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ABSTRACT: Here we describe the first phenotypic screening
with microalgae to study lipid metabolism and to discover
organic small molecules as chemical triggers that increase
growth and lipid production. A microplate assay has been
developed for analysis of intracellular lipids using Nile Red
fluorescence in order to screen a collection of diverse bioactive
organic molecules (e.g., kinase inhibitors) with four strains of
oleaginous microalgae (Nannochloropsis salina, Nannochloropsis
oculata, Nannochloris sp., and Phaeodactylum tricornutum).
Several small molecules identified in microplate screening
increased lipid productivity >200% without decreasing growth
and biomass production. Selected compounds were further
investigated in the context of larger batch culture experiments (e.g., 500 mL) and demonstrated to increase lipid levels (up to
84%) while maintaining or increasing the specific growth rate. Bioactive molecules such as forskolin and quinacrine were
identified as promising probes of microalgae lipid pathways. We have also determined that common antioxidants such as
epigallocatechin gallate and butylated hydroxyanisole (BHA) increase lipid productivity and may represent new probes of
oxidative signaling pathways for photooxidative protection.

As the world’s largest group of photosynthetic organism,
microalgae have been identified as a viable feedstock for

biofuels due to their efficient abilities to convert sunlight and
CO2 to biomass, thrive in saline water, and grow on non-arable
land.1−3 Several oleaginous strains of microalgae have been
identified to produce naturally high levels of lipids (e.g., 20−
75% dry mass) in the form of triacylglycerols (TAGs), which
can be converted for use as biodiesel via a transesterification
process.3 Microalgae are considered to be superior oil
producers compared to terrestrial competitors (e.g., palm,
rapeseed, jatropha, soybean) because fewer resources are
devoted to the synthesis of structural components such as
cellulose and lignin.4 However, for microalgae to become more
economically competitive as a feedstock, it is necessary to
improve the understanding of microalgae metabolic pathways
and increase oil content.
Several methods have been reported for increasing lipid

production in microalgae, including nutrient limitation,5

heterotrophic growth conditions,6 and genetic engineering
methods.7 While nitrogen-deficient conditions are known to
provide an increase in the lipids produced per cell in multiple
microalgae strains, there is an overall decrease in the growth
and cell mass produced.8 Although limited examples of genetic
transformation have been reported for microalgae, successful
examples have been reported using genetic manipulation to
increase production (and/or alter the fatty acid composition) of
plant oil in organisms such as Brassica napus and Arabidopsis
thaliana.9 Genetic manipulation of ACCase activity in rapeseed
plants resulted in a 5% increase in seed oil content.10

Overexpression of KAS III has been shown to increase the
proportion of palmitic acid (16:0) but led to an overall decrease
in TAG content by 5−10%.11 Overexpression of cytosolic
glycerol-3-phosphate dehydrogenase (gpd1) in Brassica napus
led to a 40% increase in seed oil content.12,13 Genetic alteration
of the acyltransferases in A. thaliana led to a 10−21% increase
in oil production.14,15 Initial studies that increased ACCase
activity in transformed microalgae did not result in any increase
in lipid production.3 To date, there have been very few positive
results reported using genetic engineering to alter lipid
metabolism in microalgae.7,9 One promising current direction
is the deletion of starch biosynthesis genes in combination with
nitrogen starvation/limitation, which has been shown to
increase lipid production in non-oleaginous Chlamydomonas
reinhardtii as a model organism.16−18 RNAi methods have also
been useful to manipulate the gene expression in C. reinhardtii,
enabling a reverse genetic approach to probing gene
function,19,20 but have not been applied to lipid metabolism
pathways.
An alternate approach to modulate lipid pathways is to

conduct screens of bioactive small molecules with commercially
viable oleaginous microalgae to identify chemical triggers that
directly elicit the desired phenotype by modifying protein
function in real time, rather than genetic mutation methods to
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disrupt gene function.21−23 This phenotypic approach does not
require knowledge of the small molecule’s binding target and
can also effect combinations of pathways involved in lipid
metabolism and catabolism that may not be identified using
other methods. This chemical strategy has not been utilized
previously with microalgae for lipid production; however, the
use of small molecules in the nanomolar or micromolar
concentration range is well established for screening in the
pharmaceutical industry with mammalian models of disease
biology. Previous phenotypic screening has also been developed
with E. coli, yeast, and other microorganisms.22,24−26 Addition-
ally, the effects of small molecules have been investigated on
the development of plants such as Arabidopsis.27 Recently, C.
reinhardtii has also been used as a model for screening
anticancer drugs28 and inhibitors that regulate flagella.29 The
use of bioactive molecules can also provide the opportunity to
optimize microalgae strains using chemical (random) muta-
genesis.
Herein, we report new chemical triggers that increase lipid

productivity in microalgae while either increasing or maintain-
ing growth and cell density. Compounds have been specifically
selected to enhance potential for industrial applications by
selecting molecules with picomolar to micromolar activity for
characterized target classes (e.g., in yeast and mammalian cells),
such as various kinase inhibitors, fatty acid synthase (FAS)
inhibitors, elicitors used in plant biology, and oxidative
signaling molecules (Supplementary Table S1). Our results
show that these bioactive chemical triggers identified in
microplate screening can be used in larger cultures to increase
both the biomass (based on cell density and dry weight) and
lipid levels (based on extract weight) in microalgae. The lipid
levels we observe match the lipid content per cell that is
typically observed for nitrogen-deficient conditions, but without
an overall decrease in cell mass. Using bioactive small molecules
in 500 mL cultures, we have identified conditions that
demonstrate the first proof of concept for this approach and
increase lipid levels up to 84%. Furthermore, we have
demonstrated that several compounds are relevant and
economically viable for industrial applications based on a cost
analysis of quantities for large-scale microalgae production.

■ RESULTS AND DISCUSSION
Screening for Modulators of Lipid Production in

Microalgae. We have designed a three-phase screening
process to identify small molecule probes and chemical triggers
to increase growth and lipid levels in oleaginous microalgae
relevant for biofuel production (Figure 1). The initial screening
phase utilizes 96-well microplates to screen a pilot collection of
diverse bioactive molecules selected on the basis of
characterized target classes (e.g., in plants, yeast or mammalian
cells; Supplementary Table S1) with multiple industrially
relevant microalgae strains (selected based on high-lipid
content). Here we have initiated screening with a pilot
collection of bioactive molecules in order to screen two or
more concentrations with four oleaginous microalgae strains.
Microalgae species evaluated in this assay include Phaeodacty-
lum tricornutum, Nannochloropsis salina, Nannochloropsis oculata,
and Nannochloris sp., which have been previously described as
valuable for commercial biofuel applications. The microplate
assay monitors growth using absorbance and chlorophyll
fluorescence measurements during all phases, followed by the
addition of a lipophilic dye (Nile Red, 9-diethylamino-5H-
benzo[α]phenoxazine-5-one) to measure intracellular lipid

levels in stationary phase.30 The second phase involves further
dose−response screening in order to confirm the activity of
lead compounds that have been identified in microplates. The
final screening phase investigates the activity of lead
compounds in larger 500-mL cultures to quantify and compare
lipid levels and composition using traditional methods of lipid
analysis, such as gravimetric analysis, 1H NMR spectroscopy,
microscopy, and mass spectrometric analysis (MALDI-TOF of
TAGs and GC−MS of FAMEs).31 These methods also facilitate
the “pre-characterization” of fuel properties in order to attain
desired properties of biodiesel (such as volatility and viscosity)
where small changes resulting from unsaturation or chain
length can have a substantial effect on fuel properties (e.g.,
cloud point, oxidative stability).26,32 Several lead compounds
were also selected for screening with water as a delivery vehicle,
instead of DMSO, due to the relevance for industrial-scale
applications.

Figure 1. Overview of screening process to identify small molecules
that increase lipid production in microalgae.

ACS Chemical Biology Articles

dx.doi.org/10.1021/cb300573r | ACS Chem. Biol. 2013, 8, 1053−10621054



Initial small molecule screening investigated 432 unique
culture conditions using a collection of 54 bioactive molecules
screened in all four microalgae strains at 20 μM and 200 nM
concentrations. This preliminary screening evaluated commer-
cially available bioactive small molecules with characterized
target classes, such as various kinase inhibitors, fatty acid
synthase (FAS) inhibitors, plant hormones, and oxidative
signaling molecules (Supplementary Table S1). Many of the
compounds selected were nontoxic to enhance long-term
commercial potential for use in large-scale pond production of
microalgae. Optimization of the microplate assay required the
addition of sodium bicarbonate or soil extract as supplemental
carbon sources (Supporting Information) because limited air
exchange occurs in microplates, and air or CO2 bubbling was
not feasible.33,34 The addition of sodium bicarbonate as an
external inorganic carbon source ensured consistent growth
conditions in microplates to allow for comparative studies
based on compound treatment.
We have observed five outcomes based on growth and lipid

phenotypes, depending on both the compound structure and
concentration: (1) increase in both growth and lipid
production; (2) increase in growth but decrease in lipid
production; (3) decrease in growth but increase in lipid
production; (4) decrease in both growth and lipid production;

(5) no effect on growth or lipid production. The first three
outcomes are the focus of this study. Statistical analysis was
performed on approximately 800 microplate cultures per
species. Average and standard error of the mean were used to
compare lipid production based on Nile Red fluorescence
intensities. Compounds with Nile Red fluorescence intensity
consisting of p < 0.05 in an independent two-tailed t test were
considered statistical significant (Supplementary Table S2).
Based on this error analysis, microplate assay results with a lipid
increase >20% (regardless of growth rate) were considered to
be positive results (i.e., hits) for the first phase of the assay. A
complete summary of molecules with >20% increase of
intracellular lipids based on Nile Red fluorescence intensity is
found as Supplementary Table S3. Control experiments were
performed to ensure that there were no false positives based on
compound autofluoresence and also that compounds do not
interfere with the quantification of lipid levels (i.e., enhance or
quench the fluorescence) using the Nile Red dye (see
Supporting Information).
Several classes of molecules were identified as having a

consistent effect to increase intracellular lipid levels. Several
strains of green microalgae responded positively to certain
compounds (e.g., cAMP, forskolin, and quinacrine), suggesting
that there are conserved metabolic targets among different

Figure 2. Dose−response effects for microalgae biomass concentration and intracellular lipid levels in microplates. Intracellular lipid levels measured
by Nile Red fluorescence on day 3 of stationary phase, which differs for each microalgae strain. (A) Dose−response effects of (−)-epigallocatechin
gallate (EGCG) with N. salina. (B) Dose−response effects of quinacrine with N. oculata. (C) Dose−response effects of BPDQ with N. salina. Data
points and error bars (SEM) in optical density and Nile Red fluorescence measurements represent a mean of replicates. [A: n = 6, B: n = 4, C: n = 3
or n = 2 (4.0 and 1.5 μM]. * = P < 0.05, ** = P < 0.01, two-tailed t test.
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strains. However, compounds such as (−)-epigallocatechin
gallate (EGCG), PTP inhibitor II, and cycloheximide afforded
varied responses based on the microalgae strain, which could
indicate that regulation of some biological pathways occurs by
different mechanisms in different strains. On the basis of the
results of our initial microplate screening, the following
conclusions can be made: (1) adding supplemental carbon
sources (e.g., sodium bicarbonate) was important for micro-
algae growth in microplates to successfully develop the
microplate assay; (2) the Nile Red fluorescent assay is a
rapid and effective way to perform chemical genetic screening
and compare intracellular lipid content in a microalgae
microplate assay; (3) generally, N. salina and Nannochloris sp.
exhibited more positive increases in intracellular lipid levels,
whereas N. oculata and P. tricornutum exhibited fewer positive
results; (4) chemical triggers identified to increase intracellular
lipid levels for P. tricornutum were generally distinct from
molecules identified for green microalgae strains. Since we have

also identified many molecules with negligible effects on the
growth and lipid levels of microalgae, this suggests that
microalgae are robust and have adapted to being exposed to
“contaminants” in their environment.

Dose−Response Screening of Lipid Modulators for
Microalgae in Microplates. Based on compounds promoting
>20% intracellular lipid increase based on Nile Red
fluorescence intensity relative to the control, a series of
different compound/strain combinations were identified to
investigate for concentration-dependent activity. Additional
related compounds were also selected on the basis of the target
classes or known functions of these lead compounds, such as
modulators of lipoxygenase activity, lipase activity, plant
hormone activity, protein kinase activity, and oxidative signaling
activity.35−37 In total, 42 compounds were evaluated in dose−
response screening in four microalgae strains at nine
concentrations (ranging from 40 μM to 2 pM) to further

Table 1. Summary of Compounds Affording >50% Increase of Intracellular Lipid Levels in Microplate Dose−Response
Screening Relative to DMSO Control (p < 0.05)a

microalgae compoundb concentration % lipid increase based on Nile Red fluorescence intensityc

N. oculata baicalein 25.2 pM 52
baicalein (water) 40 μM 76
curcumin 75.7 pM 49
quinacrine 244 nM 106
SB202190d 400 fM 95

N. salina arctigenin 370.4 nM 64
atrazine 4.6 nM 53
BPDQ 6.0 nM 130
CDK4 inhibitor I 40 μM 49
epigallocatechin gallate 1.48 μM 217
esculetin 6.13 nM 62
forskolin 4.6 nM 66
gossypol 6.13 nM 103
indomethacin 123.5 nM 61
JZL 184 hydrate 40 μM 119
methyl jasmonate 13 nM 85
PTP inhibitor II 22.7 pM 54
zeatin 4.6 nM 64

Nannochloris sp. bisindolylmaleimide (water) 49 nM 141
FAAH inhibitor I (water) 0.6 nM 189
FAAH inhibitor II (water) 0.6 nM 182
indomethacin (water) 5.5 nM 95
ketoconazole (water) 148 nM 94
piceatannol 6.10 nM 71
quinacrine (water) 49 nM 136

P. tricornutum arctigenin 41.2 nM 61
BPDQ (water) 400 fM 63
caffeic acid (water) 4 μM 94
cAMP 370.4 nM 66
CDK2 inhibitor 2 40 μM 347
CDK4/6 I4 10 μM 50
cycloheximided 400 nM 408
naphthyl acid phosphate (water) 681 pM 51
resveratrol 10 nM 61
zeatin 4.6 nM 114

aIncreases in Nile Red fluorescence intensity were based on three or more replicates with p ≤ 0.05. Depending on the experiment, replicates were
tested in different 96-well microplates or within the same microplate. The p-values were calculated utilizing a two-tailed independent t test.
bSolutions of DMSO are used for compound delivery, except for cases where water is indicated in parentheses. Compounds were added at the start
of analysis on t = day 0. cRefer to Supplementary Table S4 for more information regarding additional compound concentrations, p-values and
number of replicates. dCompound was added at exponential phase, t = day 7.
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characterize the activity of these chemical triggers to effect
growth and intracellular lipid levels.
From this dose−response microplate screening based on

Nile Red fluorescence intensity, we identified 12 compound/
strain combinations that increase intracellular lipid levels
>100%, with three compounds affording increases in intra-
cellular lipids of 200−400%. Many compounds showed activity
in microalgae at nanomolar concentrations and several showed
activity in multiple microalgae strains. For example, quinacrine,
an NF-κB inhibitor and p53 activator, demonstrates activity to
increase intracellular lipids >100% compared to the control
(based on Nile Red fluorescence intensity) in N. oculata and
Nannochloris sp. (in water). (−)-Epigallocatechin gallate
(EGCG), a catechin found in green tea, also showed
intracellular lipid increases >100% at several concentrations.
Figure 2 shows examples of dose−response screening results
for cell growth and intracellular lipid measurements for
(−)-EGCG, quinacrine, and BPDQ in N. salina, N. oculata,
and N. salina, respectively (see also Supplementary Figure S7
for additional examples). In cases where compounds exhibited
nanomolar activity for effects on growth or intracellular lipid
levels, additional concentration ranges were evaluated to
determine the most promising concentrations for testing in

larger batch culture experiments. A summary of microalgae
species and concentrations of lead compounds exhibiting the
greatest effect on lipid levels is provided in Table 1 (see also
Supplementary Table S4). The basic trends observed for dose−
response screening followed the examples shown in Figure 2
(and Supplementary Figure S7).
We also demonstrated the importance of temporal effects for

small molecule screening by adding compounds at different
microalgae growth phases (e.g., initial vs exponential phase), an
option that is not typically available when gene function is
disrupted using classical genetic manipulation. Initial com-
pound screening was performed with compounds added to the
microplate before the start of the assay (i.e., at t = 0). A second
round of microplate screening was performed where microalgae
cultures were treated with lead compounds during the
exponential phase of growth (t = day 7) to evaluate potential
temporal effects. Small molecules that demonstrated growth-
inhibitory properties when added at t = 0 were of particular
interest to evaluate temporal effects because it was envisioned
that these compounds may mimic nutrient-limiting stress
conditions and shift the metabolic pathways to increase lipid
levels without having detrimental growth effects as a result of
being introduced later in the growth cycle. The temporal effects

Table 2. Chemical Triggers Increasing Lipid Productivity in Microalgae in 500 mL Culturesa

microalgae compound
specific growth rate

(days−1)b
lipid content
(% w/w)c

lipid productivity
(mg L−1 day−1)

change in lipids
(%)d

Nannochloris sp. control 0.17 ± 0.03 − 3.0 ± 0.9
DMSO (0.4%) 0.21 ± 0.11 − 2.6 ± 0.2 −16
10 μM forskolin 0.15 ± 0.05 − 4.5 ± 1.7 51
400 nM cAMP 0.17 ± 0.01 − 4.8 ± 0.5 62
40 nM quinacrine 0.18 ± 0.01 − 4.2 ± 1.1 31
40 nM orlistat 0.20 ± 0.01 − 5.1 ± 1.5 72
40 nM EGCG 0.17 ± 0.03 − 4.3 ± 0.8 39
4 nM SB202190 0.17 ± 0.02 − 3.0 ± 1.7 3
4 nM SB202190 (exponential addition) 0.15 ± 0.08 − 4.0 ± 1.6 38

N. oculata control 0.16 ± 0.04 16.1 ± 6.6 3.5 ± 0.7
DMSO (0.4%) 0.20 ± 0.07 18.6 ± 7.8 4.8 ± 0.6 39
4 nM forskolin 0.17 ± 0.02 25.6 ± 1.8 6.4 ± 1.2 84
400 nM cAMP 0.19 ± 0.03 22.3 ± 11.0 4.4 ± 1.8 51
400 nM quinacrine 0.18 ± 0.04 16.7 ± 4.9 5.2 ± 0.6 51
4 μM EGCG 0.17 ± 0.03 20.6 ± 6.9 4.9 ± 1.7 41

N. salina control 0.23 ± 0.06 23.6 ± 9.0 4.7 ± 1.4
DMSO (0.4%) 0.26 ± 0.07 24.3 ± 7.5 6.5 ± 1.7 25
4 μM cAMP 0.22 ± 0.03 28.6 ± 10.7 7.9 ± 3.4 46
40 nM quinacrine 0.25 ± 0.02 26.5 ± 3.9 4.5 ± 1.0 6
40 μM EGCG 0.22 ± 0.06 23.1 ± 10.6 6.3 ± 2.2 18
4 μM EGCG (in water)e 0.24 ± 0.01 32.4 ± 0.1 7.1 ± 1.2 46
40 nM propyl gallate 0.23 ± 0.002 25.9 ± 11.4 8.3 ± 1.7 67
4 nM BHA 0.23 ± 0.002 28.8 ± 11.4 8.1 ± 0.6 63

P. tricornutum control 0.27 ± 0.09 15.6 ± 6.1 3.9 ± 1.7
DMSO (0.4%) 0.27 ± 0.08 21.5 ± 5.9 4.1 ± 1.6 −1
76 pM gossypol 0.21 ± 0.05 24.4 ± 2.7 5.6 ± 1.9 27
40 nM cAMP 0.26 ± 0.19 16.7 ± 0.7 5.3 ± 1.0 28
120 nM AICAR 0.34 ± 0.04 22.7 ± 1.3 7.0 ± 0.9 45
4 μM EGCG (in water)e 0.19 ± 0.02 17.2 ± 1.3 4.4 ± 2.4 6

aA comparison of dry weight and lipid extracts for 500-mL microalgae cultures treated with bioactive small molecules vs control cultures with and
without DMSO. All cultures were performed with three or more replicates unless otherwise indicated. bSpecific growth rate was calculated during
mid-exponential growth phase. Refer to Supporting Information for details. cLipid content determined with dried lipid extract and dry biomass (see
Supporting Information and Supplementary Table S5). All data indicate the average with the standard deviation denoted. Standard deviation was
calculated from within individual batch culture sets. See Supporting Information for full experimental details. Due to small cell size, Nannochloris sp.
samples were not fully dried, and therefore, the w/w analysis of lipid content was not directly calculated. dThe change in lipid is calculated on the
basis of gravimetric analysis relative to the averaged control without DMSO. eTwo replicates performed.
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for cycloheximide, a protein synthesis inhibitor, and SB202190,
a MAP38 kinase inhibitor, were particularly noteworthy
(Supplementary Figure S5). When microalgae cells were
treated with cycloheximide in the initial phase at concentrations
>1 μM, an inhibitory effect on cell growth was observed (based
on low absorbance compared to control in all four species) and
only a minimal increase in lipid levels was observed. However,
when cycloheximide was added during the exponential growth
phase, an increase in lipid levels (up to 400%) was observed
over a greater concentration range for P. tricornutum. The
addition of SB202190 in exponential growth phase also
afforded a more significant increase in the intracellular lipid
levels for N. oculata (where an increase from 45% to 95% is
observed based on Nile Red fluorescence intensity at >0.040
nM concentrations). While these results highlight the potential
impact of performing compound treatment at various growth
phases, comparing temporal effects may also help elucidate the
mechanism of action for a compound.
Translating the Effects of Chemical Triggers to

Increase Lipid Levels in Larger Cultures. On the basis of
dose−response screening results, candidate compound/strain
combinations were selected for screening in 500-mL batch
cultures to confirm their effectiveness in the context of larger
scale microalgae batch cultures where lipid extracts can be
quantified using gravimetric analysis. Selection of compound/
strain combinations was based on demonstrated increases in
lipid levels >50% based on Nile Red fluorescence intensity (p-
value <0.05) in dose−response screening or if positive results
were observed in more than one microalgae species. With this
size culture, secondary assays were also performed to analyze
lipid composition using 1H NMR spectroscopy, MALDI-TOF,
and GC−MS (see Supplementary Figures S6−8 for examples).
Batch culture screening was performed with four microalgae
strains, but the most significant effects of compounds on lipid
production were observed in green microalgae strains, high-
lighted in Table 2. Compared to microplates, microalgae grown
in batch cultures are aerated, mixed, and exposed to light and
other contaminating organisms more similarly to bioreactors or
outside growth ponds used for industrial microalgae
production, which makes them more representative to predict
success in industrial applications.
Positive increases in growth and lipid levels (based on cell

density, biomass, and gravimetric analysis on neutral lipids
extracts) were identified with bioactive molecules such as
forskolin, cAMP, quinacrine, orlistat, and EGCG. Most
compounds were effective when added at the beginning of
the culture growth, but SB202190 afforded a 38% increase in
lipid levels in N. oculata batch culture only when added during
the exponential growth phase as expected based on our
previous temporal screening experiments in microplates
(Supporting Information Figure S8). Forskolin and cAMP
were selected due to their known activity as protein kinase
activators, with forskolin known to increase cAMP levels and
cause lipolysis.38 After confirming positive preliminary results
for forskolin in the initial microplate screening, both forskolin
and cAMP were investigated in parallel for batch culture
experiments. In batch cultures, forskolin led to an 84%
increases in lipid levels in N. oculata, and a smaller increase
was also observed in Nannochloris sp. cAMP also increased lipid
levels by 28−62%, depending on the microalgae strain.
Quinacrine, a known inhibitor of PLA2 and NF-κB, and an
activator of p53, showed moderate lipid increase activity (31−
51%) in two microalgae strains. It is notable that these cultures

maintain or increase growth (i.e., cell density) while
maintaining lipid production (Figure 3). The fact that growth

is maintained in the presence of these chemical triggers is in
contrast to the effects observed and reported for the nitrogen-
starvation conditions, which are often utilized as a model
system to study increased lipid productivity.3 Nitrogen-deficient
conditions are known to reduce cell division, while increasing
overall lipid productivity per cell compared to normal growth
conditions.5,8 Chemical triggers such as EGCG and forskolin
meet the goal of increasing overall lipids without a decrease in
cell mass (Figure 3). Analysis of the lipid composition for
compound-treated cultures showed no significant change in
fatty acid profiles based on 1H NMR spectroscopy, MALDI-
TOF, or GC−MS analysis (See Supporting Information).
Synergistic screening of compounds using nitrogen-limited
growth conditions may also provide additional opportunities to
increase lipid levels with this small molecule activation strategy.
The synergistic effects of sodium bicarbonate in addition to
chemical triggers, may partially account for the difference
between results observed for microplate and batch culture lipid
levels, and also indicate an important area for additional
exploration.

Figure 3. Comparison of microalgae growth for trigger-induced and
nitrogen-deficient conditions in 500-mL batch cultures for (A) N.
salina and (B) N. oculata. Data points represent the mean of replicates
with error bars (SEM) [A: control, n = 6; DMSO (0.4%), n = 5;
EGCG 40 μM, n = 4; nitrogen deficient, n = 2. B: control, n = 4;
DMSO (0.4%), n = 3; nitrogen deficient, n = 2; forskolin (4 nM), n =
2].
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The use of DMSO as a compound delivery vehicle was
generally determined to be important for compounds effects,
most notably in the green microalgae strains, which are known
to have thick cell walls.30 DMSO was utilized due to its ability
to promote the permeation of solutes as well as the solubility of
the majority of bioactive compounds in it.39,40 DMSO is also
known to be a versatile molecule with cryoprotective,41

antioxidant,42 and lipid-enhancing properties.43 DMSO is
known to be naturally occurring in microalgae44 and originates
from the enzymatic cleavage product of dimethylsulfoniopro-
prionate (DMSP), dimethyl sulfide (DMS). In microalgae
species such as Thalassiosira pseudonana, DMSP serves as an
antioxidant and cryoprotectant.45

While all preliminary compound screening was performed
with DMSO stock solutions (with a final volume of 0.4% per
culture), lead compounds were also screened with water as a
delivery vehicle to determine if the DMSO was contributing to
the observed effects. In the green microalgae strains, using
water as a delivery agent for compounds often led to minimal
effects (<40% increase) on the lipid levels, indicating that the
DMSO is essential to facilitate the entry of the compound into
the cell or to enhance the effect of the chemical trigger. This
was not the case with EGCG, which showed similar effects in
N. salina when screening either with water or with DMSO, thus
indicating that the need for DMSO is dependent on either the
compound or the microalgae strain. In the specific case with the
diatom P. tricornutum, there were several cases where the use of
water as a delivery agent afforded an increase in the potency of
several compounds, which was attributed to an enhanced
sensitivity of the diatom to DMSO. DMSO was independently
screened in microplates at concentrations from 0 to 1.4% (v/v)
to determine how the vehicle affected microalgae growth and
intracellular lipid levels (Supplementary Figure S2). At less than
0.4% v/v, DMSO did not show a toxic or detrimental effect on
the growth for any of the four microalgae strains inves-
tigated.39,46 With the addition of higher levels of DMSO (e.g.,
>0.8% v/v) a more substantial and detrimental effect on growth
and cell density was observed for N. oculata and N. salina. Upon
comparison of batch culture control experiments for DMSO (at
0.4% v/v), we observed a 39% and 19% increase in lipid levels
with N. oculata and N. salina, respectively (Table 2). In P.
tricornutum or Nannochloris sp., the addition of 0.4% v/v
DMSO generally showed no effect or a small decrease in
growth and lipid production.
In all green microalgae strains, we observed that nanomolar

or micromolar concentrations of EGCG increased growth and
lipid extract levels (Table 2). In the case of N. salina, this result
was consistent when the compound was delivered using either
DMSO or water as the vehicle. Various biological effects have

been reported for EGCG, including inhibition of fatty acid
synthase, α-glucosidase, and MAP kinase mediated signaling
pathways.47,48 Furthermore, we postulated that the antioxidant
action of EGCG could protect cells from lipid peroxidation,49

which may be involved in modulating photooxidative stress
pathways and would therefore reduce photooxidative stress and
enhance photosynthetic efficiency.50,51 Although some in-
formation is known in plants, the effects of oxidative stress
and the connection to lipid production are poorly understood
in microalgae.52

We hypothesized that antioxidants such as EGCG may serve
as an oxidative signaling molecule to enhance photoprotection
and thus may provide a new pathway to investigate for
increasing lipid production. To further explore this hypothesis,
we investigated the effects of several additional molecules with
known antioxidant properties, with a particular focus on readily
available derivatives and molecules already used in industrial
applications, such as butylated hydroxyanisole (BHA), a
preservative used in packaged foods. We first evaluated a series
of antioxidants in microplate assays to identify optimal
concentration ranges and then moved to larger batch culture
experiments. In microplate assays with N. salina, both BHA and
propyl gallate, a simplified derivative of the EGCG structure,
showed positive results with increases in intracellular lipid levels
at 40 nM concentration (based on Nile Red fluorescence
intensity). The effects of BHA and propyl gallate were further
evaluated in batch cultures for N. salina, and these effects
translated to batch cultures with >60% increase based on
gravimetric analysis of neutral lipid extracts.
To assess the industrial viability of using these molecules for

growing microalgae in a large-scale pond, we performed a
simple analysis to determine the quantity and cost for several
lead compounds to dose a 50,000 L pool size (Table 3). While
EGCG is not a competitively priced molecule for industrial
applications, this initial screening result led us to identify propyl
gallate and BHA, which exhibit similar increases in lipid levels
and are considerably more affordable for large-scale applica-
tions. Performing this simple cost analysis demonstrates that
BHA is commercially relevant with a cost of only $0.002 to
dose a 50,000 L pond of microalgae. Although the cost and
usage of DMSO is undesirable for industrial applications, the
overall amount of DMSO could be decreased 10-fold using a
more concentrated DMSO stock solution for larger-scale
microalgae pools. Furthermore, preliminary results indicate
that DMSO is not required for compound delivery and thus the
cost and usage of DMSO can be avoided entirely.
In conclusion, we have demonstrated the first example of

chemical genetic phenotypic screening with microalgae and
have identified several molecules that increase growth and lipid

Table 3. Cost Analysis to Dose a 50,000 L Pond of Microalgae with Optimal Compound Concentrations

compound price/ga optimal concn identified in screeningd desired concn (M) MW (g/mol) amount needed price for 50,000 L pool

EGCG $1,200.00b 4 μM 4.00 × 10−06 458.40 91.68 g $110,016.00
cAMP $107.00 4 μM 4.00 × 10−06 329.20 65.84 g $7,044.88
forskolin $4,950.00c 4 nM 4.00 × 10−09 410.50 0.0821 g $406.40
BHA $0.06 4 nM 4.00 × 10−09 180.24 0.036 g $0.002
Propyl gallate $0.09 40 nM 4.00 × 10−08 212.20 0.4244 g $0.04
DMSO $64.16/L 0.04% − − 20 L $1,283.20

aUnless otherwise indicated, the price per gram for each compound is based on the direct comparison of pricing from Fisher Scientific or Sigma
Aldrich without academic discounts, whichever company provided a more cost-effective pricing for larger scale quantities (e.g., in some cases up to
10 kg). bBased on pricing from Axxora for 50 mg. cBased on pricing from AK Scientific for 100 mg. dOptimal concentration values are based on
results with N. salina, with the concentrations of forskolin based on results with N. oculata.
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levels at nanomolar and micromolar concentrations. In order to
optimize microalgae lipid production to make algal biodiesel
more cost-effective, the ideal conditions will increase the
amount of lipid produced per cell while the cell density per
culture is simultaneously increased. An increase in lipids,
whether by increasing lipid per cell or overall increase in
biomass, demonstrates how overall lipid yield can be increased
by using a small molecule in nanomolar concentration. Using a
novel approach to accomplish this goal, we have demonstrated
the first proof-of-concept studies that chemical genetics and
phenotypic screening can be used to identify chemical triggers
of signaling pathways relevant to increase cell density or lipid
levels in several oleaginous microalgae relevant for biofuel
feedstock.3 Our results here confirm that specific small
molecules (e.g., forskolin, quinacrine, BPDQ, and EGCG)
provide useful modulators to study lipid pathways, as an
alternative to the use of nitrogen-limiting conditions, and can
lead to the development of chemical triggers to increase
biomass and lipid production to advance microalgae biofuel
technology.53 Our initial success with up to 84% increase in
lipids in batch cultures represents a significant advance for
industrially relevant strains.
Due to the intimacy of the carbon metabolism and photo-

oxidative stress along with the redox signal transduction
mechanism that regulate carbon metabolism, oxidative signaling
molecules, such as antioxidants, kinase activators and inhibitors,
can be used to control and improve cell growth while also
increasing lipid levels. Testing compound effects across
multiple microalgae strains indicates that these molecules may
be useful as new probes for lipid synthesis and metabolism and
may facilitate the identification of conserved protein targets for
genetic engineering. By understanding and controlling lipid-
producing pathways, the enhanced production of triacylglycer-
ols from microalgae will make algae-derived biofuels an
economically feasible liquid fuel option. Investigations are
underway to determine whether these molecules have a general
effect on microalgae metabolism or a specific effect on lipid
synthesis. Although the direct mode of action for these known
bioactive molecules remains to be confirmed in microalgae,
these studies highlight the power of using small molecules to
modulate microalgae pathways and show significant promising
results for commercial applications.54,55

■ METHODS
Microalgae Strains and Maintenance. Phaeodactylum tricornu-

tum (UTEX B2089), Nannochloropsis oculata (UTEX LB2164), and
Nannochloris sp. (UTEX LB2055) were purchased from the UTEX
Culture Collection of Algae at the University of Texas. Nannochloropsis
salina (CCMP 537) was purchased from the Provasoli-Guillard
National Center for Marine Algae and Microbiota (NCMA) [formerly,
the Center for the Culture of Marine Phytoplankton at the Bigelow
Laboratory for Ocean Sciences (CCMP)]. P. tricornutum and N. salina
were cultured in F/2 medium, and N. oculata and Nannochloris sp.
were cultured in Erdschreiber’s medium. Microalgae were maintained
at 22 °C on a 16:8 h light/dark cycle and aerated by stirring with
bubbling filtered air or by orbital shaking. Refer to Supporting
Information for more details.
Microalgae Growth Conditions for Microplate Assay. All

wells in the parafilm-sealed clear 96-well microplate contained 100 μL
of microalgae cells suspension diluted in 150 μL of appropriate media
to obtain a final absorbance of 0.075 (680 nm). P. tricornutum and N.
salina were cultivated by supplementing 1.2 g/L of sodium bicarbonate
to the growth media as a carbon source (refer to Supporting
Information for more details). Control wells in microplates consisted
of microalgae with 0.4% v/v DMSO. Perimeter wells contained no

microalgae but were filled with 100 μL water and 150 μL media to
prevent edge effects and used for background subtraction.

Addition of Small Molecules for Microplate Assay. Com-
pounds were diluted by serial dilution to desired concentrations
starting from a 10 mM compound stock dissolved in DMSO or water.
Growth media and 1 μL of compound were dispensed to all wells
before the addition of microalgae suspension to minimize the effect of
exothermic reaction of DMSO and media. Compounds were assigned
randomly within a microplate, but each plate replicate had identical
compound position per well. The list of compounds and their
manufacturer can be found in the Supporting Information.

Screening for Intracellular Lipids in Microalgae. Microalgae
growth was measured on the basis of cell density, which was
monitored daily with a multimode UV−vis spectrophotometer and
spectrofluorimeter plate reader at absorbance of 680 nm and
chlorophyll fluorescence at excitation/emission wavelength of 360/
645 nm, respectively. Analysis of intracellular lipids in microalgae was
performed using Nile Red fluorescence (530/590 nm) intensity, as
described below, after microalgae has grown 3 days in stationary phase,
which occurred on day 14 for N. salina, P. tricornutum, and N. oculata
and day 21 for Nannochloris sp. Nile Red fluorescence intensity values
are reported as the difference relative to the DMSO control.

Nile Red Optimized Procedure for Microplate Assay.
Intracellular lipid analysis for P. tricornutum involved the addition of
25 μL of 1 mg mL‑1 Nile Red dissolved in acetone followed by a 20-
min kinetic fluorescence analysis using a multimode plate reader at
excitation and emission wavelength of 530/40 nm and 590/40 nm,
respectively. Intracellular lipid analysis in N. oculata, Nannochloris sp.,
and N. salina require the addition of a 25 μL mixture of 1:1 (v/v)
DMSO/media before the addition of Nile Red, and analysis was
performed at 35 °C. This microplate method was optimized for our
study based on the procedure by Chen et al.30 The average maximum
Nile Red fluorescence intensity from each well was used to compare
lipid levels. Background fluorescence intensity of the wells was
subtracted. Data analysis was acquired with Gen5 and analyzed with
Microsoft Excel. Two methods of lipid analysis were attempted based
on comparison with the controls within the same plate and other plate
replicates. Refer to the Supporting Information for more details.

Statistical Analysis for Microplate Screening. Reported means,
standard deviations, standard errors, and p-values were calculated for
each compound based on three replicates (one compound per
microplate). Error analysis for controls consists of six well replicates
per plate all in the same row in addition to an external plate of 54
control wells. In microplates, compounds that caused Nile Red
fluorescence intensity readings to significantly deviate from the control
(p < 0.01) were considered a “hit” (Supplementary Tables S2 and S3).
t test analysis was based on a two-sided analysis using unequal
variance. All statistical analysis and graphs were performed with
Microsoft Office Excel.

Screening of Lead Compounds in 500−mL Batch Culture.
Batch cultures were set up following similar procedures as in
microplates with media, and compound dissolved in DMSO was
added before the addition of microalgae suspension. Two milliliters of
compound, dissolved in DMSO to desired concentration, was added
to cultures at day t = 0 (except where indicated for temporal studies)
to obtain a DMSO concentration of 0.4% v/v in 500 mL, similar to the
conditions in microplates. Cell density was monitored by measuring
absorbance at 680 nm every 1−2 days (see Supporting Information).
For growth comparison with nutrient-limited conditions, nitrogen-
deficient media was prepared containing 33% nitrogen compared to
that of normal media.

Lipid Extraction. Cultures (500−mL) were harvested 6 days into
stationary phase based on absorbance values. Cells were concentrated
by centrifugation and lyophilization to remove water. Nonpolar lipids
were extracted by sonication and solvent (chloroform/methanol and
PBS buffer). The chloroform layer was isolated, concentrated by
rotorary evaporation, and further dried under vacuum.56,57 Changes in
lipid levels for batch cultures were determined by crude lipid extract
mass. Lipid extracts were further analyzed for the following: (1) TAG
presence and purity by 1H nuclear magnetic resonance (NMR)
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spectroscopy (sample spectra in Supplementary Figure S10); (2) fatty
acid composition using gas chromatography mass spectrometry (GC−
MS) after TAG transesterification; and (3) composition of TAG using
solid-phase extraction and analysis by matrix assisted laser desorption
time-of-flight (MALDI-TOF) mass spectrometry. A comparison of
spectra is provided in Supplementary Figures S11 and S12. By NMR
spectroscopic analysis, no significant amount of compound or DMSO
was observed in the lipid extract, verifying the confidence in the lipid
extract mass.
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