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species which have been found to accumulate substantial
quantities of lipids, albeit under specific conditions, as
discussed below. Within the green algae, typical species
include Chlamydomonas reinhardtii, Dunaliella salina, and
various Chlorella species, as well as Botryococcus braunii,
which although slow growing can contain over 60 wt%
lipid (see Box 1), much of which is secreted into the cell
wall [7]. Other important algal groups include the diatoms
Phaeodactylum tricornutum and Thalassiosira pseudonana,
and other heterokonts including Nannochloropsis and Iso-
chrysis spp.

Growth of algal biomass and production of fuel
molecules
In considering how to develop the algal biodiesel pipe-
line, knowledge can be gained from the current com-
mercial growth of microalgae for high-value products,
particularly when conducted on a large scale (eg species

of Chlorella, Haematococcus, and Dunaliella). There are
well-established harvesting and processing method-
ologies for the products, which can be produced econ-
omically, although essentially without regard for the
energy inputs. Unfortunately, as a product of relatively
low value to be produced on a very large scale, a different
approach is necessary for algal-based biodiesel, and the
major challenge is to ensure that it is not made at the
expense of more energy than is obtained in the final fuel
product. For the growth of algae for biofuel, particular
concerns are: (1) whether closed or open bioreactors are
feasible, (2) the strategies to be taken to avoid contami-
nation by adventitious organisms, and (3) how nutrients
and CO2 should be supplied to the culture. For most
microalgae, synthesis of fuel molecules such as TAGs is at
the expense of growth, so conditions must be manipu-
lated to optimize TAG production. These issues are
discussed further below.

278 Energy biotechnology

Table 1

Estimation of oil productivity from different crops. The estimates for algal growth are based on laboratory experiments [26] or pilot scale
trials [12!]; using current technology, and on a large scale, the maximum productivity is unlikely to exceed 40 t/ha/y of oil [12!], resulting in
"45 000 L/ha/y of biodiesel. Current UK diesel use is 25 000 ML/y [3] equivalent on an energy basis to 27 000 ML/y of biodiesel. Thus with
the productivity reported below, 17.5 Mha of land would be required to supply this using rapeseed (actual productivity), and 0.6 Mha with
algae (assumed productivity§). For reference the total land area of the UK is 24 MHa.

Crop Oil content per tonne of biomass (wt% dry mass) Oil production (t/ha/y) Biodiesel yield (L/ha/y)

Oilseed rape (UK) [2] 40–44% (of seed) 1.4 1560
Soya [1!!] 20% (of seed) 0.48 544
Jatropha [45] 30% (of seed) 2.4 2700
Chlorella vulgaris [26] Up to 46% 7.2§ 8200
Nannochloropsis [12!] Up to 50% 20–30§ 23 000–34 000

Figure 1

Algal biofuel pipeline, showing the major stages in the process, together with the inputs and outputs that must be taken into consideration by life-cycle
analysis.
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10 min). The upper MTBE layer was transferred to a small glass test
tube and dried under a filtered air stream. Lipids were redissolved
in a minimal amount of MTBE, transferred to a pre-weighed Eppen-
dorf tube and dried overnight in a Savant SpeedVac SC100 (Thermo
Scientific, Waltham, US). Resulting lipid extracts were weighed on
an analytical balance.

2.6. Dextrose assay

Dextrose uptake was analyzed using a commercially available
assay from Cayman Chemical, (Ann Arbor, MI). The assay used a
glucose oxidase-peroxide reaction to analyze dextrose concentra-
tions. Using a 96-well Epoch BioTek plate reader and Gen5 1.09
software (BioTek, Winooski, VT), standard curves were generated
using the DSCM and assay standards. Maximum absorption by
the dye used took place at 514 nm.

3. Results and discussion

3.1. Spectroscopic and cell dry weight growth curves

The optical density of the cultures shows a lag in the onset of
growth for heterotrophic cultures when compared to the photo-
mixotrophic cultures, but equivalent cell densities were reached
within all stationary phases (Fig. 1). The lag in growth seen in
the spectroscopic growth curve is also observed in the cell dry
weight measurements (Fig. 2). The difference in duration of the
lag phase suggests that the photosynthetic capacity of photomixo-
trophically grown cells allows these cultures to enter exponential
growth phase faster than heterotrophic equivalents. Another point
of interest found in the growth curves is the highly similar biomass
accumulation (9.4 mg/mL in photomixotrophic cultures vs.
9.1 mg/mL in heterotrophic cultures) observed during stationary
phase. A previous study suggested differential biomasses between
photomixotrophically-grown and heterotrophically-grown cultures
(Heredia-Arroyo et al., 2011), but these biomasses were measured
at 72 h; a significant time point because the growth curves pre-
sented herein suggest that cells are growing exponentially at this
time. In fact, our data show a comparable trend in biomass accu-
mulation at this time point (!1-fold higher in photomixotrophic
cultures), which we attribute to the observed difference in growth
rate. By comparing complete growth curves for heterotrophic and
photomixotrophic cultures, we conclude that despite differences
in the initial lag and the rate of exponential growth, under car-
bon-supplemented batch conditions, light does not drastically
influence stationary phase biomass yields. In contrast, light does

appear to influence the levels of chlorophyll a and total lipids; dif-
ferences that are further discussed in Sections 3.2 and 3.4.

3.2. Chlorophyll a analysis

Chlorophyll a levels in the photomixotrophic cultures (Fig. 3)
spiked (!28 lg/mL) in correspondence with the exponential growth
after a period of 48 h, but then decreased as the cells progressed
through the stationary phase. The chlorophyll degradation during
the stationary phase resulted in constant chlorophyll a levels
(16 lg/mL) and may result from cells shading one another; a previ-
ously reported effect in dense cultures (Agusti, 1991). Chlorophyll a
levels in the heterotrophic cultures lacked a spike, instead, accumu-
lating a base level of the pigment (20 lg/mL) in the first 36 h of
growth. Following this initial production, the level of chlorophyll a
stayed relatively constant for the remainder of the growth period.

In the photomixotrophic cultures, the chlorophyll a spike pre-
cedes the exponential cell growth. The high pigment levels indicate
an increase in photosynthetic activity that likely provides the
energy necessary to grow and divide rapidly. The data from day
2 (Fig. 4a) best illustrates how increased pigment production pre-
cedes exponential growth in the photomixotrophic cultures. Rela-
tively low cell densities are present, but the chlorophyll a content
is elevated. In the heterotrophic cultures (Fig. 4b), chlorophyll a
levels reached almost 65% of levels obtained in photomixotrophic
cells, and this basal-level synthesis of chlorophyll has been
described previously (Myers, 1940).

It is likely that the photomixotrophic pigment spike is a cellular
response to the environmental saturated light conditions. Within
the heterotrophic cultures, the lack of environmental light would
explain the low levels of chlorophyll a production and difference
in lag-phase length between the two growth conditions. As has
been long established, chlorophyll a production regardless of light
conditions is an adaptation for low-light environments (Myers,
1940). Even though C. vulgaris is capable of growing heterotrophi-
cally, it would be advantageous to have a baseline amount of chlo-
rophyll a and photosynthetic proteins so that the cells may rapidly
initiate photosynthesis if incident light is experienced.

3.3. Dextrose uptake

Dextrose level analysis showed that cellular uptake occurred at
a rate inversely proportional to the rate of cellular growth (Fig. 5).
After the first 2 days of growth, the cultures appear to rapidly con-
sume dextrose in conjunction with their exponential growth. Dur-
ing stationary phase, the heterotrophic cultures appear to have a
slightly accelerated rate of dextrose uptake, but uptake converges
with the photomixotrophic cultures on day 9 with both cultures
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Fig. 1. Spectroscopic growth curves for photomixotrophic (dashed) and heterotro-
phic (solid) cultures. Error bars show SEM for triplicate cultures. Measurements
based on light scattering values at 750 nm.
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3.4. Lipid analysis

Dry lipid weights (Fig. 6) indicated that cells grown photomixo-
trophically accumulated over two times as many lipids as those
grown heterotrophically (an average of 1.9 mg/mL vs. 0.77 mg/mL
over the last 5 days of growth). Carbon from chlorophyll degrada-
tion products were identified by Li et al. (2014) as a potential con-
tributor to lipid content in heterotrophy-dilution-photoinduced
cultures of Chlorella protothecoides. Accordingly, in the photomixo-
trophic cultures, there is a correlation between the decrease in
chlorophyll a (change of 12 lg/mL) and increase in lipids (up to
1.9 mg/mL); however, these concentrations indicate that chloro-
phyll, at maximum, could contribute to lipid synthesis by less than
1%. In contrast to the data presented here, a previous study reported
higher lipid percentages in heterotrophic cultures of C. vulgaris
(Heredia-Arroyo et al., 2011). Three factors may contribute to this
discrepancy: (1) Differences in the time point(s) used (72 h vs. time
points across the growth curve) suggest that original comparisons
were made during an exponential growth phase (discussed in
Section 3.1). Even slight variability in sampling time during
exponential growth can skew lipid percentage values (a function
of biomass), so we report total lipids as a function of culture volume
(mg/mL). Additionally, we compared lipid levels across the entire
growth curves of photomixotrophic and heterotrophic cultures
and the most significant differences in lipid levels are observed in
stationary rather than exponential phase. (2) Use of yeast extract
by Heredia-Arroyo et al. (2011) may also contribute to the differ-
ences in lipid accumulation. The presence of exogenous amino acids
may allow cells to divert more carbon into lipids, explaining higher

overall lipid percentages in previous studies. (3) Finally, a nutrient
deficiency may be contributing to differential lipid accumulation.
Silicon, nitrogen, and phosphate limitations have well documented
effects on lipid metabolism (Griffiths and Harrison, 2009), but
deficiencies in metals, such as iron (Liu et al., 2008), may also change
the biomass compositions of algal cultures. While a nutrient
deficiency is unlikely due to the use of optimized growth media in
both studies, this possibility cannot be eliminated. Collectively,
the comparison of lipid accumulation across multiple time points
in the current study indicates that lipid production is more
favorable when the light reactions of photosynthesis are active
(discussed in Section 3.5).

3.5. Impact of photosynthetic activity

While a difference in lipid dry weights is seen between the two
growth modes, both conditions resulted in comparable levels of
biomass during stationary phase. In addition, both conditions
resulted in almost identical levels of terminal dextrose. Equivalent
biomass production and dextrose uptake account for the carbon
economy of the cell; thus, no—or an insignificant amount of—inor-
ganic carbon was fixed by the photomixotrophically grown cells. It
then follows that the difference in the lipid to biomass ratio is a
direct result of the light reactions of photosynthesis. Four different
scenarios (independently or in concert) could explain why this
occurs: (1) If oxygenic photosynthesis is occurring, the cells gener-
ate ATP and reduced nicotinamide adenine dinucleotide phosphate
(NADPH). The additional ATP and NADH present at the beginning
of the growth cycle could allow the cells to divide more rapidly
and to produce additional biomass in the form of protein that could
later feed lipid synthesis when it undergoes degradation (Li et al.,
2014). The correlation between lipid synthesis and chlorophyll
degradation could indicate the breakdown of proteins associated
with photosynthesis; but as mentioned previously, chlorophyll a
levels are not high enough to significantly contribute to lipid accu-
mulation. (2) Alternatively, ATP and NADPH resulting from oxy-
genic photosynthesis could directly provide the energy and
reducing equivalents required for lipid synthesis. While it is likely
that the majority of lipid synthesis is occurring in the plastids, if
ATP and NADPH are transported out of the chloroplast (scenario
1), the light reactions may also contribute to cytosolic lipid produc-
tion. Further precedent for stromal localization is that the plastidic
acetyl-CoA carboxylase is activated by light through the redox
potential generated by photosynthesis (Sasaki et al., 1997). (3)
An additional possibility is that triose phosphate isomerase (TPI),
which catalyzes the interconversion of dihydroxyacetone phos-
phate (DHAP) and G3P, is regulated differentially under heterotro-
phic and mixotrophic conditions. The glycolysis intermediate,
DHAP, is required to produce the glycerol backbone needed for
TAG synthesis, and inactivation of TPI facilitates high levels of lipid
accumulation (Gao et al., 2014). It appears that the photomixo-
trophic cultures are less dependent on glycolysis for their ATP
production, so these cultures may be inactivating TPI to a greater
extent than their heterotrophic equivalents. (4) Finally, it is
possible that cyclic photosynthesis (between photosystem I and
cytochrome b6f complex) is occurring. In this unlikely scenario,
ATP would be used for additional protein synthesis and cell divi-
sion and the redox environment of the cells would not be a
consideration.

4. Conclusions

Under batch conditions, cells grown photomixotrophically grow
faster and accumulate more lipids than heterotrophically grown
cells (an average of 1.9 mg/mL vs. 0.77 mg/mL over the last 5 days

-3

2

7

12

17

22

27

0

5

10

15

20

25

0 1 2 3 4 5 6 7 8 9

G
lu

co
se

 C
on

ce
nt

ra
tio

n 
(g

/L
)

O
pt

ic
al

 D
en

sit
y 

(A
.U

.)

Time (Days)

Fig. 5. Media dextrose levels (solid) and spectroscopic growth curves (dashed) for
photomixotrophic (gray) and heterotrophic (black) cultures. Uniform dextrose
uptake is observed in all cultures. Error bars show SEM for triplicate cultures.
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Photosynthetic light reactions increase total lipid accumulation
in carbon-supplemented batch cultures of Chlorella vulgaris
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h i g h l i g h t s

! C. vulgaris generates equivalent biomasses in hetero/photomixotrophic batch cultures.
! Light enhances lipid production in C. vulgaris batch cultures.
! Differences in lipid to biomass ratio are a result of photosynthetic light reactions.
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a b s t r a c t

Microalgae are an attractive biofuel feedstock because of their high lipid to biomass ratios, lipid compo-
sitions that are suitable for biodiesel production, and the ability to grow on varied carbon sources. While
algae can grow autotrophically, supplying an exogenous carbon source can increase growth rates and
allow heterotrophic growth in the absence of light. Time course analyses of dextrose-supplemented Chlo-
rella vulgaris batch cultures demonstrate that light availability directly influences growth rate, chloro-
phyll production, and total lipid accumulation. Parallel photomixotrophic and heterotrophic cultures
grown to stationary phase reached the same amount of biomass, but total lipid content was higher for
algae grown in the presence of light (an average of 1.90 mg/mL vs. 0.77 mg/mL over 5 days of stationary
phase growth).

! 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The nonrenewable nature of fossil fuels necessitates the devel-
opment of renewable and sustainable energy sources. Biodiesel is a
promising petroleum alternative because it is compatible with cur-
rent infrastructure and can be produced from a variety of feed-
stocks including vegetable oils, animal fats, seed oils, or other
lipid-rich biomasses (Mata et al., 2010; Ho et al., 2014). Unfortu-
nately, many of these sources of biodiesel have significant limita-
tions. Much like the corn grain feedstocks used for ethanol
production, oil seed crops compete for agricultural land, require
fertilizers (often petrochemical-based) and have low oil yields rel-
ative to total biomass (Searchinger et al., 2008). Similarly, the use
of animal fats or recycled vegetable oils is volume limited as they

are produced as industrial byproducts; however, they could
provide a dependable source for a smaller portion of the energy
profile (Rittman, 2008). A biomass source that has a high lipid-
to-biomass ratio, is scalable, and does not compete with food crops
is microalgae (Dismukes et al., 2008; Chisti, 2008). Many of these
unicellular organisms can produce large quantities of lipids that
are easily extracted and suitable for biodiesel production. In order
to optimize algal lipid yield and composition, more information is
needed about the factors that influence total lipid accumulation
(Chisti, 2007). In addition to lipid production, algae may be grown
in carbon- and nitrogen-rich wastewater, providing a green water
treatment strategy (Feng et al., 2011; Cho et al., 2011), or used as a
protein supplement for animal feeds (Ursu et al., 2014).

Chlorella vulgaris, the microalga of interest in this study, is capa-
ble of growing autotrophically, heterotrophically, or photomixo-
trophically and can synthesize high levels of lipids per biomass
(Heredia-Arroyo et al., 2011). During autotrophic growth, cellular
energy is generated via the light reactions of photosynthesis and
carbon demands are met by the fixation of carbon dioxide. The
associated proton gradient drives adenosine triphosphate (ATP)
production, while the resulting glyceraldehyde 3-phosphate

http://dx.doi.org/10.1016/j.biortech.2014.11.098
0960-8524/! 2014 Elsevier Ltd. All rights reserved.
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