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 Sustainable energy is the need of the 21st century, not because of the numerous environmental
and political reasons but because it is necessary to human civilization's energy future.
Sustainable energy is loosely grouped into renewable energy, energy conservation, and
sustainable transport disciplines. In this review, we deal with the renewable energy aspect
focusing on the biomass from bioenergy crops to microalgae to produce biofuels to the
utilization of high-throughput omics technologies, in particular proteomics in advancing
our understanding and increasing biofuel production. We look at biofuel production by
plant- and algal-based sources, and the role proteomics has played therein.
This article is part of a Special Issue entitled: Translational Plant Proteomics.
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1. Introduction

The demand for sustainable energy ranks as one of the most
pressing concerns of the 21st century. With dwindling fossil
fuel reserves, rising crude oil prices and heightening fears
over the effects of climate change, there is an urgent need to
promote the use of renewable/alternative energy sources for a
sustainable future [1–5]. One alternative to fossil fuels is
nuclear powered energy, however, recent catastrophic events
as seen in Chernobyl [2] and Fukushima [3], have cast serious
doubt over the safety of nuclear energy. Before we move on to
the focus of this review— bioenergy— it is important that we
know the definition of sustainable energy. Sustainable energy
is the sustainable provision of energy that meets the needs
of the present without compromising the ability of future
generations to meet their needs [6]. Such an approach is
avidly being pursued at the level of national and regional
policies aimed towards the reduction of fossil fuel emissions,
promotion of sovereign energy, security stimulation of job
creations and to drive overall economic developments [7].
Towards this end, significant investments are being made
in the renewable energy sector, resulting in many promising
advancements being made in the fields of solar, wind, geother-
mal, and biofuel technologies. In the scope of this review the role
of biofuels, as a sustainable energy alternative, will be discussed,
with particular focus on the role that proteomics and other
emerging ‘omics’ technologies can play in its further
development. Here it will be shown, with some examples
that proteomics and other related post-genomics techniques
namely transcriptomics are beginning to make a vital contri-
bution to the development of our current knowledge and
understanding several key bioenergy feed stock plants and
algae.
2. Bioenergy — a sustainable energy source

Bioenergy refers to energy produced from biological materials,
specifically photosynthetic organisms such as green plants,
grasses, and algae. Bioenergy is currently the only alternative
energy source able to supply liquid transportation fuels. This
can be achieved by i) using fermentation of sugars to produce
bio-ethanol (feedstock: sweet Sorghum, sugar cane, sweet
potato, sugar beet etc.), ii) lignocellulosic biofuels that use all
the plant material (feedstock: straw, corn stover, switch grass,
poplar, etc.), iii) lipids derived from algae and other oil crops
(feedstock: Jatropha, Pongamia, castor, sunflower, oil palm, etc.)
after trans-esterification process, and iv) through the use of
syngas obtained from gasification of biomass [8–14]. To date,
liquid biofuels have been produced mainly in the USA, Brazil
and several European nations. Further, there is a regional
preference for biofuel types, with bio-ethanol produced in
American and Asian countries, while biodiesel is preferentially
produced in European nations and parts of Africa and Asia.

In the past decade, considerable research has been carried out
to understand molecular mechanisms of biofuel plants. Rapidly
developing post-genomics, systems biology approaches such as
transcriptomics [15], proteomics [16], and metabolomics have
become essential for understanding how plants respond and
adapt to changes in their environment and yield improvement.
The utilization of such high-throughput approaches will lead to
the productionbetter andhigh-yielding biomass feedstockwhich
will eventually facilitate the acceleration of production and
commercialization of biofuels.

2.1. Plant based: Sorghum and others

Cultivated Sorghum (Sorghum bicolor L. Moench), the fifth most
important grain crop in the world, is a highly versatile cereal
that has been selectively bred into four main varieties: grain,
sweet stems, high-energy fiber, and for multi-purpose [17].
While the grain sorghums are grown mainly for household
food security, the other Sorghum types are sought after for
their commercial value. Sorghum fiber for example can be
utilized in the manufacture of various paper and cardboard
products [17]. On the other hand, the sweet-stemmed varieties
are highly valued for their sucrose content, which is used
to produce syrup and bio-ethanol [18]. The multi-purpose



236 J O U R N A L O F P R O T E O M I C S 9 3 ( 2 0 1 3 ) 2 3 4 – 2 4 4
sorghums or sweet Sorghum hybrids seem to combine the best
of characteristics of both grain and non-grain varieties These
varieties are hailed as ‘ideal smart crops’ because they have the
potential to produce food, animal feed, fuel and fiber altogether
in one crop [19]. For these reasons, Sorghum is the best energy
crop for the developing world, particularly for the African
continent. In addition to Sorghum, sugarcane (Sacchrum spp.),
maize (Zea mays), and sugar beet (Beta vulgaris) are alternative
sources of sugar-based energy crops.

The multipurpose plant, Jatropha curcas (L.) of the
Euphorbiaceae family, is perennial in nature and is native to
arid and semi-arid tropical regionsworldwide. Among itsmany
uses such as for animal (fish and livestock) feeding, Jatropha
is considered to have great potential for renewable energy,
particularly in terms of biodiesel production. Although the
J. curcas is the most widely studied, other species include
Jatropha gossypifolia, Jatropha glandulifera, Jatropha multifida, and
Jatropha podagrica. Jatropha familymembers also havemedicinal
benefits. For example, J. curcas produces numerous secondary
metabolites of medicinal importance; the leaf, fruits, latex and
bark contain glycosides, tannins, phytosterols, flavonoids, and
steroidal sapogenins exhibiting wide ranging medicinal
properties, including anti-bacterial and anti-fungal activities
[for review see, 20–23]. Concerning the cultivation and use
of Jatropha for biodiesel production, Gmunder et al. have
comprehensively discussed the cultivation of J. curcas, a
biodiesel feedstock, which has been identified as suitable
for achieving the Indian target of 20% biofuel blending by
2017 in the Indian context of rural development and climate
change [22]. It was further shown that the use of J. curcas
biodiesel generally reduces global warming potential and
nonrenewable energy demand as compared to fossil diesel but
does not decrease the environmental impacts on acidification,
ecotoxicity, eutrophication, and water depletion [22].

2.2. Algae/cyanobacteria based

Biofuel production from plant-derived lignocelluloses is a
potential way to exploit vast quantities of agricultural and
forest residues, the most abundant biological cellulosic
biomass on earth — the so called second-generation biofuels
(reviewed by [24]). However, this approach has several major
drawbacks because the technology to convert lignocelluloses
to liquid biofuels efficiently is still lacking and therefore not
yet economically viable [10]. During the last decade, scientists
have looked for alternative sources and it has been shown
that photosynthetic microorganisms such as microalgae and
cyanobacteria would serve as an attractive feedstock because
of several advantages. For instance, these specific microor-
ganisms have the capacity to directly convert solar energy
into biofuel [13]; they have higher growth rates requiring
much less land area compared to plants [12]; they have simple
nutrient requirements [25]; they are cultivable in aquaculture
[26], and they can thrive in areas that cannot usually support
mainstream agriculture. Moreover, several strains of cyano-
bacteria can be genetically engineered relatively easily [25–27].

How do scientists make biofuel from microalgae? The
answer lies in the capability of microalgae to synthesize and
accumulate high lipids and triglycerides (TAGs) mostly in
their cells. Thus, these lipids are further used as feedstocks for
direct conversion to biodiesel. Examples of natural lipid
accumulator microalgae include Botryococcus braunii [28,29],
Chlorella vulgaris [30], Nanochloropsis oculata [31], Neochloris
oleoabundans [32], Chlorella zofingiensis, N. oleoabundans, and
Scenedesmus obliquus [33]. These mostly contain their lipid
bodies intracellularly, however, one of them, the green
microalga B. braunii secretes its oils into the extracellularmatrix
[28,29]. Thus, this alga has gained a great interest and attention
from scientists and the commercial world.

A cyanobacterium is also considered as an advantageous
microorganism for biofuel production. Several strains such as
Synechocystis sp. PCC 6803 and Synechococcus elongatus sp. PCC
7942 are naturally transformable; thus, they have potential for
metabolic engineering. In recent years, biofuels synthesized
from engineered cyanobacteria have been reported. For exam-
ple, isobutanol, a higher alcohol (>C6), was produced at a high
yield from S. elongatus sp. PCC 7942 by metabolic engineering
of 2-ketoacid-based pathway [34]. Additionally, Lan and Liao
reportedhighproduction of 1-butanol also in S. elongatus sp. PCC
7942 by modifying the Co-A dependent pathway [35]. Given the
examples discussed above, the utilization of microalgae and
cyanobacteria for production of biofuels provides a promising
and sustainable energy source.
3. Proteomics-based discoveries, potential
biomarkers, and translational proteomics

Proteomics is a systems biology based approach investigating the
whole expressed proteins at a given time point and under certain
conditions [36]. The method of choice for proteome analysis
is the combination of high resolution protein separation like
2-dimensional gel electrophoresis (2-DGE) with tandem mass
spectrometric (MS/MS) identification of proteins (for comprehen-
sive reviews see, [37–41]). Agrawal et al. have recently reviewed
the translational proteomics — “an emerging sub-discipline of
the proteomics field in the biological sciences” [42]. We quote
from the article — “Translational plant proteomics can thus be
defined as “applying the outcome of any discovery or technolog-
ical development in plant proteomics to solve issues related but
not limited to the recreational and economic value of plants, food
security and safety, energy sustainability, and human health””
[42]. Proteomics identification of target molecules will help
increase our understanding of the organism in question (see
plant and algae sections below) which may directly lead to their
improvement with respect to production of biofuels, the target
of this review.
3.1. Proteomics of biofuel feedstocks

3.1.1. Sorghum
The combination of S. bicolor's natural stress tolerance traits
and its recent genome sequencing completion, makes it one
of the most logical model plant species for both proteomics
and genomics research in cereals [43]. For example, Sorghum
generally exhibits higher tolerance to environmental stresses,
in comparison to maize [44], the world's most cultivated crop.
As mentioned elsewhere, Sorghum therefore, stands as a fail–
safe crop in the hot, dry and relatively saline regions of the
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world,where it provides food, feedand fuel supplies formillions
of people.

Despite the economic potential of this crop and the promising
technique of proteomics approaches in understanding plant
biological systems, to our knowledge, Sorghum proteomics is still
very limited. The first attempt aimed towards Sorghum proteome
analysis was carried out at the University of the Western Cape
(UWC) inCapeTown, SouthAfrica [45]. In that published research
work, Ndimba's laboratory established a Sorghum cell sus-
pension culture system for subsequent use in the proteomics
analysis of both cellular and secreted proteins. The use of cell
suspension cultures in Sorghum proteomics was largely
motivated by the wide application of plant cell cultures in
proteomics; the large supply of homogenous plant material
provided for by these cultures; as well as the ease with which
these culturesmay bemanipulated under a range of experimen-
tal conditions. That study profiled the 2-DGE protein patterns of
the total soluble proteins (TSP) and secreted culture filtrate (CF)
protein. That attempt culminated in a comprehensive mapping
and characterization of the Sorghum cell suspension culture
secretome [46]. In 2011, Swami and colleagues reported a
proteomics analysis of 21 salt stress responsive proteins in a
Sorghum stress experiment using 2-DGE and MS [47]. A year
later, Ngara and colleagues in a similar experimental setup,
identified 55 2-DGE separated protein spots [48]. That study
used proteomics and bioinformatics tools to classify Sorghum
leaf proteins into six broad functional categories: carbohydrate
metabolism, proton transport, protein synthesis, hydrolytic
enzymes, nucleotidemetabolism, and detoxifying enzymes.
The functional categories and proportional representation
of these proteins are graphical representation illustrated in
Fig. 1. As expected, carbohydrate metabolism related proteins
were the most represented proteins. Proteomics of Sorghum
(and sugarcane) is reviewed in detail in a book chapter written
by Ndimba and Ngara [48,49].

3.1.2. Sugarcane
Sugarcane not only produces sugar but is a raw material
in high demand for ethanol production [50,51]. Proteomics
Fig. 1 – Functional distribution of Sorghum leaf protein extracts. T
separated via 2-dimensional gel electrophoresis, visualized with
MALDI-TOF-TOF MS. Numbers indicated in brackets represent th
expressed as a percentage of positively identified protein spots.
in sugarcane is at a preliminary stage, and the first proteo-
mics analysis of the sugarcane stalk was performed in 2010
by a group of researchers from the Sugarcane Breeding
Institute in Tamil Nadu (India), resulting in the generation
of a 2-D gel proteome map [52]. That study identified
numerous proteins, but the proteins involved in sugar metab-
olism (glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
glyceraldehyde 3-phosphate, putative UDP-glucose dehydroge-
nase, GAPDH, UDP-glucose 6-dehydrogenase, and triose-
phosphate isomerases)were themost abundant, and thesemay
be targets for further manipulation for increased or modified
sugar content [53], with potential benefit in bioethanol
production. However, the study is just one small step forward in
understanding the total proteome of the sugarcane stalk.
Nevertheless, parallel genetic approaches targeting enzymes
such as the incorporation of cellulolytic enzymes that hydrolyze
lignocellulosic substrates to fermentable sugars with potential
application in production of lignocellulosic ethanol [54], and
suppression of caffeic acid O-methyltransferase for modifying
lignin biosynthesis for reducing the recalcitrance of ligocellulosic
biomass to saccharification [55] are also been undertaken. Both
genomics andproteomics approacheswill therefore benecessary
to achieve an understanding of sugar metabolism and other
cellular processes involved in the utilization of fermentable
sugars to bioethanol.

3.1.3. Maize
The utilization of tropical maize as an alternative energy crop
is being considered as a feedstock for bioethanol production
in the North Central and Midwest United States [56]. Com-
pared to grain corn, there is good reason to use the tropical
maize stalks as they contain a large amount of soluble sugars
and have greater biomass. To the best of our knowledge there
is no report on the proteomics of maize stalks, which remains
an open topic for targeted proteomics study. However, a
recent article has reviewed the proteomics of maize with
respect to its growth and development and stress responses
[57], which may serve as base for using the tools and
techniques for stalk proteome analysis. As for sugarcane,
hese proteins were extracted from Sorghum seedlings,
Coomassie Brilliant Blue and identified with MALDI-TOF and
e proportion of proteins within each functional category
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genetic engineering approaches are also being used in maize
for improving bioethanol production therein. For example,
two recent studies used in planta expression of cell wall
degrading enzymes (e.g., xylanase) for developing optimized
biomass feedstocks that might enable low-cost cellulosic
biofuels production [58,59]. The aim of these studies was to
reduce the amount of enzymes required for feedstock
pretreatment and hydrolysis during bioprocessing to release
soluble sugars. Similar to sugarcane, the identification of
the total proteome of the maize stalk or seed may help in
identifying novel proteins/enzyme (e.g., those involved in
starch production, cell wall composition, and biomass conver-
sion enzymes— glucanase and expansin) that could be utilized
for producing an appropriate biomass stage for bioethanol
production [for review see, 60].

3.1.4. Sugar beet
Proteomics studies of sugar beet are also on the increase.
Among these studies, one of the key papers is that of Julie
Catusse and colleagues from Dominique Job's laboratory.
Catusse et al. of France reported a comprehensive proteome-
wide characterization of sugar beet seed and seedlings (root,
stem, cotyledons, and perisperm) using a combination of 2-DGE
and LC MS–MS approaches [61]. In summary, that study
identified and quantified 759 sugar beet proteins in the context
of their various tissue specific expression profiles. To our
knowledge, the most recent sugar beet proteomics publication
is from the Institute of PlantNutritionat Justus LiebigUniversity
in Germany. There they reported work that identified nine
proteinswhose expressionswere significantly and reproducibly
altered under salt stress conditions [62]. Their claim for this
very low number of identified proteins is due to the acquired
adaptation of sugar beet to salinity stress. This explanation is
however questionable as there is insufficient data to support
this claim. The most possible reason for the visualization and
identification of only nine statistically significant protein
candidates is probably due to experimental design and/or the
sensitivity of the chosen proteomics technique.

3.1.5. Jatropha
Proteomics analysis in J. curcas is mainly confined to charac-
terization of oil bodies and understanding oil biogenesis. Later
studies were extended to understanding fatty acid biosynthe-
sis and stress responsive proteins. Jatropha meal, which is a
rich source of protein, contains toxic phorbol esters and
antinutritional factors. Extensive studies to detoxify toxic
constituents to make it fit for animal diet have also been
conducted [63]. Fig. 2 illustrates the protein types identified in
Jatropha.

Yang et al. studied oil mobilization during seed germination
and post-germination development through proteomics analy-
sis of endosperm in germinating seeds [64]. Results showed
that initiation of oil mobilization occurs during germination
and subsequently the oil gets consumed during early seedling
development. Several pathways such as beta-oxidation,
glyoxylate cycle, glycolysis, tricholoroacetic acid cycle (TCA)
cycle, gluconeogenesis, and pentose phosphate pathways were
found to be involved in oil mobilization. In a different study,
proteomics analysis of the soluble proteins derived from
embryo and endosperm of mature seeds of J. curcas was
compared [65]. The results indicated that both tissues include
proteins related to stress and signal transduction. The proteins
in the endosperm were predominantly catabolism-related
enzymes and reserves that provided nutrition for the growing
embryo while the embryo-specific proteins were related to
anabolism and utilized the nutrition from the endosperm for
further growth. In a similar study focused on the proteomics
analysis of drymature seeds of J. curcas [66] the 2-DGE profiles of
the endosperm and embryo were found to be similar to each
other. There are 66 differential proteins between the two seed
tissues, in which 28 proteins distributed in nine distinct
functional classes have been identified successfully in endo-
sperm or embryo. The major groups of differential proteins are
associated with metabolism (25%) and disease/defense (18%).
The results demonstrated that in the drymature J. curcas seeds,
the proteins involved in oil mobilization, signal transduction,
transcription, protein synthesis, and cell cycle which are
essential for the seed germination have occurred in endosperm
and embryo, reflecting the fact that proteins required for
germination are already present in the dry mature seed.

Popluechai et al. studied the proteomics composition of the
oil bodies of J. curcas and related Jatropha species [67]. The oil
bodies revealed oleosins as the major components and three
oleosins (JcOle1, JcOle2, JcOle3) were isolated and characterized
at the gene, transcript, and protein level. The transcript level
of JcOle3 was about five-fold higher as compared to the other
two oleosins. Interestingly, this oleosin (JcOle3) showed allelic
variation and single nucleotide polymorphism in its intron
region, which could serve as marker in phylogenetic and
molecular breeding studies. Makkar et al. [68] recovered protein
concentrate in Jatropha seed cake. The presence of phorbol
esters and antinutrient factors such as trypsin inhibitor, lectin,
and phytate prevents its use in animal diets [68]. Using principles
of isoelectric precipitation, above proteins were recovered.

Eswaran and colleagues conducted an in-depth study for
understanding the stress responsive proteins [15]. During that
studymetallothioneinswere found to bemajor class of proteins
that are abundantly represented during the stress response.
Metallothioneins are low-molecular weight, cys-rich proteins
that have a role in metal detoxification. Further, proteins
such as aquaporins, plant annexins, and thioredoxins were
expressed indicating their role in abiotic stress. Their analysis
also identified different classes of transcription factors (TFs)
that have been implicated in different regulatory cascades. The
TFs identifiedwereAP2/EREBP regulating ethylene, abscisic acid
(ABA) and auxin, zinc finger proteins, YABBY, bHLH, bZIP, and
WRKY [15]. Overall, the above mentioned studies identified
possible factors to understand abiotic stress tolerance in
J. curcas that can probably be extended to other related energy
crops.

Of themost extensive studies, identification of enzymes and
their respective genes involved in fatty acid metabolism are
noteworthy. The acyl-acyl carrier protein (ACP) thioesterase
from J. curcas was cloned and expressed in Arabidopsis, which
resulted in increased levels of saturated fatty acid and reduced
levels of unsaturated fatty acids [69]. Further, the heteromeric
subunits of JcACCase (acetyl CoA carboxylase) were cloned and
studied by Gu and colleagues [70]. ACCase is a key enzyme
involved in fatty acid synthesis. Other enzymes involved in
fatty acid biosynthesis such asKASIII (beta-ketoacyl acyl-carrier
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protein synthase III) and steroyl-acyl carrier protein desaturase
were also studied extensively. Those studies have helped to
understand themechanism of regulation of fatty acid synthesis
in J. curcas.

Phorbol esters are fatty acid esters of the diterpenoids.
Several studies revealed key genes/enzymes involved in
diterpenoid biosynthetic pathway. An isoprenoid biosynthesis
gene, 3-hydroxy-3-methyl glutaryl coenzyme-A reductase
(HMGR) and its proteinwas characterized by Lin and colleagues
[71]. HMGR catalyzes first committed step in mevalonic
acid synthesis which leads to production of phorbol esters.
De-activation or reduction of toxicity levels to acceptable limits
in Jatropha seed cake has been target of several studies [63],
which can ultimately make it fit for animal consumption, and
even to human consumption.

3.2. Proteomics of biofuel algae/cyanobacteria

The development of algal proteomics has followed the trends
set by progress made in animal and higher plant proteomics.
Although there are many studies involving algae for biofuel
production, we discuss here only a selected few. Supplemen-
tary Table 1 lists the algal proteomics studies.

Inmicroalgalmodel organisms (e.g., Synechocystis sp. PCC 6803
(for review see [72]) and Chlamydomonas reinhardtii (for review
see [73])), a proteomics approach has been adopted mainly for
analyzing the proteins of the subcellular compartments or under
stress responses in combination with genome or expressed
sequence tag (EST) databases (namely sub-proteomics analysis).
On the other hand, proteomics data on non-model organisms is
quite sparse and provides only minimal and relatively basic
information. Non-genome-sequenced algae can be used for
proteomics (namely, using EST databases or by de novo
sequencing) but both quality and quantity of data are strongly
limited.
Sample preparation is very important for algal samples
since polysaccharide-rich specimens hinder separation by
SDS-PAGE. In macroalgae, successful analyses were achieved
by extracting the protein with organic solvent and purifying
the extract using the ethanol/phenol method [74,75], phenol/
chloroform method [76], or phenol extraction and desalting
steps [77,78]. For useful technical information see review by
Loretto Contreras-Porcia and Camilo López-Cristoffanini [79].

Research on biofuels is attracting attention in new areas.
Proteomics analysis for hexane resistance of Synechocystis sp.
PCC 6803 is particularly noteworthy [80]. Alkane biosynthesis
by microorganisms reported in older studies was recently
revisited in cyanobacteria [81]. Accordingly, a proteomics
analysis of the responses of Synechocystis cells to hexane, a
representative of alkane, has been carried out to develop it as an
improved host cell factory. Those authors adopted “isobaric tag
for relative and absolute quantification (iTRAQ)” system to
analyze the global metabolic response by 0.8% hexane
treatment. In this case, cell growth was inhibited approxi-
mately by 50%, comparing with no hexane (control), at both
24 h (the middle-exponential phase) and 48 h (the exponen-
tial–stationary transition phase). It was noted that intracel-
lular production of hexane may cause much stronger toxicity
even at lower concentration. This suggests that hexane
resistant ability is important for future algal biofuel produc-
tion within the cells. By using a cut off of 1.5-fold change
(p-value < 0.05), a total of 164 up-regulated and 77 down-
regulated proteins were determined. From functional anno-
tation of those proteins and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses, those
authors observed that a large number of transporters and
membrane-bound proteins, proteins related to sulfur relay
system, oxidative stress and photosynthesis were induced
and those proteins might be associated with protection
mechanisms against hexane.

image of Fig.�2
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C. reinhardtii is known to produce hydrogen (H2) gas under
anaerobic conditions, which is remarkable in the context of
renewable energy. An elegant comparative proteomics study
was carried out to identify the proteins involved during this
anaerobic acclimation and to localize proteins and pathways
involved in the chloroplasts and mitochondria of C. reinhardtii
[82]. In that study, stable isotopic labeling of amino acids was
used to analyze protein expression quantitatively. Further,
localization of major H2 fermentative components was con-
firmed at the protein level. The quantitative data not only
confirmed previously characterized proteins that were induced
at the transcript level [83] but also identified several new
proteins of unknown function induced under anaerobic condi-
tions [84]. These unknownproteinsmay be themost interesting
as their functional analysis could provide new direction for the
engineering of hydrogen-producing alga strains [82].

Oil is usually stored in an organelle named as lipid droplet
(LD, synonym of oleosome, lipid granule, lipid body, and so
on). Moellering & Benning first identified a structural protein
which is specifically localized in purified LD of C. reinhardtii,
designated as MLDP, by proteomics [85]. Now specific proteins
associated with LD structure and their functions have been
identified in algae in addition to animals, yeasts, and higher
plants although those proteins are quite distinct among
species [86–90]. MLDP is specific to the green algal lineage of
photosynthetic organisms. The authors also demonstrated that
the knock-down of MLDP gene expression by RNAi resulted in
increasing LD size but did not cause any change in triacylglycerol
synthesis and metabolism. Recent studies on plant LD revealed
new roles for LD, i.e. not only in lipid storage but also in lipid
metabolism [91]. The study of LD in microalgae is therefore
important for enhancing our present understanding of the
overall processes associated with lipid metabolism.

The rate of photosynthetic carbon fixation is surely the most
important limiting factor for hydrocarbon productivity, material
production, andcell growth rate. Theaquatic environmentwhere
microalgae live is generally CO2-limiting (for review see [92]).
Therefore, most of microalgae possess the CO2-concentrating
mechanism (CCM) to facilitate the utilization of ambient CO2 as
substrate for photosynthesis. CCM is a low-CO2-inducible mech-
anismand therefore is diminished under high-CO2 environment.
Exogenous CO2 supplementation prevents the CO2-limitation
and accelerates photosynthesis. However, the maximal photo-
synthetic carbon fixation rate and high-CO2 tolerance against
excess CO2 supply are dependent on the original character of
each microalgal strain. Production of extracellular proteins
was shown to be very sensitive to changes in the extracellular
CO2 concentration in C. reinhardtii. By proteomics analysis, 22
of the high-CO2-inducible extracellular proteins including
gametogenesis-related proteins and hydroxyproline-rich
glycoproteins were identified, although we do not know
their physiological roles [93]. Mechanisms regulating the
response to environmental CO2 conditions will be a very
important future topic aimed at answering how to increase the
total carbon input for biofuel production.

Proteomics-focused studies of non-genome-sequenced
algae are still a major challenge. However, there is a recent
report focused on the proteomics of an unsequenced
microalga, a strain of C. vulgaris, by using high-throughput
de novo transcriptome data as a guide [94]. This new
strategy facilitated the proteomics analysis of a non-model
organism of which the complete genome is not available so
far, and then themechanism for accumulationof triacylglycerol
biosynthesis components under nitrogen-depleting conditions
was reported.

Euglenophyte Euglena gracilis is known to produce a unique
wax ester under anaerobic conditions [95]. By considering
recent progress in understanding of wax ester synthesis,
previous proteomics results on metabolic regulation under
anaerobic conditions will be revisited [96].

The combination of omics studies (e.g., genomics, proteo-
mics, and lipidomics) is generally considered as one of the
strongest tools to study algal metabolism towards the global
understanding of metabolic process under various environ-
mental conditions. Model algae are quite useful for use in
both metabolomics and proteomics experimental systems
towards the understanding of key metabolic networks and its
fluxes [97,98]. This data should also be useful to elucidate
metabolic mechanism of non-model algae. Establishment of
genetic engineering in algae is significant for fundamental
and applied science (use), and therefore should be studied
together with lipid metabolism [99,100]. Detailed proteomics
and lipidomics analyses will help unravel the role of these
molecules in production of biofuel, and thus play an important
role in promoting algal energy production in the coming years.
4. Concluding remarks

Research initiatives in proteomics for biofuel production are
steadily growing. The majority of the research is at the stage
of identifying protein components and creating database that
can be exploited for plant- and algal-based biofuel production
via translational proteomics in combination with other molec-
ular and breeding/plant genetic engineering approaches. In-
ventory of protein components is growing but still there is a
long way to go for identifying and listingmost if not all of them
associated with biofuel production. For this purpose, comple-
mentary proteomics approaches and in-depth proteome anal-
ysis will be required with special attention to identity extreme
protein components such as highly acidic and basic proteins
and low-abundance proteins.

As discussed in this review, proteomics is one way to
understand the biology behind biofuel production and also
design new approaches and/or modify plant and algal sources
for increased biofuel production. Integration of proteomics
findings with findings obtained from other approaches such as
genomics, transcriptomics and metabolomics can further pave
the way for development of more productive energy crops. The
draft genome sequences of Brachypodium, Populus, Sorghum,
Jatropha, Ricinus, and maize have been published [43,101–105].
Likewise, the chloroplast genome of date palm and J. curcas has
been sequenced [106,107]. These resources will be instrumental
in developing the tools for functional genomics and proteomics
assays and will allow comparative genomics approaches
between model species and biofuel crops to become a
reality. For example, approaches for gene expression profil-
ing via transcriptomics experiments have been applied to
identify enzymes involved in fatty acid metabolism [108],
stress tolerance [15,109], and transcription factor proteins for
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improvement of J. curcas [110–112] and other related energy crops
as a source of biodiesel. This review indicates that progress has
beenmade in the direction of biofuel production, but yet there is
a long way to have a holistic view at systems biology level.

This proteomics review is a direct evidence for growing
interest in biofuel research, and also as per the indication of a
recent patent trend [14]. However, a particular standing point is
the question of balance between food production and biofuel
production [113]. Looking at the plant-based biofuels, it must be
remembered that most of the first-generation biofuels have
been or are prepared from agricultural commodities [114]. Let
us look at one aspect of food production, namely the use of
fertilizers. As recently reviewed by Hein and Leemans, all
first-generation biofuel production systems require phosphorus
(an essential plant nutrient of finite amount) fertilization [114].
Those authors argue that committing scarce P to biofuel
production involves a trade-off between climate change
mitigation and future food production. This suggestion was
based on the finding that around 2% of the global inorganic
P fertilizer stock is used up for biofuel production the con-
tribution to P depletion exceeds the contribution to mitigating
climate change [114]. Taken together, the study concluded that,
with the current production systems first-generation biofuel
compromises future food production. However, when we con-
sider the second-generation biofuels, from the microalgae,
nutrient recycling and nondestructive extraction of product
(“fuel”) from cells might constitute an important solution to the
avoid the above mentioned nutrient drawback using plant-
based sources.

So, how does the use of algae stand out as an alternative
feedstock for biofuel production? One reason for the growing
attention worldwide to these algal sources lies in their fast
growth rate and ability to accumulate high quantity of lipid and
carbohydrate inside their cells for biodiesel and bioethanol
production, respectively [115]. Lam and Lee argued that algal
feedstock offers several environmental benefits, such as effective
land utilization, CO2 sequestration, self-purification if coupled
with wastewater treatment and does not trigger food versus fuel
feud [115]. However, those authors also caution that “despite
having all these ‘theoretical’ advantages, reviewonproblemsand
issues related to energy balance in microalgae biofuel are not
clearly addressed until now”. Thus, we are still far away from the
true potential of algal-based commercial biofuel production and
its contribution towards energy security.

Taken together, more fundamental studies on both plant and
algal sources will be required to gain a better understanding of
the biology behind oil production. The practical aspects of biofuel
production also deserve more consideration and action to make
any significant contribution to the alternative energy sources.
Finally, and most importantly, the choice of plant or algae to be
utilized for biofuel production has to be carefully considered.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jprot.2013.05.041.
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