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Microalgae are among the most diverse organisms on the
planet, and as a result of symbioses and evolutionary selection,
the configuration of core metabolic networks is highly varied
across distinct algal classes. The differences in
photosynthesis, carbon fixation and processing, carbon
storage, and the compartmentation of cellular and metabolic
processes are substantial and likely to transcend into the
efficiency of various steps involved in biofuel molecule
production. By highlighting these differences, we hope to
provide a framework for comparative analyses to determine the
efficiency of the different arrangements or processes. This sets
the stage for optimization on the based on information derived
from evolutionary selection to diverse algal classes and to
synthetic systems.
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Introduction

Improving the productivity of strains is a major factor in
making algal biofuels economically viable [1°°]. Algal
productivity is ultimately dependent on the efficiency
of carbon fixation and the downstream cellular processes
that convert photosynthate into useful fuel precursors.
T'he diversity of contemporary microalgal metabolism has
been shaped by multiple endosymbiotic acquisitions,
environmental factors, and evolutionary selection. The
result has been distinct intracellular compartmentation
and unique organizational schemes among different algal

classes [2°°], especially in relation to the location of
carbon fixation enzymes and carbohydrate storage
(Figure 1). Organizational differences likely affect pro-
cesses such as photosynthesis, carbon flux through meta-
bolic networks, and biosynthesis of fuel-relevant
compounds. The goal of this review is to highlight the
relevance of these aspects of algal diversity to biofuel
molecule production.

Light harvesting and photoprotection

The evolution of microalgae has generated a variety of
components and organizational schemes of the photosyn-
thetic apparatus (Figure 2). All microalgae have light
harvesting antenna complexes, PSII, the cytochrome bgf
complex, and PSI. The use of the bulky phycobilisomes
(peripherally associated with the thylakoid membrane) for
light harvesting in cyanobacteria, glaucophytes, and rho-
dophytes results in a relatively large spacing between the
photosynthetic membranes (Figure 2a and ¢), which could
affect photosynthetic capacity [3]. Downsizing of the light
harvesting complexes is apparent in rthodophytes, which
have membrane-integral LHCs, and cryptomonads, which
utilize unassembled biliproteins in the lumen of the thy-
lakoids, enabling stacked thylakoid grana (Figure 2).
Stacked grana arose independently in both chlorophytes
and in derivatives of the red algae, and may serve to
enhance light capture and connectivity between PSIIs
with large functional antenna size [3,4]. The numbers of
grana stacks differ; chromalveolates typically have three,
while chlorophytes can have 2-3 times more [5°]. In
chlorophytes, PSII is highly enriched in the grana and
PSI in the stroma thylakoids, while in chromalveolates,
they are nearly equally distributed [6]. Chlorophytes use
LHCs specific for either PSI or PSII (Figure 2), and
stramenopiles such as diatoms use fucoxanthin chlorophyll
binding proteins (FCPs) in a similar capacity [7°]. Strame-
nopile FCPs have a carotenoid:chlorophyll ratio of 4:4
compared with 14:4 in LHCs for chlorophytes, resulting
in a shift of absorbance into the 460-570 nm range, which is
not accessible to chlorophytes [8].

Efficient photosynthesis requires balance between light
absorbed by PSI and PSII and dissipation of energy from
excess absorbed light. The distribution of light between
the photosystems in cyanobacteria, cryptomonads, rho-
dophytes, and chlorophytes (and higher plants) involves
state transitions in which a phosphatase/kinase driven
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Organization of carbon fixation and carbohydrate storage in evolutionarily-diverse classes of microalgae. Colored bars denote the overall class of
algae: blue-green = glaucophyte; green = green algae and endosymbiotic derivatives; red = red algae and endosymbiotic derivatives. Membrane
systems associated with the cell (cyanobacteria), cyanelle (glaucophytes), or chloroplasts (others), are color coded to denote cyanobacterial-like (blue-
green), inner and outer chloroplast membranes [green, except in glaucophytes, which contain a peptidoglycan layer in between (purple)], and
secondary endosymbiosis membranes in Euglenophytes (gold), Chlorarachniophytes (fuschia and blue for periplastid and ER, respectively) and
Cryptophytes, Stramenopiles, and Haptophytes (red and blue for periplastid and ER, respectively). Different carbohydrate storage forms are labeled
and denoted by different colors. Text highlights the major features in each.

reversible physical movement of the LHC occurs between
PSII and PSI [9]. State transitions have not been docu-
mented in diatoms [5], and none are reported for the
eustigmatophyceae. Instead, diatoms balance photosystem
activity by quenching photon absorption by PSII as a result
of de-epoxidation of xanthophyll pigments [10]. A direct
comparison showed that this process resulted in 2-fold less
generation of wasted electrons than state transitions in a
chlorophyte [10]. Quenching in the antenna system also
reduces damage to the photosystems, which carries a high
energetic replacement cost [11°]. Dissipation of excess
light in photosynthesis is primarily achieved through
non-photochemical quenching (NPQ). Different strat-
egies have developed for NPQ in evolutionarily distinct
classes of algae, including rapid rates of synthesis or high
accumulation of de-expoidized xanthophylls [12].
Xanthophyll cycling systems are apparently lacking in

phycobilisome-containing organisms and the Chlorarach-
niophyta [11°,13], and NPQ in cryptophytes differs from
other chromalveolates [14].

Differences in photosynthetic processes are likely to
affect light harvesting efficiency, which ultimately trans-
lates into altered growth and product molecule accumu-
lation. There are very few definitive analyses comparing
the relative efficiency of the described diverse photosyn-
thetic arrangements. Such information would not only aid
in developing strategies for improved light capture in
diverse classes of microalgae, but potentially in the de-
velopment of artificial photosynthesis approaches.

Carbon fixation and concentration
Carbon fixation in the Calvin—Benson cycle is catalyzed
by RuBisCO, which has a low CO,-saturated maximum
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Organizational schemes of the photosynthetic apparatus in evolutionarily diverse classes of microalgae. Key: PBS = phycobilisomes;

PSII = photosystem II; bef = cytochrome bgf complex; PSI = photosystem I; ATP = adenosine triphosphate; LHC = light harvesting complex;

FCP = fucoxanthin chlorophyll binding protein complex. (a) Clusters the phycobilisome-containing classes. (b) Clusters classes containing grana
stacks and stroma lamellae. (c) Shows the relative spacing of photosynthetic membranes in phycobilisome-containing and other chloroplasts.
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catalytic rate and competitive oxygenase activity result-
ing in photorespiration. To compensate, microalgae have
taken advantage of different strategies to maximize car-
bon fixation efficiency. One involves the use of RuBisCO
with improved affinity for CO, and selectivity for CO,
relative to O, [15]. Cyanobacterial-type RuBisCO forms
IA and IB (found in cyanobacteria and green algae)
generally have a low affinity for CO, and a low CO,/O,
selectivity relative to red algal-derived forms IB and ID,
however the latter has a lower turnover rate [15]. Kinetic
and regulatory variabilities suggest that different forms of
RuBisCO are evolutionarily selected to function opti-
mally in different subcellular environments [16].

Carbon concentrating mechanisms (CCMs) are another
way to increase carbon fixation efficiency, and these can
be classified as being either biophysical (involving loca-
lized enhancement of CO;) or biochemical (involving
specific enzymatic pathways). The biophysical mechan-
ism of concentrating RuBisCO in carboxysomes and
pyrenoids allows for regulation of CO, delivery
[17°°,18°]. Cyanobacteria and chlorophytes rely largely
on biophysical CCMs by transporting and accumulating
bicarbonate and converting it to CO; near RuBisCO via
carbonic anhydrase [19]. Diatoms have high efficiency
CCMs and may utilize both biophysical and biochemical
mechanisms, which includes C4 fixation [18°,20,21].

Our literature search did not identify substantial differ-
ences in the complement of other Calvin—-Benson
enzymes across evolutionarily-diverse classes of micro-
algae, however, there seem to be differences in their
regulation [22].

Intracellular organization of carbon fixation
and carbohydrate storage

Highly diverse cellular organizational schemes for carbon
fixation and carbohydrate storage have developed in
microalgae (Figure 1). Cyanobacteria contain carboxy-
somes, and store carbohydrate as water-soluble glycogen,
whereas glaucophytes store starch in the cytoplasm
(Figure 1). Data suggest that cytoplasmic starch formation
generated from ADP-glucose exported from the chloro-
plast resulted from the merging of bacterial and eukaryote
pathways of storage polysaccharide metabolism [23°°]. In
the chlorophytes and related algae, gene duplications and
enzyme retargeting resulted in starch synthesis being
relocated to the chloroplast [24]. Pyrenoid-associated
starch in chlorophytes (Figure 1) could play a role in
carbon concentration [25], or photoprotection [24]. In
rhodophytes, pyrenoids are not present in all species,
and carbohydrate is stored in the cytoplasm as either
glycogen or Floridean starch, which is a less crystalline
starch form lacking amylose. In euglenophytes, carbo-
hydrate is stored cytoplasmically as a highly crystalline
fibrillar B-(1,3)-linked glucan called paramylon [26]. Chlor-
arachniophytes store a 3-(1,3)-linked glucan within a cyto-

plasmic vacuole that surrounds the pyrenoid which projects
from the plastid [27]. Cryptophytes have a similarly loca-
lized pyrenoid (which arose distinctly from the chlorar-
achniophyte arrangement), yet store starch between the
outer chloroplast and periplastid membranes (Figure 1).
Stramenopiles and haptophyes have centrally localized
pyrenoids and store a soluble B-(1,3)-linked glucan called
chrysolaminarin cytoplasmically in the large chrysolami-
narin vacuole [28,29]. There may be exceptions to this;
there is no documentation on the location of carbohydrate
storage in the eustigmatophyte lineage of the strameno-
piles, which includes Nannochloropsis. There are substan-
tial differences in the accessibility of different storage
forms of carbohydrates; starch granules are less accessible
energetically and biophysically than less crystalline forms
or than water soluble carbohydrates [28,30], and such
differences should affect intracellular energetics.

Compartmentation of core metabolic
networks

The diverse intracellular compartmentation schemes in
microalgae (Figure 1), coupled with evolutionary gene
replacement and retargeting, have transformed algal meta-
bolic capabilities [31,32°,33°°] and resulted in unconven-
tional routes for intracellular carbon flux. Some metabolic
models in green algae do not include a compartmentation
component [34,35]; however, it is becoming apparent that
compartmentation is an important consideration, and that
transport should play essential roles in carbon flux [36,37].
Substantial localization differences have been documen-
ted in essential metabolic networks, in this case among
species within a single clade [38°°]. To illustrate these
points, we compared central carbon networks in chloro-
phytes and diatoms as well-studied primary and secondary
endosymbionts, respectively (Figure 3).

In chlorophytes and diatoms the Embden—Meyerhof-Par-
nas (EMP) pathway of glycolysis is not commonly com-
plete in either the cytosol or chloroplast [38°°,39], which
necessitates carbon flux across plastid membranes [33°°].
Diatoms have additional EMP glycolysis capabilities in the
mitochondria (Figure 3; [40,41]), which could potentially
produce pyruvate in proximity to the T'CA cycle and
reducing equivalents to feed oxidative phosphorylation
[38]. Recently, the Entner—Doudoroff glycolytic pathway
was described in diatom mitochondria (Figure 3; [42]),
suggesting that the catabolism of C6 compounds to pyr-
uvate is possible.

The oxidative pentose phosphate pathway (OPP), which
supplies ribose-5-phosphate for #e #ovo nucleotide bio-
synthesis in addition to a source of NADPH for fatty acid
biosynthesis, is co-localized with the reductive pentose
phosphate pathway (Calvin—Benson cycle) in the plastids
of green algae and higher plants (Figure 3). The activities
of these two pathways are tightly light regulated in these
organisms to avoid futile cycling [43]. In diatoms, OPP
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Central carbon metabolic network map of a diatom and green alga highlight key differences. Upper; Diatom (Bacillariophyta). Lower, Green Algae
(Chlorophyta). Key: Organelles: ER = endoplasmic reticulum; Nu = nucleus. Pathway abbreviations: CB = Calvin-Benson; ED = Entner-Doudoroff
glycolysis; EMP = Emden—Meyerhoff-Parnas glycolysis; KP = Kennedy pathway; MEP = methylerythritolphosphate isoprenoid biosynthesis pathway;
MVA = mevalonate isoprenoid biosynthesis pathway; OPP = oxidative pentose phosphate pathway; TCA = citric acid cycle. Metabolite/enzyme
abbreviations: 3PG = 3-phosphoglycerate; DHAP = dihydroxyacetone phosphate; FA = fatty acid; GAP = glyceraldehyde-3-phosphate;

Gly3P = glycerol-3-phosphate; IsoP = isoprenoid; ML = membrane lipids; PYR = pyruvate; RuBisCO = ribulose-bisphosphate carboxylase oxygenase;
TAG = triacylglycerol. C3, 4, 6 refer to carbon skeletons containing the specified number of carbon molecules. Dashed arrows between 3PG and PYR
denote the presence or absence of a complete pathway in different species of the represented classes. Shaded boxes within each cell indicate
features that are distinct comparing diatoms and green algae. (Dark blue) Diatom RuBisCO has a higher CO,:0, selectivity than the chlorophyte form.
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and nucleotide biosynthesis occur in the cytosol, implying
that coordination between the oxidative and reductive
portions of the pentose phosphate pathway differs from
Chlorophytes, and there is an alternative mechanism to
transport reducing equivalents into diatom plastids for
fatty acid biosynthesis [41,44,45].

The cellular location of acetyl-CoA is important for a
number of pathways including fatty acid and isoprenoid
biosynthesis. The phosphotransacetylase-acetate kinase
(PTA-ACK) pathway interconverts acetate and acetyl-
CoA through an acetyl-phosphate intermediate [46]. PTA
and ACK are differentially localized in chlorophytes and
diatoms [42,46] suggesting differences in ability to inter-
convert acetate and acetyl-CoA in various parts of the cell.
This can affect the availability of acetyl-CoA for com-
partmentalized processes.

Diatoms contain a urea cycle, which other eukaryotic
microalgae and land plants lack (Figure 3; [47]). This
feature allows for a higher efficiency of nitrogen assim-
ilation from catabolic processes, and may enable diatoms
to more effectively recycle intracellular nitrogen [48°].
The urea cycle therefore could play an important role
when the cell is accumulating fuel precursors during
nitrogen-deprivation.

Stramenopiles, haptophytes, cryptophytes, and chlorar-
achniophytes have the periplastid compartment (PPC)
surrounding the chloroplast which is an additional com-
partment relative to chlorophytes. The PPC has been
proposed to be involved in inorganic carbon acquisition
[49] and in diatoms carbonic anhydrase enzymes were
localized there [21,50]. Secondary endosymbionts
require additional sets of transporters to traverse the
additional membranes, which may complicate metab-
olite exchange.

For reasons of simplicity, the major carbon flux necessary
to build algal cell walls was ignored in this review, but
there should be differences comparing the silicified cell
walls of diatoms compared with organic walls of other
microalgae [51].

Product molecule synthesis

Triacylglycerol (TAG) is produced from diacylglycerol
(DAG) in microalgae through two major routes: the
Kennedy Pathway involving transfer of acyl-CoA units
onto DAG, catalyzed by diacylglycerol acyltransferase

(DGAT), and an acyl-CoA-independent pathway in
which acyl groups are transferred from phospholipids,
catalyzed by phospholipid:diacylglycerol acyltransfer-
ase (PDAT) [52]. Analysis of DGATs showed differ-
ences in the number and types of isoforms present,
even within individual algal lineages [53]. Attempts to
manipulate DGA'T's for increased lipid production have
had little success [54], suggesting that the acyl-CoA-
independent route may deserve more consideration as a
contributor than previously thought. Our initial analysis
found different numbers of PDAT isoforms between
microalgal species, implying that this pathway may be
as complex across algal lineages as DGAT and
the Kennedy pathway. TAG biosynthesis has long
been thought to occur predominantly in the ER,
however recently it was shown in Chlamydomonas
reinhardtii that a plastid-localized process may contrib-
ute [55,56].

Isoprenoid molecules are important precursors for gener-
ation of biofuels [57,58]. Two major pathways exist for
isoprenoid biosynthesis in algae, the cytosolic mevalonate
(MVA) pathway using acetyl-CoA, and the plastidic
methylerythritolphosphate (MEP) pathway, which is
glyeraldehyde-3P and pyruvate dependent [59°]. Chlor-
ophytes have only the MEP pathway, but diatoms
additionally have the MVA pathway (Figure 3). The
interplay of precursor synthesis and regulation of both
pathways is complex with many unknowns [59°]. Specifi-
cally important for metabolic engineering of improved
and/or novel biofuels may be carbon partitioning between
the isoprenoids and fatty acids.

Conclusions and future directions

This review highlights the substantial differences in
photosynthesis, metabolic networks, and intracellular
organization of evolutionarily-distinct classes of micro-
algae as related to biofuel precursor molecule production.
Given the presented examples, one cannot assume that
the core carbon metabolism in diverse algal classes will
be similar. To facilitate a broadly-informed development
of algal biofuels, it will be necessary to use systems
biology approaches coupled with biochemical character-
ization in detailed metabolic studies of examples from
the different major algal lineages. It is likely that particu-
lar processes or arrangements are more advantageous for
fuel production in some classes of algae than others, and
determining relative efficiencies could enable optimiz-
ation of productivity in current strains, and ultimately

Figure 3 Legend (Continued) (Purple) Diatom isoprenoid biosynthesis combines a cytosolic MVA pathway and a plastidic MEP pathway. Green algae
only have a plastidic MEP pathway. (Yellow) As a result of the secondary endosymbiotic event, the diatom plastid is surrounded by four membranes,
the outer most is the ER (aka chloroplast ER), next is the periplastid, then the outer and inner chloroplast membranes. Resulting from this is the

periplastidic compartment and an additional transport requirement for the plastid in diatoms relative to chlorophytes. (Light blue) Carbohydrates are
stored as chrysolaminarin in a cytoplasmically localized vacuole in diatoms, and as starch in the chlorophytes. (Dark green) The OPP is cytosolic in
diatoms and plastidic in chlorophytes. (Pink) The Entner-Doudoroff pathway in diatom mitochondria. (Orange) The lower half of the EMP pathway in

diatom mitochondria. (Lime) The urea cycle in diatoms.
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lead to the development of completely novel strains or
synthetic organisms that combine evolutionarily-distinct
features.
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