems
biology is to integrate information for proteomics, tran-
scriptomics, and metabolomics to provide a more accu-
rate description of different network states of living or-
ganisms,

Despite the ultimate goal of systems biology and the
utmost importance of these techniques, genomics, tran-
scriptomics, and proteomics studies of microalgae (esp.
eukaryotes) are just started and few metabolomics re-
search on microalgae has been reported. However, the
recent advances in the metabolome measurement tech-
niques enable the simultaneous measurement of a large

number of metabolites, essential for metabolomic analysis.

Mass spectrometry (MS) also plays a leading role. MS
can be used alone for the simultaneous measurement of a
range of metabolites, but when combined with liquid
chromatography and gas chromatography the technique,
known as LC/MS and GC/MS, is respectively much
more powerful. Capillary electrophoresis combined with
MS (CE/MS) is a recent tool/method that is suitable for
high-throughput analysis with a small amount of samples
and high resolution {4]. Rapid and accurate metabolome
profiling will boost the number of successful in silico
models in the next decade.

Ethical, Legal and Social Issues (ELSI)
This new paradigm will eventually provide biotech-

nologists with powerful tools to accurately predict and
ultimately manipulate the biology of organelles and cells

as systems. This, in turn, will confer abilities to alter mi- -

croalgal sensitivity to environmental signals and to use
microalgae as cell factories. We not only may be able to
engineer the entire metabolism of the microalgae to
squeeze more products from the culture, but also to de-
sign de novo biological systems that can grow in wastewa-
ter and carbon dioxide, while producing energy and high-
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valued bioactive compounds. As the Kyoto Protocol will
come into effect from 2008, simultaneous carbon seques-
tration and renewable energy production would be a huge
change.

However, designing a new organism should be very
careful since the new organisms may have the potential to
harm the environment in some manners as some GMOs
did. As with any knowledge, systems biology may enrich
life by promoting knowledge and technologies that prom-
ise to enhance our health and quality of life, but at the
same time deteriorating life when used improperly. Intel-
lectual property issues may arise as well over the applica-
tions and commercialization of resources and data. To
maximize the benefits of these emerging technologies
while anticipating and minimizing risks, collaborations
and other cross-disciplinary interactions along with rig-
orous discussion between biotechnologists/biologists and
nonscientists will be necessary before the technology are
being exploited.

What Systems Biology Can Do for Microalgal Biotech-
nology

The development of bioinformatics is bringing an ex-
ponential growth in the utilization of new sequences, ge-
nomes, and expression protein profiles information from
cells to the whole body. In addition, molecular biology
data types of cyanobacteria that are sequence types, ribo-
somal and phycocyanin genes, and primary and secon-
dary metabolic genes, are being held within GenBank
[17]. Systematic analysis of gene and protein expression
profiles requires experimental technologies including
DNA microarray technology and proteomics. The Inter-
net makes it easy to access the accumulated molecular
microbiological data and the bioinformatics tools maxi-
mize the usefulness of these data. This knowledge and
new scientific research discovered using systems biology
can be combined to predict interacting networks in cellu-
lar processes, including phenotypes of whole microorgan-
isms in systems of higher complexity.

Systems biology is undoubtedly based on interdiscipli-
nary fields such as biocatalysis, biomathematics, biocom-
puting, biomolecular and cellular analysis, molecular struc-
ture, efc., together with conventional bioclogy and
biotechnology. In addition, a major importance needs to
be placed on the establishment of methodologies and
techniques that enable us to understand biological sys-
tems as only systems.

In silico models for relatively simpler organisms, such
as E. coli, Helicobacter pylori, Haemophilus influenzae,
and Saccharomyces cerevisiae are already available and
the mode is for more complex organisms, such as human
organs or human are being constructed [5,43]. Though
these models have been used for a short period only for a
handful or organisms or organs, enormous discoveries
have already been made. This trend will only be acceler-
ated. Currently, there is no in silico model for any micro-
algal strains. The models for relatively simple cyanobacte-
ria or for organelles, such as chloroplasts, will appear
within a year or so. With a deeper understanding of bio-
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logical systems and the appropriate simulation tools and
models, the increase in productivity in microalgal cultures
will be dramatically raised in a relatively short period. The
development of microalgal biotechnology may not have
kept the pace with the biotechnological use of bacteria,
yeast and mammalian cells till now, but the future of mi-
croalgal biotechnology will be as bright as any other areas
in white biotechnology.
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