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Abstract

Proteomics is a crucial postgenomic biotechnology for functional and systems scale analyses in cell and inte-
grative biology, not to mention clinical and precision medicine research. However, a fundamental requirement for
an accurate examination of the protein complement of cells is an efficient method for extracting the proteins. This
study reports on the evaluation of three protein extraction methods: trichloroacetic acid (TCA)–acetone, phenol,
and TRIzol, in the eustigmatophyte alga Microchloropsis gaditana CCMP526 for proteomic analysis. M. gaditana
is a potential candidate for algal-based biofuels. This industrially important strain is also rich in dietary oil and
pigments and is used as feed in the aquaculture industry. Liquid chromatography-tandem mass spectrometry
(LC-MS/MS)-based proteomic analysis was performed for proteins obtained using the three extraction methods
and their effects were examined by the abundance ratio. Protein yield was higher using the TCA–acetone and
phenol methods than with the TRIzol method. The TCA method was superior than other methods examined here
in terms of protein coverage and abundance. Subcellular localization of the identified proteins revealed no
significant difference among the extraction methods. Importantly, each method revealed a unique set of proteins.
To the best of our knowledge, this is the first report on evaluation of protein extraction methods for the proteomic
analysis of M. gaditana CCMP526. These observations underscore the importance of using multiple protein
extraction methods for comprehensive proteome coverage, as the field of proteomics edges toward diverse
applications in biofuels, aquaculture industry, marine biology, and agriculture.
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Introduction

M icrochloropsis gaditana CCMP526, previously
known as Nannochloropsis gaditana CCMP526 (Fawley

et al., 2015), is a photoautotrophic microalga, belonging to the
Class Eustigmatophyceae, which is found in marine environ-
ments. M. gaditana is a potential candidate for algal-based
biofuel as members of the genus Microchloropsis have a high
lipid (*50% dry cell weight) and eicosapentaenoic acid content
(Ma et al., 2014; Rodolfi et al., 2009). This industrially im-
portant strain is also rich in dietary oil and pigments and is used
as feed in the aquaculture industry (Sørensen et al., 2017). The

availability of whole genome sequence and molecular tools
would aid in developing M. gaditana as a heterologous gene
expression platform, and exploration of biosynthetic pathways
in M. gaditana would aid in strain improvement through met-
abolic engineering.

The annotation of the M. gaditana draft genome sequences
for strain B31 and CCMP526 has produced two very different
genome annotations, predicting 10464 and 3328 protein
coding regions, respectively (Corteggiani Carpinelli et al.,
2014). Proteomics provides objective data that can be used to
resolve this massive discrepancy and can be used to improve
annotation. Recent studies on the biochemical composition of
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the M. gaditana cell wall reported the recalcitrant nature of
the strain to cell lysis. This can result in poor extraction of
total proteins and, therefore, a large number of proteins re-
main unidentified, which underscores the importance of us-
ing several extraction methods.

M. gaditana has a thick cell wall, which is characterized by
a multilayered cellulosic structure. This complex structure is
also known for its long chain aliphatic structures known as
algaenans. Algaenans are impervious to harsh treatments
with acid/alkali and are insoluble in aqueous or organic sol-
vents. Apart from a few proteins involved in cell wall bio-
synthesis, not much is known about the biosynthesis of
algaenans and most of the other biomolecules in M. gaditana
(Scholz et al., 2014).

Owing to the heterogeneity of cell wall composition and
hindrance of protein extraction by other biomolecules, there
is no optimized protein extraction method for investigating
the algal proteome. Proteomics helps in studying protein
dynamics during perturbations and provides a direct measure
of the abundance of proteins of interest. In addition, pro-
teomics can be used to improve a poorly annotated genome
(May et al., 2008). The primary step to any proteomic ex-
periment is the sample preparation. Several studies have fo-
cused on cell disruption methods for biomolecule extraction
from algae, as reviewed by Grosso et al. (2015). However,
very few studies have examined the protein extraction
methods in algae, which often fails to extract water insoluble
proteins (Safi et al., 2014).

In this study, we compared the efficiency of different
protein extraction methods: trichloroacetic acid (TCA)–
acetone, phenol, and TRIzol for proteomic applications. To
our knowledge, this is the first report on evaluation of protein
extraction methods for the proteomic analysis of M. gaditana
CCMP526.

Materials and Methods

Growth of M. gaditana CCMP526

M. gaditana CCMP526 was obtained from the National
Center for Marine Algae and Microbiota (NCMA, Maine).
M. gaditana was cultivated in 4% sea salt medium (Sigma-
Aldrich, India) supplemented with Guillard’s f/2 medium
(Sigma-Aldrich). Sodium nitrate (final concentration 17 mM)
was added to the existing sea salt–f/2 media as nitrogen
source. Cultures were grown in 2 L conical flasks under an
average light intensity of 100 lmol/(m2$s) (12:12 h photo-
period) at 25�C and mixed on a rotary shaker at 80 rpm.
Growth was measured by measuring absorbance of cell sus-
pensions at 685 nm using a UV-1800 UV-Vis spectropho-
tometer (Shimadzu, Japan). M. gaditana cells at different
growth phases were pooled together and the biomass was
collected by centrifugation at 1000 g at 4�C for 5 min and
was immediately processed for protein extraction, which
was performed in triplicate.

Protein extractions

TCA–acetone method. Protein extraction was performed
according to Vincent et al. (2006) with slight modifications.
Around 100 mg fresh weight (FW) of M. gaditana was re-
suspended in 1 mL of 10% TCA in acetone and 1 mM di-
thiothreitol. The mixture was sonicated using a probe sonicator

for 30 min on ice (30 sec ON, 30 sec OFF, and 60% amplitude)
and incubated at -20�C overnight. The supernatant was dis-
carded after centrifuging the mixture at 18,000 g for 15 min at
4�C. The resulting pellet was washed thrice with 1 mL ice cold
acetone. The mixture was incubated at -20�C for 60 min be-
tween each wash step. The pellet was carefully resuspended
in 200 lL of lysis buffer (8 M urea, 2 M thiourea, 2% CHAPS
w/v, 2% Triton, and 0.1% sodium dodecyl sulfate [SDS]). The
suspension was incubated for 60 min at room temperature and
then centrifuged at 18,000 g for 60 min at 4�C to collect the
supernatant. The protein was stored at -80�C.

Phenol method. The protocol of Wang et al. (2003) was
adapted with minor modifications. Algal cells (around
100 mg FW) were mixed with phenol extraction buffer (30%
sucrose, 0.1% KCl, 2% SDS, 50 mM EDTA, and 0.1 M Tris
pH 8). After brief vortexing, the mixture was sonicated for
30 min on ice (30 sec ON, 30 sec OFF, and 60% amplitude).
Tris-buffered phenol solution was added in equal proportion
to the mixture. Before centrifugation at 12,500 g for 5 min at
4�C, the mixture was incubated for 5 min at room tempera-
ture. The resulting phenolic layer was collected in a separate
tube and this process was repeated twice. To the phenolic
phase, five volumes of 100 mM ammonium acetate in 80%
methanol were added. The mixture was briefly mixed by
inverting the tube and it was incubated overnight at -20�C.
The supernatant was discarded after centrifuging the mixture
at 18,000 g for 60 min at 4�C. The resulting pellet was washed
thrice with methanol. The air-dried pellet was resuspended in
appropriate quantity of lysis buffer and incubated for 60 min
at room temperature. The protein fraction in the supernatant
was collected by centrifugation at 18,000 g for 60 min at 4�C.
The supernatant was stored at -80�C.

TRIzol method. An in-house protein extraction protocol
was followed with some modifications ( Jaipal Reddy et al.,
2013). The cell pellet (around 100 mg FW) was dissolved in
2.5 mL phosphate-buffered saline, pH 7.4, and mixed thor-
oughly for 15 min. To the mixture, 3 mL of TRIzol reagent was
added and mixed thoroughly before sonicating for 3 min on ice
(10 sec ON, 5 sec OFF, and 60% amplitude). Subsequently,
600 lL chloroform was added and briefly vortexed for 15 sec.
The mixture was kept for 5 min at room temperature and then
centrifuged at 18,000 g for 15 min at 4�C. The pale yellow top
layer was discarded. To the bottom layer, 900 lL of 100%
ethanol was added. The mixture was briefly mixed and
centrifuged at 12,000 g for 5 min at 4�C. The supernatant was
transferred to a fresh tube and two volumes of isopropanol
were added. It was mixed well by inverting the tube for five to
six times. The tube was allowed to stand at room temperature
for at least 20 min. After incubation, the mixture was centri-
fuged at 18,000 g for 10 min at 4�C. The pellet was washed
with 100% ethanol and the air-dried pellet was redissolved in
lysis buffer. The reconstituted pellet was stored at -80�C.

Estimation of protein concentration

Salt, metabolite, and pigment contamination were re-
moved using the commercially available clean-up kit from
GE Healthcare, India. Protein concentration was determined
using Quick Start Bradford reagent (BioRad) with bovine
serum albumin as standard. Protein isolation was carried out in
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triplicate and the protein concentration and yield were calcu-
lated as lg/lL and lg/mg FW, respectively. The data are re-
presented as means – SD of three independent experiments.

In-gel digestion and fractionation

In-gel digestion and enrichment of digested peptides using
ZipTip� C18 pipette tips (Millipore) were performed using
the previously described protocol (Ray et al., 2012).

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS)-based protein identification
and quantification

The trypsin-digested peptide samples were subjected to MS/
MS analysis using a 1260 Infinity HPLC nanochip linked to an
Agilent 6550 iFunnel Q-TOF instrument (Agilent technology)
equipped with a Polaris C18A chip (150 · 0.075 mm) with
a 160 nL trap column. Peptides from the analytical column
were eluted using a linear gradient of 7–35% acetonitrile for
110 min at a flow rate of 2 mL/min for the capillary pump and
0.5 mL/min for the nanopump. The Chip Cube controlled by
the Mass hunter acquisition software was set to perform data
acquisition in a positive ion mode. Mass spectra were obtained
from 300 to 2000 m/z and MS/MS from 50 to 3000 m/z. The
instrument was operated in a data-dependent manner using
auto MS/MS, selecting a maximum four precursors with in-
tensity >1000 for each cycle. MS/MS was done with a gas
pressure of 2 · 10-2 bar in the collision cell.

Data files (in .d format) were processed by Spectrum Mill
Protein Identification software (Agilent Technologies). The
Paragon algorithm was used as the default search method
with trypsin as a digesting agent with up to two allowed miss
cleavages. Protein identification was executed against the
UniProt_Microchloropsis gaditana CCMP526 database. Data
were extracted between MH +600 and 4000, with a precur-
sor mass tolerance of 20 ppm and fragment mass error tol-
erance of 50 ppm. Only peptides identified with confidence

interval (CI) values >95% were used for protein identification
and quantification.

Results and Discussion

Comparative analysis of protein extraction methods is
limited to very few strains of microalgae, most of them fo-
cusing only on increasing yield and coverage (Gao et al.,
2016). In our study, we have used three different protein
extraction methods, namely TCA–acetone, phenol, and
TRIzol methods, for a comprehensive comparative pro-
teomic analysis in M. gaditana CCMP526.

Protein yield and coverage

Protein was isolated from M. gaditana CCMP526 using
different extraction methods and resolved on a 12% SDS-poly
acrylamide gel (Supplementary Fig. S1). The total protein
concentration was estimated using Quick Start Bradford re-
agent (BioRad). Among the three methods used here, yield was
highest in the TCA–acetone method (8.77 – 1.67 lg/mg) fol-
lowed by the TRIzol method (4.31 – 0.45 lg/mg) (Table 1).
Compared with the yield of the other two methods, the yield
was decreased by approximately twofold in the phenol meth-
od, indicating a possible effect of the reagents used for protein
precipitation. It is known that TCA aids in protein precipitation
by perturbing the electrostatic interactions and native structure
of the protein (Rajalingam et al., 2009). Also, the acidic en-
vironment in the TCA–acetone method inhibits protease ac-
tivity (Wu and Wang, 1984). This might be the reason for the
higher yield in the TCA–acetone method. In contrast, the
presence of other chemicals in the phenol method might in-
terfere with the action of SDS, therefore, affecting the yield.
Our results are consistent with the previous findings by Gao
et al. (2016) working with Chlorella vulgaris.

Table 1. Protein Yield from Microchloropsis

gaditana CCP526 Using Three Different

Protein Extraction Methods

Protein isolation
method

Protein
concentration (lg/lL)

Protein
yield (lg/mg)

TCA–acetone 4.66 – 0.89 8.77 – 1.67
Phenol 2.39 – 0.25 4.31 – 0.45
TRIzol 4.33 – 0.18 8.12 – 0.34

Values indicate mean – SD, n = 3.

Table 2. Total Number of Validated Proteins

Identified Using Different Extraction

Methods (1% FDR and SPI50)

Protein isolation
method

Total number
of proteins

(1% FDR and SPI50)

Number of
proteins with
>2 peptides

TCA–acetone 730 396
Phenol 622 263
TRIzol 561 267

FDR, false discovery rate.
FIG. 1. Venn diagram comparing the number of proteins
identified from different extraction methods.
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Mass spectrometry for protein identification
and quantification

To get a deeper understanding of the proteins isolated using
different extraction methods, label-free proteomics was em-
ployed. From three independent experimental runs, peptides
identified with CI values >95% were used for protein identifi-
cation and quantification. The number of proteins identified
through liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis is listed in Table 2. Identified proteins
were further filtered to remove false positives by applying
a filter of 1% false discovery rate (FDR). The TCA–acetone
method had the highest protein coverage (730 proteins), fol-
lowed by the phenol and TRIzol methods (622 and 561 proteins,
respectively). A list of proteins identified using LC-MS/MS is
provided as Supplementary Data (Supplementary Table S1).

A Venn diagram was plotted to find the number of proteins
that were identified in more than one extraction method (Oli-
veros, 2007). Two hundred seventy-nine proteins were found to
be common to all three extraction methods (Fig. 1). Interestingly,
the TCA–acetone method had the most number of overlapping
proteins than the other methods (135 with phenol method and
104 with the TRIzol method), suggesting that the TCA–acetone
method has a better coverage than the other methods. However,

there were proteins unique to a particular extraction method,
signifying the potential to use a particular method to isolate
specific proteins of interest. Also, the TCA–acetone method had
the highest number of unique proteins, representing a subset of
the M. gaditana proteome. These results imply that the TCA–
acetone technique is by far the most comprehensive method to
achieve high protein yield and proteome coverage.

Extraction efficiency

The protein abundance ratio, defined as the abundance of a
protein from either the phenol or TRIzol methods relative to
that of the TCA–acetone method, with values >1.0 indicating
better extraction in TCA–acetone, was used to evaluate the
extraction efficiency of the three different methods. The peak
intensity for all 279 common proteins was compared among
the three methods and their ratio was plotted for each of the
proteins (Fig. 2). The majority of the protein spots fall below
the abundance ratio of 1.0 (red line in Fig. 2), which suggests
superior efficiency of the TCA–acetone method to extract
most of the proteins out of the cell.

Subcellular localization

Furthermore, to investigate the coverage of proteins from
cellular components, Plant-mPLoc was used (Chou and Shen,
2010). The subcellular localization of proteins identified
from three different extraction methods is shown in Figure 3.
Most of the proteins were from the chloroplast followed by
the nucleus. Despite the disparity in proteome coverage
among the three extraction methods, the cellular component
coverage was similar. Our results indicate that irrespective of
the extraction methods, there were minimal changes in the
organelle protein coverage, that is, none of the three methods
favored proteins from a particular cell compartment.

Molecular weight analysis

To evaluate the effect of extraction method on molecular
weight distribution, proteins extracted using different methods
were compared on the basis of their molecular weight. The
TCA–acetone method and the phenol method provided better
dynamic range in terms of molecular weight than the TRIzol
method (Fig. 4). TCA is reported to precipitate proteins irre-
spective of their size and nature (Rajalingam et al., 2009), which
is also evident from our findings. In contrast, the TRIzol method
favored extraction of low-molecular weight proteins. Around
50% of the total proteins extracted using the TRIzol method fall

FIG. 2. Protein abundance ratio of 279 common proteins in
phenol (gray square) and TRIzol (black circle) methods com-
pared with TCA–acetone method. TCA, trichloroacetic acid.

FIG. 3. Subcellular localization of proteins identified from different protein extraction methods using Plant-mPLoc.
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<50 kDa. This differential extraction of small molecular weight
proteins in the TRIzol method can be attributed to the binding
sites of chaotropic agents, which is more effective for small
molecular weight proteins (Sawyer and Puckridge, 1973). Also,
the relatively lower concentration of guanidinium thiocyanate in
the TRIzol reagent favors small molecular weight proteins
(Macintyre et al., 2006).

Conclusions

Comparative analysis of three different protein extraction
methods was performed on M. gaditana CCMP526. LC-MS/
MS-based proteomic analysis revealed that the TCA–acetone
method is superior in terms of proteome coverage, abundance,
and molecular weight range. There was no significant difference
between the extraction methods in terms of subcellular locali-
zation of proteins. However, a unique proteome subset was
enriched based on each extraction method, emphasizing the
potential use of a particular method depending on the applica-
tion. Our study re-enforces the importance of using multiple
protein extraction methods to enhance proteome coverage and
opens up opportunity to perform comprehensive proteomic
analysis in Microchloropsis and other microalgae species. In
addition, better proteome coverage facilitates protein and phe-
notype association in microalgae, which is currently lacking
unlike human omics association studies (Kolker et al., 2015).

These observations underscore the importance of using
multiple protein extraction methods for comprehensive pro-
teome coverage, as the field of proteomics edges toward di-
verse applications in biofuels, aquaculture industry, marine
biology, and agriculture.
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CHAPS ¼ 3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate hydrate

CI ¼ confidence interval
EDTA ¼ ethylenediaminetetraacetic acid

FDR ¼ false discovery rate
FW ¼ fresh weight

LC-MS/MS ¼ liquid chromatography-tandem mass
spectrometry

TCA ¼ trichloroacetic acid
TEAB ¼ tetraethylammoniumborohydride

Tris ¼ Tris(hydroxymethyl)aminomethane
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