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Improving biofuel production in phototrophic microorganisms with systems biology Biofuels (2011) 2(2), 125–144



Robert E Jinkerson1, Venkataramanan Subramanian1,2 & Matthew C Posewitz†1 Biofuels derived from algal energy carriers, including lipids, starch and hydrogen, offer a promising, renewable alternative to fossil fuels. Unfortunately, native algal metabolisms are not optimized for the accumulation of these renewable bioenergy carriers. Systems biology, which includes genomics, transcriptomics, proteomics, metabolomics and lipidomics, can inform and provide key insights to advance algal strain development for biotechnological applications. Recent advances in analytical technologies have enabled these sophisticated, high-throughput, holistic ‘omics’ techniques to generate highly accurate and quantitative datasets that can be leveraged to improve biofuel phenotypes in phototrophic microorganisms. The study of algal genomes and transcriptomes allows for the identification of genes, metabolic pathways and regulatory networks. Investigations of algal proteomes reveal protein levels, locations and post-translational modifications, while study of the metabolome reveals metabolite fluxes and intermediates. All of these systems-biology tools are integral for investigating algal metabolism from the whole-cell perspective. This review focuses on how systems biology has been applied to studying metabolic networks in algae and cyanobacteria, and how these technologies can be used to improve bioenergy-carrier accumulation.



Microalgae and cyanobacteria have high photosyntheticconversion efficiencies, rapid growth rates, diverse metabolic capabilities, accumulate relatively little recalcitrant biomass (e.g., cellulose and lignin) and are able to synthesize a diversity of biological energy carriers (e.g., starch, lipids and H2) that are relevant to renewable-bioenergy missions [1] . Algae store energy in two predominate forms, lipids and polyglucans, which can be converted into diesel-fuel surrogates and metabolized into a variety of biofuels (e.g., alcohols, H2 and lipids), respectively. Although intensive efforts are underway worldwide to produce biofuel feedstocks from water-oxidizing, photo trophic microorganisms, commercial success in the production of biofuels from these organisms remains an unmet challenge. The production of algal biofuels in an economically and ecologically sustainable manner will require a sophisticated understanding of algal physio logy and metabolism, in addition to advances in algal biotechnology. The existing information regarding the



mechanisms by which anabolic metabolisms, respiratory and fermentative processes, and diel metabolic cycles are integrated and modulate photosynthetic efficiencies is not sufficient to optimize phototroph metabolism for biofuel production. A detailed understanding of primary and secondary metabolisms will inform physiological culturing parameters, as well as potential genetic-engineering strategies, aimed at optimizing the synthesis of targeted bioenergy carriers. Existing knowledge gaps will need to be addressed in order to develop bioengineering approaches that allow scientists to tailor metabolic circuits for bioenergy production. Even in model organisms, such as Chlamydomonas reinhardtii, the function of many gene products remain unknown  [2] , hampering current efforts to devise metabolic and regulatory models that accurately predict metabolic fluxes under photoautotrophic growth conditions. Several species of algae are amenable to genetic modification and many transgenic strategies have been suggested and attempted to improve bioenergy-carrier
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yields [3] . In algae, various physiological stresses stimulate the accum ulation of polyglucans and/or lipid bodies; with nutrient (e.g., S, N, P and Fe) deprivation, being the most common mechanism. In addition, sulphur deprivation can induce susPhotosynthetic efficiency: The tained H2 photoproduction, which effectiveness of photosynthesis in plants and algae to convert light energy facilitates anaerobiosis and induces into chemical energy. hydrogenase activity. Even though Bioenergy carrier: Compounds it is known that these conditions synthesized by algae to store energy result in the production of bio captured during photosynthesis and energy carriers, the exact metabolic include, but are not restricted to, and regulatory mechanisms that polysaccharides, lipids and hydrogen. cause the drastic reorganization of Systems biology: Study of the cellular metabolism are unknown. components of a biological system, their interactions, and how these A n improved biotechnol og y interacting systems give rise to toolkit is required to fully leveran organism. age the metabolic capabilities of ‘Omics’: Used to describe the phototrophic microorganisms and techniques that comprise systems systems-biology studies will likely biology (e.g., genomics, proteomics and metabolomics). play a pivotal role in understanding and manipulating algal metabolism Alkanes: Fungible hydrocarbons (general formula for linear alkanes: to optimize the accumulation of CnH2n+2) that can be used directly as desired bioenergy carriers. a fuel. Systems biology, or ‘omics’, tools include genomics, transcript omics, proteomics, metabolomics and lipidomics, which attempt to accurately quantify and functionally characterize genetic elements, mRNA, proteins, metabolites and lipids, respectively. An overview of the advantages and disadvantages of these techniques is given in Figure  1. Omics techniques are generally top-down holistic methods that are high throughput and generate extensive datasets [4,5] . Advances in nucleotide-sequencing technology have revolutionized the speed and accuracy with which genome data can be acquired. Several algal genomes have now been Key terms



Cyanobacteria: Previously known as blue-green algae, are water-oxidizing, photosynthetic bacteria that, according to endosymbiotic theory, are the evolutionary precursors of chloroplasts in eukaryotic algae and higher plants.



Genomics



completed and several additional genome-sequencing projects are underway, which have provided critical insights into the metabolic pathways available in algal cells and revealed an extensive set of metabolic capabilities in most organisms. Moreover, these efforts have provided vital tools for gene identification, initial insilico metabolic-pathway maps, the study of gene function and establishment of putative regulatory networks. Specifically, nucleotide-sequencing technologies have facilitated the quantification of gene transcripts. Highthroughput analytical techniques, based primarily on advances in MS, have enabled the quantification of proteins and metabolites. Systems-biology techniques have already been applied to many other organisms [6,7] where they have been used extensively to understand human diseases [8] , and to metabolically engineer organisms such as Escherichia coli to a high level [9] . The utilization of systems-biology tools on algal systems has lagged behind these more extensively studied organisms; however, the intense interest in biofuels from phototrophic microorganisms will lead to explosive growth in omicsbased studies in photosynthetic algae and cyanobacteria in the coming years. Recently, the first wave of high-throughput omics studies on algae have begun to appear in the literature and are being used to analyze the dynamics of the transcriptome, proteome and metabolome under diverse environmental conditions (e.g., variable light and CO2 levels, anoxia and nutrient stress) in several species. The majority of these studies have focused on C. reinhardtii or Phaeodactylum tricornutum, a model green alga and diatom, respectively, for which genome-sequence information is publicly available, and for which relatively advanced genetic techniques are established. To guide hypothesis-driven research for the production of targeted energy-dense metabolites, or to engineer improved biofuels phenotypes, we must develop an understanding of how central metabolism is regulated and how the



Transcriptomics



Proteomics



DNA



mRNA



Advantages



• Identify new genes • Determine gene structure • Find putative genes • Comparative genomics • Evaluate evolutionary relationships



• Determine gene regulation • Find genes important to phenotype • Changes in gene expression



Disadvantages



• No gene function • Expression levels • Regulation



• Protein half-life • Difﬁcult to get complete • Post-translational modiﬁcation coverage of the proteome • No intracellular protein locations



Metabolomics



Protein • Identify proteins and protein levels • Post-translational modiﬁcations • Intracellular location • Protein complexes



Metabolites • Identify key metabolites • Changes in metabolites



• Difﬁcult to assess all metabolites • Time course needed for ﬂux analysis



Figure 1. Overview of system biology, with individual advantages and disadvantages for each technique listed.
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activities of critical enzymes are controlled. It is clear that algae are metabolically versatile, that subcellular compartments (e.g., mitochondria and chloroplast) uniquely contribute to overall cell metabolism and that several genes encoding critical metabolic enzymes are transcriptionally regulated by mechanisms that remain largely undefined. The primary goals of algal omics-based research include: ƒƒ Characterizing the effects of lesions that alter the activities of specific branches of central metabolism, lipid and carbohydrate metabolism, cellular energetics and metabolite fluxes, and photosynthetic activity; ƒƒ Physically locating specific metabolic enzymes (and



metabolomes) to understand the potential trafficking of metabolites between organelles and how that integrates with whole cell metabolism; ƒƒ Investigating transcriptional, translational and post-



translational processes that are used to regulate central metabolism. This article reviews studies focused on phototrophic microorganisms (algae and cyanobacteria) systems biology; how these relate to biofuel production; and how these results and systems-biology tools can be leveraged by scientists and engineers to increase algal biofuel production in native and engineered organisms. Genomics The advent of high-throughput, low-cost nucleotidesequencing technologies has produced a wealth of organismal genetic information, the study of which is termed genomics. Genomics is the generation and anal ysis of nucleotide sequences from genomes and cDNA collections, from which individual genes, repeat elements, gene arrangement and organization, and intergenome comparisons can be elucidated [10] . At its most basic level, the genome of an organism reveals insight into the structure and organization of the DNA, as well as potentially active metabolic circuits based on gene homology. Comparisons between genome sequences (comparative genomics) can identify conserved genes and metabolic pathways between species and can determine phylogenetic relatedness. Functional genomics, the genome-wide study of the function of genes and nongenetic elements within an organism, can determine the precise role of a gene product and its integration in metabolic pathways  [4,11] . The combination of biochemical, physiological and genomic data can be used to reveal active metabolic pathways and regulatory mechanisms, providing insights that can be leveraged to understand how individual pathways are integrated and can be potentially manipulated to optimize energy production and utilization [12] .
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Several algal genomes and organellar genomes have been sequenced. In Chlorophyta, whole genomes have been completed for C. reinhardtii [2] , Chlorella variabilis  [13] , Micromonas pusilla [14] , Ostreococcus lucimarinus  [15] and Ostreococcus tauri [16] , while in Bacillariophyta, P. tricornutum [17] and Thalassiosira pseudonana [18] genomes have been completed. In addition, the red alga Cyanidoschyzon merolae [19] and the Cryptophyta Guillardia theta [20] have been fully sequenced. There are also several unfinished algal genome-sequencing projects including those for the following species: Bacillariophyta – Cyclotella meneghiniana, Fragilariopsis cylindrus, Pseudo-nitzschia, Seminavis robusta and Thalassiosira rotula; Chlorophyta – Botryococcus braunii, Chlorella sp., Chlorella vulgaris, Coccomyxa sp., Dunaliella salina, Nephroselmis olivacea, Prototheca wickerhamii, Scenedesmus obliquus, Volvox carteri; and Rhodophyta – Chondrus crispus, Galdieria sulphuraria, Porphyra purpurea and Porphyra yezoensis; Stramenopiles – Aureococcus annophageferrens [21] . To date, more cyanobacterial genomes have been sequenced than eukaryotic genomes, owing to their reduced size and complexity. Some of these include Acaryochloris marina [22] , Anabaena sp. (Nostoc sp.) [23] , Microcystis aeruginosa [24] , Prochlorococcus [25] , Synechococcus sp. [26] , Synechocystis sp. [27] , Thermosynechococcus elongatus [28] and others [21] . Although cyanobacteria are not microalgae, they are water-oxidizing photosynthetic microorganisms that have attracted significant interest in bioenergy-production applications. ƒƒ Comparative genomics



The completion of multiple algal genomes has allowed the comparison of these genomes with different algal species, higher plants and other organisms. Comparative genomics is a useful tool for determining the genetic foundations of phenotypes that are not easily elucidated by the analysis of an individual genome. A comparison of two genomes will reveal conserved genes and pathways that often permit identification of common features among organisms, while unique genes are often responsible for the distinct traits that distinguish two species [29] . This technique can be used to identify genes responsible for unique phenotypes or metabolisms, which are influential for biofuel production. Genomic comparison of the red algae G. sulphuraria and C. merolae has revealed unique carbohydrate metabolisms not common to algae or plants and numerous unique carbohydrate transporters [30] . These findings could be used to increase intercellular carbohydrate levels or be leveraged in secretion pathways. Recently, comparative genomics was used to elucidate the genes involved in the microbial biosynthesis of alkanes [31] . Several species of cyanobacteria are known to produce
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alkanes; therefore, a comparative biochemical and genomic approach was taken to determine the requisite genes. A total of 11 strains of cyanobacteria were selected and evaluated for alkane production. Reverse genetics: Approach for Ten strains were determined to discovering the effect of a known gene produce alkanes, while one strain, on an organism’s phenotype via targeted gene disruption. Synechococcus sp. PCC7002, did not synthesize these hydrocarbons. The Synechococcus sp. PCC7002 genome was subtracted from the intersection of all ten alkane-producing cyanobacterial genomes, resulting in 17 genes common only to the alkane-producing strains. Of these, ten were of a known function and it was determined that two of these, an acyl-acyl carrier protein reductase and aldehyde decarbonylase, were responsible for alkane synthesis [31] . The discovery of the metabolic pathway for alkane synthesis will allow for the incorporation of this pathway into non-alkane-producing algae and cyano bacteria, facilitating the photosynthetic production of alkanes in biofuel processes. The most extensively studied unicellular, eukaryotic alga in the green lineage is C.  reinhardtii. The C. reinhardtii genome has been thoroughly examined since its draft release in 2003 and whole genome publication in 2007 [2] . A set of gene models was created for the full C. reinhardtii genome using ab initio, homologybased gene prediction and expressed sequence tag evidence [2] . These gene models were then compared phylo genomically to the gene models for other photosynthetic organisms in the green lineage, such as Ostreococcus and Arabidopsis. Proteins common to these photosynthetic organisms, excluding those found in nonphotosynthetic organisms, were identified and called GreenCut proteins. The GreenCut consists of 349 proteins involved in plastid biogenesis, photosynthetic electron transport, antioxidant generation, carbon fixation and plastidlocalized lipid and starch metabolism [2] . Of these 349 proteins, approximately 100 have unknown functions. One method that has been used to gain insight into these GreenCut proteins with unknown functions has been to examine their cyanobacterial analogs and determine if they are included into operons that may hold a clue to their function. For instance, two such proteins have been found to be present in a putative cyanobacterial operon associated with isoprenoid bios ynthesis  [32] . Since the generation of the initial GreenCut, a number of these unknown proteins have been functionally characterized, some of which have been defined as new proteins involved in the breakdown of chlorophyll [33] and others involved in regulating photosynthetic functions [34,35] . The functional characterization of such proteins involved in photosynthesis has validated the Key terms



Forward genetics: Approach for discovering the genetic basis of a phenotype which employs the creation of random mutations in an organism’s genome.
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predictive power of using comparative-genomic techniques such as the GreenCut in order to determine sets of proteins that are likely to be associated with specific cellular functions [32] . Comparative-genomic techniques similar to the GreenCut, can also be applied to other sets of genomes that are of interest from a biofuels perspective. This could enable genes assosiated with lipid (e.g., triacyl glycerol [TAG]) or hydrogen metabolism to be identified. For example, in order to characterize genes involved in TAG metabolism, the genomes of oleaginous eukaryotic algae in addition to oleaginous fungi and bacteria [36] could be compared to determine a list of common proteins. Proteins found within most cyanobacteria genomes could be excluded, since they cannot synthesize TAGs. The remaining set of proteins, which could be termed the ‘OilyCut’, would probably contain proteins associated with TAG biosynthesis and catabolism. The relatively small number of proteins found in such sets, compared with an organism’s complete set of proteins helps to focus study on proteins that are likely to be important in the desired metabolism. The classical forward genetics requirement of creating genome scale numbers of mutants is not required with this technique. Owing to the small number of identified proteins, reverse-genetic methods can be used to generate a mutant library of these proteins, some of which will probably be aberrant in the metabolism in question. This mutant pool can then be phenot ypically evaluated to elucidate gene function and metabolic significance [32] . Comparative genomic data, such as the GreenCut, and predictive gene models, can be utilized to generate algal gene targets for use in reverse-genetic strategies. These strategies can be used to elucidate gene function or to alter genes that are influential for bioenergy-carrier production. RNA interference has been used to alter photosynthetic antenna sizes, which can increase light penetrance in algal cultures [37,38], and to investigate lipid droplets [39] . Genomic information has successfully been utilized in PCR screens of mutant libraries to isolate algal strains with specific mutations relevant for biofuel production. In one study, an insertional mutant library was screened to identify putativesulfate transporters, which play an important role in intercellular sulfur transport and ultimately hydrogen production [40] . Genomics can provide a wealth of information on the presence of putative genes and gene arrangements, but does not provide a complete picture of all cellular processes. The mere presence of genes is not suff icient in itself to understand cellular processes, since genes may be differentially expressed, or their protein products may catalyze slightly different chemistries.
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Genomics focuses on DNA, which is generally considered static information and does not appreciably change in response to short-term environmental changes. In contrast, transcriptomics is used as a tool to interrogate relative biological responses to various environmental stimuli at the transcriptional level. Transcriptomics Transcriptomics is the measurement of global gene expression through a quantitative assessment of mRNA levels. Intracellular mRNA transcript levels generally reflect the genes that are actively being expressed at specified time points under defined environmental conditions. Transcriptomics has three specific aims: ƒƒ Identify all components of a transcriptome, which includes mRNAs, small RNAs and noncoding RNAs; ƒƒ Determine how genes are transcribed, specifically 5´



and 3´ ends, untranslated regions and splicing patterns; ƒƒ To quantify changes in gene transcript levels under



various physiological and environmenta conditions [41] . Four high-throughput methods have emerged for transcriptomic studies: ƒƒ With no a priori gene knowledge, genes differentially expressed under different experimental conditions are identified by differential display, serial analysis of gene expression, or by suppression subtractive hybridization; ƒƒ With a priori gene knowledge, cDNA or oligonucle-



otide microarrays can be used to assess differences in gene expression [42] ; ƒƒ Direct sequencing of expressed sequence tags and



cDNA library clones [43] ; ƒƒ Direct sequencing of RNA or cDNA without any



cloning steps (RNA-Seq) [41] . For more in-depth technical overviews of microarray development see Hegde [44], and for more information on nucleotide-sequencing technologies for transcriptomics see Pariset [45] . Transcriptomics can be a useful tool for understanding and increasing algal biofuel production. Evaluation of transcriptome data can resolve the differential regul ation of metabolic pathways under various environmental conditions and stresses. In addition, mutant strains can be used to determine how complex algal metabolic systems compensate for specific genetic lesions. The C.  reinhardtii transcriptome is the most extensively studied algal system, owing to a large research community, the early availability of genomic data, and the completion of several macroarrays and microarrays [42,46–48] . The advent of microarrays for C.  reinhardtii has allowed for the extensive study of its transcriptome
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under a variety of environmental situations and in various mutant backgrounds. The transcriptome of C. reinhardtii has been examined under conditions of high and low light [46] , inorganic carbon availability [48] , oxidative stress [49] , anaerobiosis [50,51] and under sulfur  [42,47] and phosphorus [52] deprivation. In addition to C. reinhardtii, DNA microarrays have been created for Euglena gracilis [53] , the red alga C. merolae [54] and the green alga Haematococcus pluvialis [55] . The transcriptome of C. reinhardtii has been extensively studied under conditions of dark anoxia, which is of particular interest for bioenergy-carrier production. In the dark without oxygen, an extensive set of fermentation pathways are activated, in which a variety of biofuel-relevant products are produced, such as ethanol, formate, acetate, succinate and hydrogen [50,51] . Microarrays and quantitative PCR were used to investigate global changes in gene expression as C. reinhardtii cells acclimate to conditions of anoxia, and initiate fermentative metabolism. During this acclimation to anoxia over 500 transcripts increased significantly, some of which encode proteins responsible for the production of ethanol, organic acids and hydrogen. In addition, transcripts encoding transcription and translation regulators, hybrid cluster proteins, proteases, catalase, prolyl hydroxylases, transhydrogenases and proteins of unknown function were also differentially expressed. In fact, the majority of differentially expressed genes detected by microarray analysis, greater than 70%, encode putative proteins of unknown function [50] . These proteins of unknown function are probably involved in the regulation and metabolic partitioning of fermentative pathways, and are thus excellent biofuel-relevant targets for further study. The transcriptome of several algal mutants have also been studied. Analysis of specific mutant backgrounds can bring insights to how cells can adjust metabolic fluxes when specific pathways are blocked. The transcriptome of the C. reinhardtii hydEF mutant, defective in an essential radical S-adenosylmethionine protein required for the assembly of an active [Fe–Fe] hydrogenase [56] , has been extensively studied to determine how this mutant metabolically compensates for its inability to produce hydrogen [51] . Although the majority of the transcriptional changes exhibited under anoxia are common to both the parental wild-type strain and the hydEF mutant, there are some marked differences. In the mutant, the pyruvate carboxylase and malic enzyme transcript levels increase significantly, which correlate with the increased production of succinate seen in the mutant [51] . The hydrogenase is thought to function as an electron valve; however, without this outlet, the cell appears to compensate by producing succinate in order to oxidize reducing equivalents and
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continue glycolysis. The investigation of this and other algal mutants show that algae often have complex and dynamic metabolic networks that can compensate for metabolic perturbations and that single-gene disruptions can significantly alter transcription and metabolite levels. Transcriptomics can thus provide insights into how cells metabolically compensate for these changes. Transcriptomics holds the potential to unlock key findings that can greatly advance the field of biofuels. Study of the transcriptome can identify unknown genes responsible for specific phenotypes, metabolic pathways and biological processes. One gene, or set of genes, that are currently unknown, but are of critical importance to biofuel production are the ‘lipid trigger’ genes. The algal ‘lipid trigger(s)’ is a gene (or set of genes) that are hypothesized to be responsible for the drastic reorganization of carbon-energy stores into neutral lipids under nutrient stress, most notably during nitrogen deprivation. At the conclusion of the Aquatic Species Program – an 18-year program to develop renewable transportation fuels from algae operated at the National Renewable Energy Laboratory – no obvious ‘lipid trigger’ was found based on conventional-genetic and molecular-biology techniques [57] . Transcriptomics could reveal such a ‘lipid trigger’ if it exists. Tracking changes in the transcriptome when algae transition into nutrient-stress conditions may reveal unknown genes or transcription factors that play a role in lipid-body formation and accumulation. Comparison of several transcriptomes, or comparative transcriptomics, of different species of nitrogen-deprived oleaginous algae could elucidate conserved proteins involved in acclimation to nitrogen deprivation, some of which would be associated with TAG biosynthesis. High-throughput nucleotide sequencing has allowed several new methodologies for studying algal transcript omes. RNA can be converted into cDNA, with or without amplification, and then directly sequenced, a process termed RNA sequencing or RNA-Seq [41] . Alternatively, RNA can be directly sequenced, without the creation of cDNA [58] . For a comparison of the advantages and disadvantages of RNA-Seq and microarrays see Figure  2 . One major advantage of RNA-Seq over microarray-based technologies is that a priori genomic knowledge is not needed to determine the transcriptome. This technique is ideally suited for transcriptome analysis of nonmodel algae without complete genome sequences. RNA-Seq has low-background signals and can detect a larger dynamic range of expression levels than microa rrays [41] . RNA-Seq is already gaining widespread use for Arabidopsis  [59] and yeast [60] and is starting to be used for algae. In a recent study, the transcriptome of a wild-type C.  reinhardtii and a mutant defective in SNRK2.1



130



Biofuels (2011) 2(2)



– a Ser-Thr kinase required for acclimation to sulfur deprivation – were evaluated via standard microarray and RNA-Seq technologies [61] . Quantitative real-time PCR data revealed that the microarray analy sis was less sensitive than the RNA-Seq at estimating changes in low abundance transcripts and that RNA-Seq has an overall larger dynamic range. The RNA-Seq assessments have yielded extensive quantitative data sets on the transcriptional responses to sulfur deprivation in the wild-type and mutant strains, a nutrient-stress condition that is important for bioenergy-carrier accum ulation  [61] . The transcriptome of C. reinhardtii has also been evaluated using RNA-Seq under conditions of nitrogen limitation [62] , a stress condition that is of particular interest for biofuel production due to the accumulation of starch and TAG. Genes involved in lipid biosynthesis such as pyruvate decarboxylase and diacylglycerol acyltransferase, enzymes in the pentose phosphate cycle, genes involved in nitrogen assimilation, and gametogenesis genes were all upregulated while expression levels of genes encoding lipases, glyoxylate cycle enzymes and gluconeogenesis enzymes all dropped under nitrogen deprivation [62] . These studies have demonstrated several advantages of using RNASeq technology over standard microarrays for algal transcriptional analysis. RNA-Seq has the potential to increase the ease and throughput of transcriptome analy sis in many strains of algae of importance for biofuel production, and will probably be a useful tool for future algal research, especially in nonmodel algal systems where no microarrays exist. Transcriptomics can inform researchers of changes in gene regulation and expression, and how algae respond to different environmental stimuli. However, transcript omics does not address transcript-translation rates, protein abundance, post-translational modification or intercellular locations of proteins and metabolic pathways. Proteomics and metabolomics can address some of these issues with protein abundance and location, in addition to metabolite concentrations and flux. Proteomics Proteomics is the study of an organism’s accumulated proteins, their intracellular location, abundance and any post-translational modifications. The proteome is dependent on environmental conditions and the physiological status of an organism, and can help reveal metabolic processes that are active. Preliminary evidence for the existence of a gene can be obtained from genomic and transcriptomic analyses; however, the direct evidence required to verify gene translation can only be obtained by isolating and identifying a protein via its corresponding sequence. Proteomics is used to evaluate whether genes are translated into protein,
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Microarrays



RNA-Seq



Advantages



• Genome-wide analysis • Amenable for large sample number • Short turnaround time • Streamlined protocols • Relatively inexpensive



• Sequence data not needed • Allows for transcript discovery and genome annotation in non-model organisms • Ability to detect small RNAs



Disadvantages



• Sequence data needed • Sensitivity limitations due to hybridization • Usually developed for model systems only



• Data analysis tools not as developed • rRNA removal needed from samples • Currently relatively expensive



Figure 2. Advantages and disadvantages of transcriptome-measurement techniques: microarrays and RNA-Seq.



determine protein levels and localization, delineate intermolecular protein interactions and to identify protein post-translational modifications. Since the advent of polyacrylamide gel electrophoresis (PAGE), the field of proteomics has been continuously evolving. The most commonly used proteomic techniques involve the use of sodium dodecyl sulfate (SDS)-PAGE gels to separate proteins based on molecular weight followed by the identification of individual proteins using antibodies. However, this approach is generally used to identify only a small set of proteins from a whole proteome. A higher throughput approach is 2D electrophoresis (2-DE). This involves separating proteins based on their isoelectric point, in the first dimension, followed by its molecular weight, in the second dimension [63] . High-quality protein extracts are subjected to isoelectric focusing on immobilized pH gradient gels, followed by separation based on individual protein molecular weight using SDS-PAGE gels. Proteins can then be visualized by staining using colored or florescent dyes to provide qualitative as well as quantitative information about the proteome. This technique is useful for determining differential protein expression levels across various culture conditions. Depending on the complexity of the protein extract, several hundred proteins can be detected on 2D gels. To determine amino acid sequences, individual protein spots can be cut from these gels and then identified using various MS techniques such as MALDI-TOF and LC–MS/MS. An improvement to this technique is the differential in-gel electrophoresis (DIGE) technique. This involves labeling proteins with fluorescent dyes such as Cy3, Cy5 or Cy2, prior to separation in the first dimension. The advantage of this technique is that two different protein extracts (e.g., from two different growth conditions) could be labeled individually with two different dyes (typically Cy3 or Cy5) and compared on the same gel, thereby halving the number of SDS-PAGE gels needed for any experiment. A third protein extract is prepared



future science group



that contains a mixture of both the protein extracts (half the amount of what was used for labeling with Cy3 or Cy5) and is labeled with the third dye (typically Cy2). This mixture is used as an internal control in all DIGE experiments, where every protein from each sample is represented. This step improves confidence in matching spots from different gels as well as strengthens the statistical significance of matched protein spots. An alternative to 2-DE is to sequentially cut out sections of individual lanes from 1D PAGE gels, digest all proteins with a protease such as trypsin, extract peptides and separate peptide fragments using column chromatography in line with a MS. The principal advantage of this technique is that it is much faster than conventional 2-DE. However, a disadvantage is having a mixture of proteins in every gel slice, thereby adding the requirement of improved MS instrumentation and/or bioinformatics capabilities that are able to identify proteins from complex mixtures. Advances in MS technologies are progressively making protein identification from biological samples easier. Genome-sequence data, in addition to gene annotations, can also assist in protein identification. Identifications of pure/single proteins can be made with simpler technologies such as MALDI-TOF. However, more advanced instruments such as the LC–MS/MS, MALDI-TOF/TOF are needed for identification of proteins from complex mixtures. Shotgun sequencing involves isolating protein extracts from whole cells or cell organelles, fragmenting the proteins and directly identifying individual proteins contained in the mixture using MS. Protein fragments are separated on chromato graphy columns that are connected in line with mass spectrometers. Advantages of this technique include identification of thousands of proteins in a single run along with reduced experimental time and complexity. Shotgun sequencing has been used in both qualitative and quantitative experiments. MS has an additional advantage of mapping post-translational modifications
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Key term



such as glycosylation and phosphorylation. Advances in quantitative shotgun technologies include stable-isotope labeling of amino acids in cell cultures (SILAC), isotope-coded affinity tagging (iCAT), isobaric tags for relative and absolute quantification (iTRAQ), global internal-standard technology (GIST), in-gel stable isotope-labeling (ISIL) and isotope-dilution strategies [64–72] . Similarly to other ‘omic’ techniques, algal proteomics has primarily focused on the model green alga, C. reinhardtii. Many proteomic studies in this organism have aimed to understand the proteins involved in photosynthesis, which is essential for algal biofuel production. Increasing algal photosynthetic efficiencies can improve algal growth and can be leveraged to direct photosynthate into targeted metabolites for biofuel production. Proteomic studies focusing on photosynthesis have emphasized examination of the chloroplast, specifically the thylakoid membranes, where the photosynthetic machinery is located. In an attempt to better understand light harvesting efficiency in C. reinhardtii, Hippler et al. separated and identified 30 light harvesting complex proteins from thylakoid membranes using 2-DE followed by protein identification using nano electrospray MS [73] . This study revealed that more hydrophobic membrane proteins such as PsaA polypeptide, which contains 11 transmembrane domains, could be separated using 2-DE. Subsequently, the same group revealed the presence of at least nine Lhca proteins and eight Lhcb proteins in the thylakoid membranes [74] . This approach could be used for the identification and comparison of light-harvesting complex proteins from algal strains with high-photosynthetic efficiencies to determine which proteins are responsible for this phenot ype. Once known, these proteins could be expressed into other algal strains in an attempt to increase photosynthetic efficiencies. In order to understand the translational regulation of these and other chloroplast-associated proteins, a proteomic evaluation of the chloroplast-translational machinery was performed by Yamaguchi et al. [54] . They identified 20 different ribosomal proteins among which, three proteins, S2, S3 and S5, were found to be larger than their orthologs and were predicted to be interacting with S1 and PSRP-7 proteins, which is a unique aspect of this organism and of importance for chloroplastic-protein expression. Heterologous-protein expression in the chloroplast may be an efficient way to directly access metabolites produced from photosynthesis or to produce hydrogen from inducible gene expression systems [75] . The mitochondrion is also an important organelle for biofuel synthesis, particularly for photobiological hydrogen production. Mitochondrial respiration



Photosynthate: Chemical product of photosynthesis.
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consumes oxygen produced during the water-splitting activity of photosystem II that would otherwise inhibit hydrogenase activity. Furthermore, acetyl coenzyme A, which is an important precursor in fatty acidbiosynthesis pathways, is also generated in the mitochondria. Using a combination of blue native-PAGE 2-DE, and N-terminal sequencing, the major oxidative phosphor ylation complexes, namely F1F0-ATP synthase, NADH-ubiquinone oxidoreductase, ubiquinol-cytochrome c reductase and cytochrome c oxidase, were resolved in addition to the identification of other proteins such as the chaperone HSP60, alternate oxidase, aconitase and the ADP/ATP carrier proteins from the C. reinhardtii mitochondrial fractions [76] . Studies that map proteins from the mitochondrion and chloroplast, provide insight into the relatively less studied complex interplay between the two energy-generating and consuming organelles that could be exploited for efficient carbon fixation and channeling of photosynthate into biofuel-precursor production pathways. Efficient light assimilation and biomass-accumulation rates are also important qualities for biofuel-production strains. Cell division and its regulation affect biomass accumulation, so cell cycle manipulation could be used as a method to increase biomass yields. Increasing biomass, but limiting cell division is one approach to increase the accumulation of useful storage products in algae. Centrioles are organelles that act as basal bodies for assembly of cilia and flagella during the interphase of cell division. In order to improve the understanding of the function of algal centrioles, and thus cell division in C. reinhardtii, MS-based protein-identification technology was employed that identified 45 centrioleassociated proteins [77] . Although, this study was not directed towards biofuels research, information generated from this and similar studies can be extrapolated towards biofuel research. Eyespot and flagella are two other organelles that are given extreme importance in C. reinhardtii research. Efficient regulation and understanding of the phototactic signal transmission from the eyespot to the flagella is important to allow for efficient carbon sequestration, which is in turn translated into useful biomass or storage molecule accumulation for biofuel research. The eyespot study revealed 202 proteins that were shown to be involved in structural organization of the eyespot apparatus as well as phototactic movement [78] . Furthermore, the authors also showed the role of one of the identified eyespot protein kinases, CK1, in several physiological functions of the cell. Flagella proteomics has primarily concentrated on the identification of phosphorylated proteins in this organelle [79] . Phosphorylation appears to play an important role in molecular signaling in this organelle, which is also highlighted by the fact that several kinases and
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phosphatases have been found in previous studies of flagella and cilia [80–82] . These reports elucidate the importance of post-translational modifications (e.g., phosphorylation) in this organism. Further evidence for the presence of phosphorylation was recently provided by Wagner et al., where 32 phosphoproteins were identified using a MS approach [83] . Understanding the role of phosphorylation, as well as other post-translational modifications, in algae under biofuel-producing conditions will be critical in understanding the interplay between metabolic-pathway regulation and protein levels. Redox regulation is another mechanism of protein regulation that impacts biofuel-producing organisms. Thioredoxin-mediated thiol-disulfide interchange is an area of study that has recently been gaining attention in algae because it has been observed in land plants [84] . A similar mode of regulation is probably present in algae, which is supported by the numerous thioredoxin targets that have been identified using proteomics techniques in C. reinhardtii [85] . Production of bioenergy carriers and their precursors often affect the redox balance of the cell, so future study on how these changes effect redox regulation and overall biofuel yields needs to be conducted. Other studies on C.  reinhardtii have focused on understanding the physiology of this alga under diff erent environmental stress conditions. Generation of algal strains that are capable of thriving under changing environmental (e.g., light and temperature) and/or other stress conditions (e.g., nutrient deprivation, high/low pH, salinity and toxicants) will be an important trait of biofuel-production strains cultured in open environmental conditions  [3] . Forster et al. identified 105 proteins in C. reinhardtii that were differentially regulated in response to high and low light treatments when compared between the wild-type and two very high lightresistant mutant strains [86] . Among the other proteins identified, these mutants specifically were found to have altered their light-harvesting and photosystem II complexes, as shown by altered levels of NAB1 and RB38 proteins, in addition to demonstrating increased levels of chaperone proteins. Another study was based on the response of C. reinhardtii towards the toxic heavy metal, cadmium  [87] . This study revealed an increase in oxidative stress response proteins and decreases in photosynthetic and carbon fixation-pathway proteins, among others, as a response towards cadmium toxicity. This was followed by a study by Naumann et al. to understand the adaptive response of green alga towards iron deficiency [88] . Specifically, they found a decrease in photosystem I polypeptides and an increase in some photosystem II polypeptides in response to iron-stress  [88] . Furthermore, Cid et al. recently showed the response of this alga towards acid stress, which specifically revealed a
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drastic reduction in carbon fixation and photosynthetic proteins [89] . It is evident from these studies that the two photosystems are uniquely altered in response to varying stress conditions, and insights from such studies could provide a basis for the development of genetically altered strains of algae that are resistant to heavy metal toxicity, varying salinity levels, high light intensities and other fluctuating culture conditions. Although there are transcriptomic studies that probe the physiology and regulation of genes during hydrogen production in C. reinhardtii [50,51,90] , studies of gene products and their mode of regulation in this organism are more limited. Several recently published proteomic articles assaying anaerobic metabolism and sulfurdeprived conditions are the only direct studies thus far to investigate hydrogen production by this green algae from a proteome perspective [91,92] . Evidence of metabolic rerouting has been observed under these different hydrogen-producing conditions that gives a better overall view of metabolic changes that occur during hydrogen production in C. reinhardtii. Even the C. reinhardtii proteome has thus far been relatively unexplored in areas of research that will directly improve biofuel production. Future research efforts will probably study the diff erent conditions under which renewable biofuels such as hydrogen and biofuel precursors (e.g., fatty acids) are produced by this organism. Such studies would provide a linkage between transcriptomic and metabolomic data, bridging the gap between the genome and the final accumulation of metabolic products. In addition to C. reinhardtii, the proteomes of several other species of algae have been evaluated. The green alga D. salina has been studied for its ability to tolerate high-saline environments. This adaptation has been of interest owing to its potential to reveal the physiological mechanisms necessary to protect against salt stress; a strategy that could be employed in other algal strains, in addition to traditional crops, to improve their survival under highly saline conditions. Blue nativePAGE or 2-DE, in combination with LC–MS/MS, has been commonly used in proteomic studies of D. salina [93,94] . The photosynthetic activity in most plants and cyanobacteria is known to be inhibited by high salt conditions. However, D. salina responds to this stress condition by enhancing CO2 assimilation and by accumulation of the osmolyte, glycerol [93,94] , which is a unique mode of adaptation. Another study has involved shotgun proteomics to study the effect of hyper-saline conditions on flagellar proteins in this organism [95] . Seawater and saline aquifers are likely to be the most available and low-cost water resources for algal culturing. Insights into the haloprotection mechanisms used by D. salina will be of importance for understanding what is required for photosynthesis
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to occur in high-saline conditions. Reports on whole cell and subproteome analyses on other marine and halotolerant alga are also available, although the primary interest has been to understand the physiology of these algae under environmental stress conditions or their ability to produce industrial important metabolites (e.g., pigments). Published reports include those from Haematococcus sps., Nannochloropsis sp., Scytosiphon sp. and Pseudokirchneriella sp. [96–100] . In comparison to eukaryotic algae, cyanobacteria are more extensively studied with respect to proteomic analyses; with Synechocystis sp. PCC 6803 being the most intensively studied cyanobacteria. Proteomics in cyanobacteria can be classified into membrane and soluble fraction proteomics. Since the late 1990s, there has been extensive research carried out to identify the regulation of proteins under different environmental, nutrient, and stress conditions in this organism. Since it is estimated that nearly a third of all the proteins in Synechocystis are membrane-bound, special emphasis is given to membrane-based proteomics. These include studies involving all membranes as a whole [101,102] or involving membrane fractions from thylakoids  [103,104] and plasma membranes [105–108] . Most of these reports have used 2-DE in combination with MALDITOF MS. In particular, the presence of major protein complexes such as those belonging to the photosynthetic electron flow, ATP synthesis, NADPH-dehydrogenase and so forth, along with the identification of proteins involved in redox signaling, cell motility and ion transport among others, have been reported in the above studies. Information about its cell structure, physiology, photosynthetic apparatus and nutrient uptake generated from these membrane-bound proteomic studies could provide a mechanism by which metabolic flux could be redirected towards biofuel-precursor production. In terms of soluble protein proteomics, studies have primarily focused on understanding the mechanism by which this organism adapts to changing environmental influences. Specifically, studies involving salt stress, acid stress, heat shock and ultraviolet-light exposure have been performed [109–114] . With its potential to be used in the synthesis of important biofuels and/or their precursors, studies dealing with adaptation to stress conditions are valuable towards developing more environmentally tolerant strains. There are some reports on proteomic studies on the cyanobacterium Synechococcus sp. with respect to proteins involved in cell division and protein interactions that form the structural aspect of the ribulose-1,5-bisphosphate carboxylase/oxygenase- (rubisco) containing organelle, carboxysome [115,116] . The cyanobacterium genus Nostoc has been studied with respect to understanding nitrogen fixation, their life cycle, as well as their potential use in hydrogen
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production. Under nitrogen limitation, cyanobacteria can fix atmospheric nitrogen into ammonia using the enzyme nitrogenase, which is also capable of producing hydrogen. This enzyme is located in differentiated cells called heterocysts. Proteomics in this organism have used more global approaches when compared with studies of Synechocystis. Specifically, iTRAQ-based analysis has been used to investigate proteomic changes during nitrogen fixation in this organism [117,118] . Collectively, an increase in the levels of proteins involved in energy and carbon metabolism, nitrogen assimilation and photosystem I components has been reported under nitrogen-fixing conditions. Another study involving a combination of gel filtration and 2D-LC–MS/MS technique has been used to analyze the soluble proteome of a different species of this filamentous nitrogen-fixing cyanobacterium in the presence of ammonia as a nitrogen source [119] . A comparison of proteomic profiles between photoautotrophic and diazotrophically grown cells has been reported using 2-DE and MALDI-TOF techniques that revealed the identity of proteins related to stress, motility, secretion, post-translational modifications and those containing thioredoxin targets that were not reported earlier [120] . A detailed analysis of the heterocysts has also been carried out using an iTRAQ approach where protein extracts were labeled with eight different iTRAQ tags followed by LC separation on strong cation exchange columns and identification of proteins using LC–MS/MS [118] . With respect to Anabaena sp., which is another nitrogen-fixing cyano bacterial genus, proteomic studies have focused on soluble cell proteomics, in addition to copper homeostasis and the effect of pre-exposure to heat on UV-B toxicity [121–123] . Understanding the cross-talk between the vegetative cells and the nitrogen-fixing heterocysts is a key factor towards developing this organism for hydrogen production. Regulation of photosystems with simultaneous funneling of the reducing equivalents from vegetative cells to the heterocysts is crucial for maintaining an oxygen-free atmosphere and functional nitrogenase enzymes in heterocysts. Such proteomic studies could therefore provide valuable information on the levels of expression of proteins in heterocysts and their regulation with respect to the overall cellular metabolism (including photosynthesis) in this oxygenic photosynthetic organism. The cyanobacterium, Spirulina sp. is primarily known for its use as a food supplement owing to its high protein and fatty acid content. This organism has been investigated extensively by Hongsthong’s group at the level of proteomics using 2-DE and MALDI-TOF MS for understanding their global protein regulation in response to temperature, light, and their two morphological forms [124–126] . Information regarding
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RNA stability of fatty acid genes, chlorophyll bio synthesis, and changes in cell shape in response to altering environmental conditions were obtained in these studies. In addition, there are proteomic studies on other cyanobacteria including Prochlorococcus sp. and Gloeothece sp. in response to light and quorum sensing, respectively [127,128] . Diatoms, which can accumulate large quantities of triacylglycerides, are of significant interest becuase of their lipid productivities [129,130] . There is only one proteomic study to date in the diatom Thalassiosira pseudonana, where a lyse-N-Go shotgun approach was used to investigate biochemical pathways in this organism [131] . The field of renewable energy is expected to benefit immensely from the advent of new-labeling technologies, which provide more quantitative information on protein accumulation. Although, there is a dearth of research aimed directly at biofuel production in microalgae and cyanobacteria, it is only a matter of time before such studies are conducted. Future studies will specifically address the effects of environmental conditions, nutrient deprivation, light levels, temperature fluctuations, CO2 levels and the myriad of other factors that directly influence the production of important biofuels or their precursors in photosynthetic organisms. Quantitative proteomics can be performed between two test conditions using SILAC or iCAT labeling techniques. In addition, comparisons between more than two different growth conditions have become much easier with the availability of iTRAQ-labeling reagents. It should not be ignored that regulation of metabolic pathways can occur by other modes where signal-transduction pathways are affected by post-translational modifications including phosphorylation, glycosylation and ubiquitination. Although a direct approach for detection and quantification of such modifications is still not available, a combination of protein-enrichment techniques followed by MS has been used to map specific post-translational modifications in different systems. Detailed overviews of phosphoproteomics, as well as other posttranslational modifications that could be identified by MS, are available [132–136] . These studies provide a more complete picture of the cellular pathways functioning in their respective organisms, along with an improved understanding of the mechanisms by which individual pathways responsible for bioenergy-carrier production are regulated. This information can be exploited by informing rational genetic-engineering strategies. Metabolomics Metabolomics is the study of small molecules or metabolites, which includes their identification and quantification, at a global level in a biological system. The molecules studied include organic acids, fatty acids, amino
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acids, lipids, carbohydrates and other compounds that have molecular weights of less than approximately 1000  Da. Determining the level of individual compounds and their intermediates, or the metabolome, can reveal metabolic fluxes at any given time point, which, in turn, helps in elucidating the metabolic pathways functioning in an organism. Evaluation of the metabolome can define a particular growth phenotype and the biological state of a cell. Metabolomics has been of interest in the field of medicine and drug discovery owing to its ability to identify and differentiate biochemical phenot ypes based on identification of certain key metabolites or biomarkers in a tissue, organ or biofluid [137–140], and is currently of great interest to biofuel researchers. Identification of metabolites is most commonly carried out using two techniques: NMR and/or MS. Differences between the two techniques lie in their sensitivity and the nature of the compounds identified. NMR measures the amount and frequency of energy absorbed by NMR-active nuclei under a magnetic field. 1 H is the most commonly used nuclei with each nuclei contributing to the NMR spectrum. Other commonly used nuclei include 13C, 31P and 15N. NMR is a highly reproducible and quantitative technique, although the level of sensitivity is low (10 µmol to a few nmol) in comparison with MS techniques. The advantage of using NMR is its nondestructive nature [141] . Furthermore, this technique provides detailed structural information on the metabolites identified. An important character istic of this technique is that it is not affected by the chemical nature of the metabolites such as the acid dissociation constant (pKa) or hydrophobicity, making sample preparation a relatively easy task. MS is a tool that is characterized by its high sensitivity (picomolar range) and specificity. Although it can be used to identify pure compounds with a direct injection, it is combined in most cases with other separation techniques, such as LC, GC or CE. Whereas LC is based on differential partitioning of metabolites between a mobile phase (solvent) and a capillary stationary phase (usually silica-based), GC is based on differential partitioning of metabolites between the mobile phase (carrier gas) and the capillary matrix (stationary phase). CE depends on the separation of metabolites based on its charge-to-mass ratio and is particularly suitable for the detection of polar compounds. GC is traditionally combined with electronimpact ionization MS, where the GC-separated individual compounds are fragmented to provide fingerprint spectra. Compounds are then identified by comparison with available spectral libraries. The disadvantage of this technique is that the compounds of interest need to be volatile or made volatile by derivatization (e.g., silylation, acetylation and methylation) using chemical agents,
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thus adding additional sample preparation steps. LC is a more straightforward technique that does not require sample derivatization. It is generally combined with ESI MS. The resolving power of this technique is lower and depends on the type of column used for separation. CE is traditionally combined with ESI, although it can also be combined with MALDI techniques [142,143] . Metabolomics studies in algae have been conducted primarily on C.  reinhardtii, particularly by Fiehn’s group, who optimized the necessary extraction conditions, as well as identified and quantified metabolites from C. reinhardtii under nutrient-deprived (N, P, S and Fe) conditions [144,145] . They identified over 100 metabolites out of the 800 that were detected from a single sample using GC–TOF–MS. In addition to demonstrating 4-hydroxyproline accumulation exclusively under sulfur-starvation conditions, the study by Fiehn et  al. also revealed that phosphorus depletion induced a deficiency response quite different from that of nitrogen, sulfur or iron [145] . It was found that a wide range of changes in the primary metabolic modules occur in response to nutrient stresses in this organism. Determination of such big alterations suggests that drastic metabolic reorganization occurs in the cell wall during starvation conditions. Subsequently, May et al. used a combination of metabolomics, proteomics and computational-modeling techniques to improve the existing C. reinhardtii genome annotation. Using GC/ GC-TOF–MS and LC–MS/MS for their metabolomic and proteomic analyses, they were able to detect 159 metabolites and 1,069 proteins using these two techniques [146] . Wienkoop et al. recently published a more targeted approach to understanding the metabolic changes occurring in autotrophic versus mixotrophic C. reinhardtii cultures [147] . They used a combination of basic (Western blot analyses) and advanced-level proteomic techniques (MS techniques) along with metabolomics using unlabeled samples (GC–TOF-MS analyses) and isotope-labeled metabolic flux analyses (using GC–TOF-MS). A comprehensive view of the dynamic cross-talk occurring between mitochondrial and chloroplast metabolism has been revealed. Such studies using system-wide approaches (i.e., proteomic and metabolic) in combination with the existing genomic databases provide a complete map of the functional metabolic pathways in this organism and their regulation under different growth conditions that could eventually be implemented into better carbon fixing strains with the ability to divert metabolic flux towards biofuels and/ or their precursors. Another green alga that has been studied at the level of metabolomics is Scenedesmus vacuolatus, where the biochemical changes during exposure to the phytotoxic, N-phenyl-2-naphthylamine was evaluated using a GC–MS approach [148] .
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Several studies have focused on cyanobacterial metabolomics. Lin et al. developed a combined highthroughput MS protocol where LC–MS was followed by an offline microdroplet NMR approach to identify unknown metabolites from the cyanobacterial strain Fischerella ambigua [149] . At each stage of separation, samples were recovered and used for subsequent analysis (e.g., MS and NMR) [149] . Another study optimized metabolomic investigations of two different cyanobacteria, Synechocystis sp. PCC6803 and Nostoc sp. PCC7120, where individual steps for sample harvesting, quenching, extraction and derivatization, as well as sample analysis using GC–MS, were optimized [150] . The diatom P. tricornutum has been studied with an emphasis towards understanding its biochemical adaptation to iron starvation. Both transcriptomic (microarray and RT-PCR) as well as metabolomic (GC–MS) approaches were used in this study [151] . Photosynthetic, mitochondrial electron transport and nitrate assimilatory processes were downregulated in these cultures. In addition, this study also revealed the upregulation of an iron-responsive gene cluster; one function being iron uptake in response to iron starvation. Striking similarities, especially in terms of the accumulation of tricarboxylic acid cycle intermediates, have been observed with C. reinhardtii under iron-starvation conditions [144] . Information on iron regulation is crucial to the field of bioenergy, especially biohydrogen, which involves a complex set of Fe-S containing proteins along with their interplay with the photosynthetic machinery. Another diatom, T. rotula, has been recently studied using a novel band-selective optimized flip-angle shorttransient heteronuclear multiple quantum correlation technique that allowed acquisition of small metabolite NMR spectra in 10–15 s. This technique has provided a means to understand the subtle changes occurring in living cells (in vivo) as opposed to time-consuming conventional MS techniques [152] . Metabolome evaluation of green algae and other prospective biofuel producing organisms, has been relatively limited. Like proteomics, metabolomic studies have concentrated on understanding the global changes occurring under different environmental stress conditions. Little work has been done with an emphasis on biofuel research in these organisms. With the availability of both proteomic and metabolomic data, along with the availability of transcriptomic data, a complete functioning network of metabolic pathways could be generated. This effort would lead to a thorough understanding of these microorganisms at a molecular level that could be exploited in a more focused manner towards biofuel development in the future. Understanding the three major functional ‘omes’ of these organisms will be a key factor in the development of efficient bioenergy producers in the future.
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Lipidomics Lipidomics is a subset of metabolomics that specifically evaluates cellular lipids, their associated metabolic pathways and their interactions with proteins, metabolites and other lipids. The complete lipid profile or ‘lipidome’, can be evaluated using various analytical chemistry techniques including GC–MS, GC-flame ionization detector (FID), MALDI-TOF MS, NMR, near infrared and fourier transform infrared spectroscopy [153–156] . Various algal lipidomes have been evaluated  [157] . Using genomic information, lipid-biosynthetic pathways can be reconstructed in silico [158] . In C. reinhardtii, it was found that nearly 260 proteins are associated with TAG-lipid droplets. When one of the major proteins found within lipid droplets was knocked down with RNA interference, TAG-droplet size increased but no overall change in TAG metabolism or content was observed [39] . Determining what proteins are important in TAG biosynthesis and assembly is of great importance to algal biofuel production. Recently, efforts have focused on altering the lipidome of algae to produce lipids that are more amenable for biofuel production. One effort has focused on metabolically engineering fatty acid chain lengths in P. tricornutum [159] . Diesel fuel surrogates produced from shorter chainlength fatty acids (i.e., 14 carbons and less) have better fuel characteristics and cold-flow properties; however, the majority of fatty acids in P. tricornutum have chain lengths of 16, 18 and 20 carbons. To produce shorter fatty acids, Radakovits et al. heterologously expressed acyl-acyl carrier protein thioesterases that were known to produce 12 (lauric acid) and 14 (myristic acid) carbon fatty acids in plants. These thioesterases increased myristic acid production and induced production of lauric acid, which is not natively produced by P. tricornutum, successfully altering the lipidome [159] . Alterations of the lipidome from engineering fatty acid chain lengths, increasing metabolic flux to lipid anabolism and identifying proteins involved in fatty acid synthesis and TAG-lipid droplet formation will directly impact biofuel yields in algae and is an important area of future research. Integration of systems-biology disciplines Single omics approach may not be sufficient to characterize complex biological systems; however, together, ‘omic’ technologies have the capability to generate valuable insights into specific biological processes [160] . Putative genes found in a genome may be nonfunctional, or expressed at low levels negating their metabolic effect. Transcriptomic data on gene expression levels do not provide insight into protein abundance, activity, location or post-translational modifications [4] . Glycolysis has been shown to be controlled at the
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metabolic, proteomic, post-translational and genomic levels [161] and it is likely that most metabolic pathways have multiple levels of regulation. Integrating multiple ‘omic’ studies will be necessary to unravel the complex systems that regulate biological systems on a molecular level. This type of integrated evaluation will require new approaches to analyze and compare large data sets, but should provide insights into important cellular processes [4] . How systems-biology tools can be used to develop biofuel-production strains Alterations of native metabolic pathways and introduction of synthetic metabolic pathways into a micro organism can be used to produce desired chemical products, but these alterations can also produce deleterious effects on the host cell’s native metabolism and pathway intermediates. Systems biology can provide insights into the cellular effects of metabolically engineered pathways and, although this has not been demonstrated yet in algae, it has been applied to biofuel production in E. coli. In one study, transcriptomics and metabolomics were used to determine the mechanism of toxicity in an engineered strain of E. coli that produces large quantities of isoprenoids [162] . A synthetic mevalonate pathway intermediate, 3-hydroxy-3methylglutaryl-coenzyme A (HMG-CoA), was found to accumulate intracellularly causing inhibited cell growth and cytotoxicity  [163] . Evaluation of the transcriptome revealed upregulation of fatty acid synthesis genes, while metabolome data showed an accumulation of malonyl-coenzyme A, an intermediate in fatty acid biosynthesis, indicating an inhibition of fatty acid anabolism. Systems-biology tools determined the source of growth inhibition, which in turn informed a strategy of palmitic and oleic acid supplementation that counteracted the cytotoxic effects of HMG-CoA [162] . Assessing whether an engineered metabolic pathway is malfunctioning is often easily determined by analysis of the desired product. However, determining what native pathways are perturbed that result in cell toxicity or slow growth phenotypes, is often more difficult. A systematic evaluation of the perturbed organism with systems-biology tools can reveal insight into metabolic intermediates that may be limited or have toxic effects on normal cellular processes, which can be addressed by further metabolic-engineering strategies. The majority of algal systems-biology studies have been conducted on model strains, such as C.  reinhardtii and P. tricornutum. Model algal systems are often selected for their fast growth rates, heterotrophic growth ability to assess photosynthesis mutants, ease of genetic manipulation or to investigate specific cell ular functions such as phototaxis or sexual cycles  [10] .
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However, these traits are not necessarily the most desirable attributes for biofuel production. Algal strains that produce large quantities of lipids or starch, have fast growth rates outdoors and are easily harvested and processed, are the most desirable for biofuel production and often considered ‘industrially relevant’ strains [1] . This creates a disparity between the collective basic knowledge of algal systems, which is generally focused on model organisms; whereas knowledge of algal systems needs to be applied more frequently on industrially relevant strains. Systems-biology tools can help bridge this gap by facilitating the transfer of general algal knowledge to industrially relevant strains and by allowing researchers to understand these industrially relevant organisms at a systems level of complexity, giving them insight into algal metabolism and regulatory processes. Figure 3 is a flow diagram overview of one scenario where systems-biology tools can be implemented to transform an industrially relevant algal strain into a strain that can be used as a biofuel-production crop. The first step in this process is nucleotide sequencing. Sequencing of a genome will reveal genome size and complexity, help to identify genes by homology, and determine how closely it is related to available model Model organism



organisms. Transcriptome sequencing of an alga subjected to conditions that are likely to be found in mass cultivation, or under nutrient stress regimes that promote bioenergy-carrier accumulation, is the next likely step. The transcriptome data will inform researchers on which genes are differentially regulated under the assayed conditions, potentially providing insight to what genes are responsible for the desired bioenergy phenotype. Gene models can be verified and detailed knowledge on intron/exon boundaries can be determined, in addition to discovery of endogenous promoters that can be used for foreign gene expression. At this stage, the differences and similarities between the industrially relevant strain and established model organisms’ physiology, genome and transcriptome should be known. Model organisms with high similarity can be used as a primary knowledge base for making rational decisions about metabolic-engineering strategies to improve biofuel yields. With genome data, reverse genetic screens can be employed to find knockouts or knockdowns. For example, it is known that in C. reinhardtii impairing starch synthesis leads to an increase in lipid accumulation [155] , so in industrially relevant strains that produce starch, these pathways could be targeted for knockout.



Genomics Transcriptomics Metabolomics Proteomics



Gene function Metabolic pathways Regulatory networks



Transfer of knowledge Genome sequencing



Transcriptomics Genome



Gene models Gene expression



Genetically organism



Industrially relevant microalgae No



Mass cultivation



Yes



Biofuel production potential?



Proteomics Metabolomics



Altered phenotype



Biofuels © Future Science Group (2011)



Figure 3. How systems-biology tools can be used to develop algal strains for biofuel production. An industrially relevant alga is chosen and its genome sequenced. After transcript profiling, gene models and gene expression profiles can be created. This information, along with a priori knowledge from model algal systems can then be used to make rational genetic modifications targeted at increasing biofuel production. Once genetically modified, these organisms can be subjected to iterative metabolome and proteome profiling to examine biofuel yields in detail. If yields are suboptimal, ‘omics’ techniques can again be leveraged to determine the consequences of genetic modification to reveal existing metabolic bottlenecks that need to be mitigated and the entire process repeated until the desired phenotype is attained, at which point, scaled-up production can be evaluated.
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PCR reverse genetic screens of mutant libraries could be used to identify these or other desired mutants. In addition, any knowledge about deregulating bioenergycarrier production or any known homologous or heterologous genes that increase bioenergy yields in model systems can be implemented in the industrially relevant organism. The genetically modified strains can be reevaluated to determine the effect of the modification on the bioenergy phenotype. At this point, proteomic and metabolic studies are appropriate. Proteomics could be used to determine transgene-expression levels and localization, while metabolomics gives insight into the levels of bioenergy carriers and their precursors. After this thorough assessment, it can be decided whether the desired bioenergy phenotype has been achieved. If successful, the strain can be tested in scaled-up cultivation. However, if bioenergy yields are insufficient for a commercially relevant process, another round of transcriptomics, followed by genetic modification and phenotype evaluation could be iterated until the desired bioenergy phenotype is achieved. Conclusion & future perspective The cultivation of microalgae for the production of fuels represents a paradigm shift in the way we view agriculture and fuel production. Growing aquatic microorganisms at a scale large enough to provide meaningful quantities of fuel has never before been achieved. This effort will require massive investments in infrastructure for cultivating, harvesting and processing algal biomass. Increasing algal bioenergy-carrier production per photosynthetic footprint is essential for minimizing the area needed for cultivation, capital costs and, ultimately, fuel prices. Terrestrial plants have been selected and bred for thousands of



years to produce the high yielding, economically viable and nutritious crops that we enjoy today. A similar approach to improving bioenergy yields in algae would be laborious and time intensive. Determining optimal algal-culture conditions, in addition to genetically modifying algal strains, will decrease the time needed to transform native-algal species into bioenergy crops. Systems-biology tools will play a major role in this transformation. These tools will facilitate the continued evaluation of photosynthetic microorganisms on a molecular level, which will provide researchers with insights into the mechanisms that are important for biofuel production. Systems biology can reveal how metabolic pathways are differentially regulated under conditions found in mass cultivation and also identify gene targets and pathways for overexpression or knockout that will direct photosynthate into the desired bioenergy carrier. High-throughput systems-biology techniques that specifically evaluate biological molecules at various cell ular levels are, and will become, more common place in the laboratory. As these technologies mature, their cost will probably decrease, making their adoption and use more widespread. Emerging tools that take advantage of improvements in nucleotide-sequencing technologies, such as RNA-Seq, will be used in the place of more established technologies such as microarrays. As these tools proliferate, the amount of data generated will be extensive. Data processing, analysis and dissemination will need to keep pace with the expansion of these tools in order to keep their output timely and relevant. The extraction of useful knowledge from the data generated by systems-biology tools regarding how biological systems are interacting will be crucial to understanding algal biology and, ultimately increasing biofuel yields.



Executive summary ƒƒ Water-oxidizing phototrophic microorganisms, specifically algae and cyanobacteria, are well suited for the production of biofuels because they produce a variety of bioenergy carriers amenable for the production of diesel fuel surrogates, alcohols and hydrogen, while lacking large amounts of recalcitrant biomass. ƒƒ Before algae can be used in economically viable biofuel-production processes, bioenergy-carrier yields will need to be increased through metabolic engineering and altered growth regimes. ƒƒ Systems biology, or ‘omics’ (i.e., genomics, transcriptomics, proteomics, metabolomics and lipidomics) can reveal insights regarding an organism’s metabolic underpinnings by accurately quantifying and functionally characterizing genetic elements, mRNA, proteins, metabolites and lipids. ƒƒ Several algal and many cyanobacterial genomes have been completely sequenced, with more currently underway. ƒƒ Comparative genomics can help establish evolutionary relationships among algal strains and also reveal gene targets for metabolisms of interest by employing combinatorial techniques. ƒƒ Transcriptomics can elucidate differential gene regulation and expression under conditions of growth, stress and genomic mutations. ƒƒ Proteomic evaluation can determine protein abundance, intercellular locations and post-translational modifications. ƒƒ Metabolomics can reveal flux of native metabolites, in addition to providing information on how synthetic metabolic pathways reroute metabolites. ƒƒ Evaluation and alteration of the lipidome can directly influence biofuel production in algae. ƒƒ A systems-biology evaluation of an industrially relevant algal strain in concert with a priori knowledge from model algal systems can be used to inform genetic-engineering strategies to produce strains amenable for biofuel production.
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