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A Comparison of Protein Extraction Methods Suitable for Gel-Based Proteomic
Studies of Aphid Proteins
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Protein extraction methods can vary widely in reproducibility and in representation of the total proteome, yet
there are limited data comparing protein isolation methods. The methodical comparison of protein isolation
methods is the first critical step for proteomic studies. To address this, we compared three methods for
isolation, purification, and solubilization of insect proteins. The aphid Schizaphis graminum, an agricultural
pest, was the source of insect tissue. Proteins were extracted using TCA in acetone (TCA-acetone), phenol, or
multi-detergents in a chaotrope solution. Extracted proteins were solubilized in a multiple chaotrope solution
and examined using 1-D and 2-D electrophoresis and compared directly using 2-D Difference Gel Electro-
phoresis (2-D DIGE). Mass spectrometry was used to identify proteins from each extraction type. We were
unable to ascribe the differences in the proteins extracted to particular physical characteristics, cell location,
or biological function. The TCA-acetone extraction yielded the greatest amount of protein from aphid tissues.
Each extraction method isolated a unique subset of the aphid proteome. The TCA-acetone method was
explored further for its quantitative reliability using 2-D DIGE. Principal component analysis showed that little
of the variation in the data was a result of technical issues, thus demonstrating that the TCA-acetone
extraction is a reliable method for preparing aphid proteins for a quantitative proteomics experiment. These
data suggest that although the TCA-acetone method is a suitable method for quantitative aphid proteomics,
a combination of extraction approaches is recommended for increasing proteome coverage when using
gel-based separation techniques.
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INTRODUCTION

Together, genomic and proteomic approaches promise to
reveal a multidimensional view of a biological system. Just
as genomic studies are plagued with problems such as
coverage,1 repeat sequences,2,3 and complex nucleic acid
secondary structure, proteomic approaches have their fair
share of limitations.4,5 For example, there is no fully char-
acterized proteome equivalent to a fully sequenced ge-
nome, as the numbers of potential modifications to a
protein that can change its function are numerous—over
300. Additionally, genomic approaches rely on nucleic

acids that have highly similar chemical and physical prop-
erties and can be accomplished using amplification tech-
niques to increase detection. There is no proteomic tech-
nique equivalent to PCR, making it necessary to look at
proteins at the concentration at which they exist naturally
and in the presence of a great many other proteins, some of
which are present at much higher concentrations and most
of which vary tremendously in their biophysical properties.
Other technical issues plaguing proteomic approaches in-
clude gel-to-gel reproducibility,6 biases toward identifying
similar proteins in unrelated proteomic studies,7 and reli-
ability of protein extraction methods.8–11 The latter is the
most important step in any proteomic experiment, as a
reliable and comprehensive protein extraction is the
closest proteomic equivalent to a fully sequenced and
annotated genome. Any biological conclusions that are
drawn from a proteomic study are only as strong as the
data indicate—that the extracts are reproducible and
rich in protein diversity.

Proteomics approaches are highly valuable for studying
organisms with limited genomic resources available, as the
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power of MS coupled with database similarity searching,
allow the rapid identification of protein homologues in
related species.12 Our study focuses on comparing proto-
cols for the extraction of proteins from Schizaphis grami-
num (Sg), an aphid species of agricultural importance and
for which there are limited genomic resources. Aphids are
plant-feeding insects that pose a worldwide agricultural
problem. Besides the obvious damage done to the plant by
feeding, aphids are vectors of numerous viruses that infect
crop plants.13–16 Proteomics approaches to understanding
the molecular mechanisms of virus transmission17–19

promise to reveal new approaches for disease management
that may specifically disrupt aphid protein function and
aphid-virus interactions. Furthermore, aphids harbor ma-
ternally derived endosymbionts, including Buchnera
aphidicola, which are necessary for aphid survival20,21 and
have been implicated in virus transmission.21 One can
easily imagine using a proteomics approach to monitor
potential aphid-symbiont protein interactions22 and to
identify bacterial protein targets that can be disrupted to
compromise aphid survival. This would not be possible
with a genetics strategy. In light of the power of pro-
teomics to reveal the molecular details of aphids as crop
pests,17–19, 23–25 we set out to test commonly used protein
extraction methods with aphid proteins.

There are a few properties of aphids, as with all insects,
that make protein extraction technically challenging. Two
highly abundant proteins, chitin and actin, can interfere
with the resolution of proteins of similar molecular weight
(MW) and isoelectric point (pI), and they pose a dynamic
range problem with protein quantitation. Analogous issues
are observed for rubisco in plant extracts10 and albumin in
serum extracts.26 Similarly, they pose a dynamic range
problem in protein quantitation. Certain exoskeleton pro-
teins, e.g., chitin and actin, which are not well-solublized,
even by the strongest chaotropic agents, can interfere with
gel electrophoresis by causing the appearance of streaks.
Additionally, proteins from the endosymbiont Buchnera
should be well-represented in aphid protein extracts, espe-
cially the highly abundant chaperonin GroEL homologue,
symbionin,24 and they may pose similar challenges as chitin
with regard to dynamic range and isoelectric focusing in-
terference.

To deal with these challenges, we tested and compared
three protein extraction methods reported in the literature
to be successful with other recalcitrant tissue types: TCA-
acetone precipitation,8,27 the phenol extraction method
described for plant tissues,8,10,28,29 and the multi-deter-
gent extraction method described for cyanobacterium.30

The virtues and pitfalls of each of these approaches are
determined using qualitative and quantitave gel electro-
phoresis methods including 2-D Difference Gel Electro-

phoresis (2-D DIGE). The first 2-D DIGE experiment
compared the proteins extracted by all three extraction
methods. A second 2-D DIGE experiment explored the
TCA-acetone extraction for reproducibility and reliability
for future gel-based proteomic studies using Sg as a model
system.

MATERIALS AND METHODS
Aphids

Parthenogenic-reproducing colonies of two genotypes of S.
graminus SC or F,31 described previously, were maintained
on caged barley (Hordeum vulgare) at 20°C with an 18-h
photo period. Plants were infested 1 week after germina-
tion with 18–20 adult aphids. Colonies were allowed to
develop undisturbed for 21 days, after which, all of the life
stages of the aphids were collected, weighed, and frozen at
–80°C in 50 mL BD-Falcon tubes (Becton Dickinson,
Franklin Lakes, NJ) for later use. Care was taken to remove
any plant and soil debris from the aphids before freezing, so
as not to contaminate the aphid protein samples.

Protein Extraction

Prior to each type of extraction, 3 g of aphids were ground
to a fine powder in liquid nitrogen using a prechilled
mortar and pestle, transferred to a 50-mL BD-Falcon tube
containing the respective extraction solutions, and mixed as
described below. Figure 1 shows a simplified flow-chart
comparing the three different extraction protocols.

TCA-Acetone Extraction

Frozen aphid tissue was added directly to 10% TCA in
acetone containing 2% �-mercaptoethanol (ME) (1 g
aphid tissue:10 ml TCA-acetone w/v) and mixed by invert-
ing the tube 10 times. Proteins were precipitated overnight
for at least 12 h at –20°C. Precipitated protein was centri-
fuged at 5000 g for 30 min, washed three times in 10 mL in
ice-cold acetone with vigorous disruption of the pellets
with a glass rod between each wash, and air-dried. Pellets
were frozen at –80°C until used.

Phenol Extraction

Proteins were extracted in a buffer8 containing 100 mM
potassium chloride (KCl), 0.1 mM PMSF, 2% �-ME, 0.7 M
sucrose, 500 mM Tris, pH 7.5, 50 mM EDTA, 1% polyvi-
nylpolypyrolidone, and 1� HALT EDTA-free protease in-
hibitor cocktail (Pierce, Rockford, IL; 1 g aphid tissue:10 ml
phenol extraction buffer w/v). An equal volume of Tris-buff-
ered phenol, pH 7.5, was then added, and the extraction was
shaken vigorously on a platform shaker at 4°C for 30 min. The
extraction was centrifuged at 5000 g and the upper phenol
layer removed and re-extracted twice with an equal volume of
extraction buffer. The final volume of phenol recovered was
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typically one-third the starting volume of phenol. To precip-
itate the proteins, the final phenol phase was added to 5
volumes of 0.1 M ammonium acetate dissolved in methanol.
The proteins were precipitated at –20°C for at least 12 h. After
precipitation, the pellets were washed twice in ice-cold meth-
anol, twice in ice-cold acetone as described for the TCA-
acetone extraction, and air-dried. Pellets were stored at –80°C
until used.

Multi-Detergent Extraction

Proteins were extracted in a buffer containing 7 M urea, 2
M thiourea, 4% CHAPS, 2% amidosulfobetaine-14, 1%
dodecyl maltoside, 20% glycerol, 200 mM KCl, 100 mM
dibasic sodium phosphate, pH 7.6, and 1 mM PMSF (1 g
aphid tissue:10 ml buffer w/v). Extracts were shaken mod-
erately for 20 min at room temperature and centrifuged at
9400 g for 30 min. Supernatant was collected and added to
an equal volume of 10% TCA in acetone containing 2%
�-ME to precipitate the proteins overnight at –20°C. Ex-
tracts were washed, dried, and stored as described above for
the TCA-acetone procedure.

1-D PAGE

Proteins from each extraction type were solubilized in
rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS)
and quantified using a microplate Quick Start Bradford

assay (Bio-Rad, Hercules, CA) using BSA to generate a
standard curve. Protein (10 �g) was boiled in 20 �l 2�
SDS loading buffer32 and loaded onto precast 10-lane,
10–20% PAGE gels (Invitrogen, Carlsbad, CA) with di-
mensions of 8 cm � 8 cm and 1 mm thick. Gels were run
at a constant 125-V for 2 h at room temperature in the
SureLock XCell mini-cell (Invitrogen), fixed in 40% meth-
anol:10% acetic acid for 30 min, and stained overnight
with Colloidal blue (Invitrogen).

DIGE Cyanine (Cy)-Dye Labeling

Protein extraction method comparison

To quantitatively compare the protein extractions, four repli-
cates from each extraction type were labeled with Cy2, Cy3, or
Cy5, according to the manufacturer’s instructions (GE
Healthcare, Piscataway, NJ). Cy-Dye-labeled samples were
grouped randomly during 2-D gel electrophoresis so that each
gel contained a Cy2-, a Cy3-, and a Cy5-labeled sample.

TCA-acetone method, aphid genotype F versus SC comparison

To examine the TCA-acetone extractions in further detail,
three TCA-acetone technical replicates for each genotype
were labeled with Cy3 and Cy5 to incorporate a dye-swap
design, according to the manufacturer’s protocol (GE
Healthcare). A total of 150 �g protein was labeled with

FIGURE 1

A simplified flow chart comparing the steps for each protein extraction type. Each protocol is a 2-day procedure;
however, the phenol and the multi-detergent protocol take longer because of the extraction step. Pellets stored dry at
–80°C are stable for over 1 year (data not shown). Care should be taken to ensure that all materials used during the
extractions are keratin-free to avoid contamination.
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each dye for the three replicates, allowing for the analysis of
50 �g protein/replicate. A combined Cy2-labeled internal
standard containing a mixture of equal amounts of the
protein from all of the extracts in the experiment was also
included on every gel to facilitate gel-to-gel normalization.

2-D Gel Electrophoresis

The Cy-Dye-labeled experiments described above (analyt-
ical gels) as well as nonlabeled preparative gels for each
extraction type were analyzed by 2-D electrophoresis (2-
DE). The analytical gels containing Cy-Dye-labeled sam-
ples were used for quantitative analysis, and the preparative
gels containing nonlabeled samples were used for spot-
picking. A total of 50 �g each Cy-Dye-labeled sample or
500 �g protein was loaded onto immobilized pH gradient
(IPG) strips (pH 3–10 nonlinear, 24 cm; GE Healthcare)
during an overnight passive rehydration of the strips, ac-
cording to the manufacturer’s specifications. The strips
containing the Cy-Dye-labeled samples always contained a
Cy2-, a Cy3-, and a Cy5-labeled sample. The first dimen-
sion was run on the IPGphor II (GE Healthcare) at 20°C
with the following settings: Step 1: step and hold for 500 V,
1 h; Step 2: gradient 1000 V, 1 h; Step 3: gradient 8000 V,
3 h; and Step 4: step and hold 8000 V until 70,000 V, 8 h.
Next, the IPG strips were reduced for 15 min with 64.8
mM DTT in SDS equilibration buffer (50 mM Tris-HCl,
pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 0.002% bro-
mophenol blue) and then alkylated for 15 min with 135.2
mM iodoacetamide in SDS equilibration buffer. The sec-
ond dimension was carried out using 12% PAGE tris-
glycine gels (Jule, Inc, Milford, CT). Gels were cast 1 mm
thick by 25.5 cm wide by 20.2 cm tall with an acrylamide:
bis ratio of 38:1. The Ettan DALT Six system (GE Health-
care) was used to run the second dimension at 25°C with
the following settings: Step 1: 10 mA/gel, 1 h; and Step 2:
40 mA/gel, 6 h or until the bromophenol blue front ran to
the bottom of the gels. The preparative gels were fixed in a
solution of 10% methanol and 7% acetic acid for 1 h,
stained overnight in Colloidal Coomassie blue (Invitro-
gen), and destained in water for 12 h prior to scanning.

Gel Analysis

Gels were scanned on the Typhoon Variable Mode Imager
Model 9400 (GE Healthcare) according to the manufacturer’s
specifications for Cy-Dyes (GE Healthcare), and Colloidal
Coomassie blue (Invitrogen)-stained gels were visualized with
the 632.8-nm helium-neon laser with no emission filter.
DIGE gel images were analyzed using Progenesis Samespots,
v. 3.1 (Nonlinear Dynamics, Newcastle Upon Tyne, UK).
Fifty manual alignment seeds were added/gel (�12/quad-
rant), and the gels were then auto-aligned and grouped accord-
ing to genotype and extraction type for analysis. Spots were

selected as being differentially extracted (for the experiment to
compare protein extractions) or differentially expressed (to
compare the two aphid genotypes, F and SC) if they showed a
�1.5-fold change in spot density and an ANOVA score of
�0.05.

MS

Approximately 200 proteins/extraction were picked manually
from the preparative gels using a 1.5-mm picking pen (The
Gel Company, San Francisco, CA). Three subsets of spots
were selected: if they were unique to a particular extraction; if
they were differentially extracted; or if they were not differen-
tially extracted. The gel plugs were washed twice in distilled
water, once in a 1:1 mix of 100 mM ammonium bicarbonate
(NH4HCO3):acetonitrile (ACN) for 10 min and once in
100% ACN for 5 min. Dehydrated gel plugs were incubated
with 100 ng modified trypsin (Promega, Madison, WI) in a
total volume of 30 �l 40 mM NH4HCO3, pH 7.8, in 10%
ACN for 30 min at 4°C to rehydrate the gel plugs and
transferred to 30°C for an overnight digestion. The digestion
supernatant containing digested peptides was recovered and
saved for MS analysis. Additional peptides were eluted from
the gel plugs, first in 50% ACN:2.5% formic acid (FA) and
then in 90% ACN:0.1% FA, freeze-dried, resuspended in 10
�l 0.1% trifluoroacetic acid (TFA), and pooled with the
digestion supernatant. Peptides were desalted using a C-18,
0.2 �l Ziptip (Millipore, Billerica, MA) and freeze-dried in a
vacuum concentrator. The samples were reconstituted in 3 �l
0.1% TFA in 50% ACN prior to analysis by MS. Each sample
(0.5 �l) was applied to a target plate (Applied Biosystems,
Foster City, CA) and mixed with 0.5 �l matrix (10 mg/ml
�-cyano-4-hydroxycinnamic acid in 50% CH3CN/0.1%
TFA/1 mM ammonium phosphate) using the dried droplet
method.33 All MS data were obtained using a model 4700
proteomics analyzer (Applied Biosystems) with tandem time-
of-flight optics using the 4000 Explorer software (Version 3.6;
Applied Biosystems). Prior to analysis, the MS was calibrated
externally using a six-peptide calibration standard available
from Applied Biosystems (4700 Cal mix). Most samples were
calibrated internally using two common trypsin autolysis
products [at mass-to-charge ratio (m/z) values of 1045.5642
and 2211.1046 Da] as mass calibrants. The external calibra-
tion was used as the default if the trypsin autolysis products
were not observed in the spectra of the samples. MS spectra
were acquired across the mass range of 900–4000 Da using 1
kV-positive ions and the reflector mode with a laser power of
4100. The signal from 1600 laser shots was averaged to pro-
duce the final MS spectra. For tandem MS (MS/MS) experi-
ments, the instrument was operated at a laser power of 5300
with the collision-induced dissociation off and metastable ion
suppressor on. Calibration was external using the known
fragments of angiotensin I (monoisotopic mass�1296.6853
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Da) as calibrants. For each spot, the 15 most-abundant ions
not appearing on the exclusion list with a minimum signal/
noise ratio of 10 were selected automatically as precursor ions
for MS/MS analysis. The signal from 3000 laser shots was
averaged to produce each MS/MS spectra. All m/z values
reported in this study are monoisotopic.

Protein Identification

The MS and MS/MS data collected were submitted as a
combined search to Mascot (Matrix Science, Boston,
MA)34 using the GPS Explorer software, V 3.5 (Applied
Biosystems). The experimental data were searched
against the entire National Center for Biotechnology
Information (NCBI) nonredundant (nr), downloaded
on July 1, 2007, for Buchnera proteins, and an aphid
expressed sequence tag database (www.aphidbase.com)
for aphid proteins. To search the data against the
Acyrthosiphon pisum (pea aphid) gene models (http://
www.hgsc.bcm.tmc.edu/projects/aphid/), a July 28,
2008, version of NCBI nr was downloaded to the Mas-

cot (Matrix Science) server. The following search param-
eters were used: carbamidomenthyl-cysteine and methi-
onine oxidation as variable modifications and one
missed tryptic cleavage. The searches were done with a
mass error tolerance of 25 ppm in the MS mode and 0.15
Da in the MS/MS mode. The preliminary protein iden-
tifications obtained automatically from the software
were inspected manually for conformation prior to ac-
ceptance. Homology to known proteins was determined
by searching against protein databases in NCBI with
BLAST.35 Protein functional classification was deter-
mined using the PANTHER v. 6 classification system
(http://www.pantherdb.org/). Predicted and hypotheti-
cal proteins were not searched using PANTHER and
were instead reported as such (Table 1).

RESULTS AND DISCUSSION
Qualitative Differences

The pellets following precipitation from the three extrac-
tion methods had unique characteristics. The phenol pellet

T A B L E 1

Functional categories of aphid proteins identified from each extraction method classified using PANTHERa

% Proteins identified by each extraction type by functional category
PANTHER functional classification TCA-acetone Phenol Multi-detergent

Amino acid biosynthesis 0 2.5% 1.1%
Cation transport 1.3% 2.5% 2.6%
Cell motility 5.3% 2.0% 6.6%
Cell structure 11.1% 3.5% 6.6%
Chromosome segregation 3.1% 0 2.2%
Electron transport 2.7% 3.0% 3.7%
Hypothetical protein 3.1% 2.0% 4.4%
Intracellular protein trafficking 3.1% 0 2.6%
mRNA end processing 0 3.0% 0
mRNA polyadenylylation 0 3.0% 0
Muscle contraction 7.1% 3.0% 4.4%
Muscle development 2.2% 2.5% 3.3%
Neurogenesis 1.3% 1.0% 3.0%
Biological function nonclassified 5.8% 7.1% 4.8%
Nonvertebrate processes 1.8% 4.0% 4.4%
Not found in PANTHER database 9.8% 12.6% 10.3%
Predicted protein 2.2% 2.5% 2.6%
Protein complex assembly 6.7% 3.0% 2.2%
Protein folding 6.7% 4.5% 3.7%
Protein phosphorylation 1.3% 4.5% 1.1%
Proteolysis 2.7% 3.0% 3.0%
Protein biosynthesis 4.0% 2.5% 4.8%
Otherb 18.7% 28.3% 22.6%

aThe PANTHER classification system (http://www.pantherdb.org/) uses published experimental evidence and evolutionary relationships to predict protein function.
bThe proteins classified were assigned functional classes, but the percentage of proteins in these classes was 2% or less in all three extraction types. Two hundred
proteins/extraction type were classified.
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was white and flaky when dry. When exposed to the urea
rehydration buffer, the pellet was tinged with pink, and it
fully dissolved. The TCA-acetone and the multi-detergent
pellets were light-brown and grainy when dry and dark-
brown and viscous when exposed to rehydration buffer.
Qualitatively, the phenol extraction seemed to give the
cleanest and most soluble pellet.

1-D SDS-PAGE gels were used to examine the range of
protein MW and to assess the presence of interfering sub-
stances in the SC aphid genotype extracts. All extraction
methods revealed proteins with a wide range of MW from
over 200 kDa to as low as 6.5 kDa. None of the gels showed
obvious streaking or high background; therefore, they seem
to be clean of interfering substances (Fig. 2). Highly repro-
ducible 1-D gel-banding profiles were observed using the
TCA-acetone and the phenol extractions. In contrast, the
multi-detergent extraction failed to show reproducible 1-D
gel-banding patterns; numerous major bands were present
in one technical replicate and absent from the other (Fig. 2,
arrows), suggesting the multi-detergent extraction protocol
may need to be refined further for the extraction of aphid
proteins. There were also obvious differences in the pro-
tein-banding pattern between the multi-detergent extrac-

tion and the TCA-acetone and phenol extractions, as well
as slight differences between the TCA-acetone and the
phenol extractions (Fig. 2). The 1-D gels were treated with
a glycoprotein-specific stain to determine if there was a bias
in the glycosylation state of the proteins extracted by the
phenol method, as was reported in plants10. No differences
were observed (data not shown) that would explain the
variation among the 1-D gels. Minor differences between
1-D gel-banding patterns translated into major differences
when plant extracts are examined using 2-DE.10 Therefore,
we carried out 2-DE to further define differences between
the extractions.

To examine the extracts in detail, we ran preparative
2-D gels for each extraction type and stained them with
Colloidal blue (Invitrogen). Although the spot patterns
obtained by all three extraction types were similar, numer-
ous differences in the presence or absence of individual
spots and charge trains were apparent. As we suspected
from the 1-D gel analysis, gross differences were observed
in the 2-D spot patterns of the different multi-detergent
extraction technical replicates (Fig. 3). Others have re-
ported that multi-detergent extractions of insect proteins
resulted in disappointing performances in protein solubili-
zation, resolution achieved in 2-DE, and subsequent visu-
alization.36 Therefore, the multi-detergent method used
here may not be suitable for a gel-based quantitative-com-
parative approach. Rather, it may be more suited to appli-
cations where the primary goal is protein discovery rather
than correlating variation between samples to a biological
activity.30 Further manipulation of the protocol is required
for the multi-detergent method to be suitable for quantita-
tive proteomics of aphid proteins. Quantitative approaches
require minimal variation between replicates so one can
attribute any change in protein expression to treatment
conditions.37 Simply having a method that extracts large
quantities of protein is not sufficient unless it is reproduc-
ible.

The phenol extracts lacked numerous spots present in
the TCA-acetone and multi-detergent extractions (Fig. 3)
but also contained its share of unique spots not found in the
other extraction methods. The phenol method seemed to
perform better with the extraction of proteins of neutral to
basic pIs. Although all three methods extracted proteins of
a wide range of MW and pI, the TCA-acetone and the
multi-detergent methods were better able to extract proteins
with an acidic pI. To try to determine why these biases existed,
we identified �200 proteins/extraction type using MALDI
MS/MS and determined their functional classifications.

Protein Identification

To determine the identity of proteins that were extracted
by each of the extraction types, 200 spots/gel were picked

FIGURE 2

Gradient (10–20%) SDS-PAGE gel (Invitrogen) of aphid proteins
extracted by two replicates of TCA-acetone, phenol, and multi-
detergent methods stained with Colloidal blue (Invitrogen). Approx-
imately 10 �g protein was loaded/lane. Lane 1, Broad-range MW
standard (Bio-Rad); Lanes 2 and 3, TCA-acetone extractions; Lanes 4
and 5, phenol extractions; Lanes 6 and 7, multi-detergent extractions.
Solid arrows indicate gross differences in the 1-D gel pattern be-
tween the two multi-detergent extracts, and open arrows indicate
differences among the three extraction methods.
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and subjected to MALDI MS/MS analysis. Three classes of
proteins were selected for picking: those that were present
in one or two but absent in the other(s); those that were
present in all but showed �1.5-fold change between the
extractions (see Quantitative Differences); and those that
were not extracted differentially. The MS analysis con-
firmed that numerous high and low abundance proteins
were differentially extracted by the different methods. A
summary of selected abundant proteins differentially ex-
tracted is presented in Table 2. Calreticulin, a highly abun-
dant calcium-binding protein and �-tubulin, was absent

from the phenol extraction, and HSP60, and the p0 ribo-
somal protein were only found in the TCA-acetone extrac-
tion (Table 2, Fig. 4). With the exception of �-tubulin,
these are all abundant proteins in the endoplasmic reticu-
lum (ER);38,39 however, the phenol extraction was not
totally absent of ER-derived proteins, as it did contain the
ER-derived microsome protein S3.40

The different extraction methods were also able to
differentially extract unique isoforms of certain proteins.
An acidic form of bicaudal, a critical developmental regu-
lator, was extracted by the multi-detergent method, and a

FIGURE 3

A comparison of aphid protein extracted by the TCA-acetone, phenol, and multi-detergent techniques using 2-DE. The
24-cm, 12% SDS-PAGE gels (Jule, Inc.) were stained with Colloidal blue and visualized using the Typhoon Variable Mode
Imager (GE Healthcare). (a) TCA-acetone extraction, (b) phenol extraction, (c) technical replicate 1 of the multi-
detergent extraction, (d) technical replicate 2 of the multi-detergent extraction. The TCA-acetone extraction seemed to
perform better with acidic proteins, and the phenol extraction method seemed to perform better with proteins from a
neutral to basic pI. As the 1-D gel suggested, multi-detergent technical replicates had distinct 2-D gel patterns.
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more basic form was identified in the phenol extraction
(Table 2). Different isoforms of enolase, an abundant en-
zyme involved in glycolysis, were identified as being differ-
entially extracted. The isoform at pI 5.7 was found in all
extractions. Two additional isoforms at pIs 5.5 and 5.6
were identified specifically in the phenol extraction (Table
2). These different enolase isoforms are known to have
distinct binding partners and subcellular localization.41,42

This raises the possibility that the isoforms specific to the
phenol extraction share a binding partner or subcellular
location that is made more accessible by the phenol during
protein extraction. Indeed, at least two additional Buchnera
GroEL isoforms were extracted by the phenol method (Fig.
4) but were absent from the protein pools extracted by the
other methods. Such mass shifts may be a result of differ-
ences in glycosylation.43 Additionally, the GroEL charge

T A B L E 2

Identity of select, highly abundant proteins, unique or shared in the three-protein extraction techniques

Protein
Genbank accession
of top BLAST hit

MASCOT score (MASCOT E value) MW pI
TCA-acetone Phenol MD Observed Observed

Calreticulin gi:66545506 353(3.3e-30) Not found 406(1.6e-35) 55.6 KD 4.25
Bicaudal gi:187121188 Not found 466(1.6e-41) Not found 25 KD 5.55
Bicaudal gi:187121188 Not found Not found 478(1e-42) 25 KD 4.0
Cyclophilin gi:156536889 Not found 214(2.6e-16) Not found 18 KD 9.7
HSP60 gi:6066606 939(8.2e-89) Not found Not found 66.2 KD 5.15
p0 ribosomal protein gi:187117172 474(2.6e-42) Not found Not found 39 KD 5.65
Laminin B2 gi:17737557 97(1.4e-4) Not found 112(4.1e-06) 180 KD 4.8
Mitochondrial ATP synthase �

subunit precursor gi:52630965 Not found 1100(6.5e-105) Not found 60 KD 8.6
Enolase gi:5839036 744(2.6e-69) 531(5.2e-48) 545(2.1e-49 55 KD 5.7
Enolase gi:5839036 Not found 747(1.3e-69) Not found 55 KD 5.6
Enolase gi:5839036 Not found 535(2.1e-48) Not found 55 KD 5.5

MD�Multi-detergent; HSP60�heat shock protein 60.

FIGURE 4

Numerous highly abundant aphid and Buchnera proteins are differentially extracted by the TCA-acetone, phenol, and
multi-detergent techniques using 2-DE. The images are taken from 24 cm, and 12% SDS-PAGE gels were stained with
Colloidal blue and visualized using the Typhoon Variable Mode Imager Model 9400 (GE Healthcare). Numerous
differences in protein spots and spot intensity are apparent. For example, red arrows point to various isoforms of the
Buchnera protein, GroEL, in the (a) TCA-acetone extraction, (b) phenol extraction, and (c) multi-detergent extraction.
White asterisks on the spots in the TCA-acetone (a) and multi-detergent (c) extraction indicate the highly abundant aphid
protein �-tubulin, which is completely absent from the phenol extractions.
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trains seen in the TCA-acetone and phenol extractions
were not found in the multi-detergent extraction (Fig. 4).
Taken together, there are two major points highlighted by
these data. First, for any single extraction type, an “extrac-
tome” is recovered rather than the entire proteome. Even
highly abundant proteins may not be extracted by some
methods. Secondly, gel-based methods appear to be well-
suited for the identification of different protein isoforms.
Using a gel-based approach, isoforms of even low-abun-
dance proteins were identified easily, creating the appear-
ance of charge trains and mass shifts.

There were a few notable differences in the functional
classification of the proteins extracted by the three methods
(Table 1). Upwards of 10% of proteins from each extrac-
tion type were not found in the PANTHER database, and
�6% of the proteins from each extraction type that were
included in the PANTHER database had no biological
function classified. These do not include the predicted or
hypothetical proteins that we identified, which were not
searched against the PANTHER database. The TCA-ace-
tone method extracted more proteins involved in cell struc-
ture, muscle contraction, protein complex assembly, and
protein folding, as compared with the other methods (Ta-
ble 1). The phenol method extracted more proteins in-
volved in protein phosphorylation but fewer proteins in-
volved in cell motility and no proteins involved in
chromosome segregation or intracellular protein traffick-
ing. Given that there were minor differences in the other
functional categories, and the quality of the protein iden-
tifications by MS among the different extraction types was
high overall, we chose the TCA-acetone method for further
quantitative investigation, as it outperformed the phenol
and multi-detergent extraction types on the total protein
yield, was technically the simplest extraction to perform,
was the most cost-efficient, and was highly reproducible.

Quantitative Differences

To detect subtle differences in protein concentration and to
attribute these changes to biological phenomenon, the
extraction methods used must be highly reproducible.
Therefore, we set out to quantitatively assess and compare
each method for their reproducibility and their reliability in
extracting aphid proteins.

First, we measured the protein yield obtained by each
extraction type by the Bradford assay. The most striking
difference between the protocols tested was the protein
yield obtained by each extraction. The TCA-acetone ex-
traction method resulted in a greater than two- to four-fold
higher yield in protein (20.4 mg/g) as compared with the
phenol (7.3 mg/g) or the multi-detergent (4.79 mg/g)
extraction methods. This might be explained by the fact
that the phenol and the multi-detergent extraction meth-

ods had centrifiguation steps prior to precipitation that
would have removed protein-rich debris (for example,
exoskeleton and nuclei) found in the TCA-acetone pel-
lets that are later solubilized in the 8 M urea rehydration
buffer. In reproductive aphids, the lipid content of
somatic cells can range from 58% to 76%;44 therefore,
alternatively, it is possible that the enhanced perfor-
mance of TCA-acetone in extracting aphid proteins
correlates with its ability to delipidate and solubilize
membrane proteins.45

To get the best representation of the aphid proteome
in our future studies, we wanted to use the extraction
protocol that delivered the greatest number of distinct
proteins. To examine the extracts for total number of
spots as well as to determine how many spots detected
were differentially extracted, we labeled each extraction
type with a different Cy-Dye (GE Healthcare) and used
2-D DIGE to compare the extraction protocols. Two
technical replicates of each extraction type for each of
the two aphid genotypes (F and SC) were included in the
experiment. Numerous differences were apparent when
examining a merged image of the F genotype proteins
extracted by the phenol method labeled with Cy3, the
TCA-acetone method labeled with Cy2, and the multi-
detergent method labeled with Cy5 (Fig. 5). Similar
differences were observed when examining a merged
image of the SC genotype proteins extracted by the three
methods (data not shown). A total of 1529 spots, from
both genotypes, was included in the experiment. A
power analysis, which gives the probability of seeing any
real difference, revealed that 82.3% of the data were at a
power of 0.8 or greater with the two replicates used for
each extraction type. Three or more replicates would
have given us 100% of the data at a power of 0.8 or
greater. To consider a spot extracted differentially, the
ANOVA score for the spot was �0.05, and there was at
least a 1.5-fold change in the spot intensity for at least
one extraction method compared with the other two
methods. Each method extracted nonoverlapping sub-
sets of proteins; spots were unique to each extraction,
extracted by one or two out of the three methods above
the 1.5-fold change threshold, or found in all extraction
types below the 1.5-fold change threshold (Fig. 6). A
majority of the proteins (1018 of 1388) were common to
all three extractomes, but 26.7% of the total spots were
differentially extracted by one or two of the three meth-
ods. Seventy-four spots were unique to the TCA-acetone
method, 99 were unique to the phenol method, and 56
spots were unique to the multi-detergent method. The
remainder were preferentially extracted by two of the
three methods (Fig. 6). These results are in stark contrast

M. CILIA ET AL. / A COMPARISON OF APHID PROTEIN EXTRACTION METHODS

JOURNAL OF BIOMOLECULAR TECHNIQUES, VOLUME 20, ISSUE 4, SEPTEMBER 2009 209



to previous reports that the TCA-acetone method is
sufficient for total protein extraction.27

Principle components analysis (PCA), proven as a tool
to analyze variation in proteomics data,46,47 was used as an
exploratory tool to identify potential sources of variation in
our experiments. After our data analysis revealed the num-
bers of spots that were unique to the different extractions,
we wanted to use a blind approach to verify the sources of
variation in our experiment, and this was provided by PCA.
Proteins with similar expression profiles and gels of similar
samples will cluster, whereas differentially expressed pro-

teins and gels containing dissimilar samples will segregate
spatially. Variation among the individual spot intensities
and among the gel replicates was explored simultaneously
in the PCA as spot numbers and colored dots, respectively.
The first principle component, displayed along the x-axis,
is mostly explained by the variation between two different
aphid genotypes used in the experiment (Fig. 7). The
numbers at the extremes of the x-axis are the most highly,
differentially expressed spots between the F and SC geno-
types. The second source of variation in this experiment
can be explained by the second principle component, as

FIGURE 5

A comparison of aphid proteins extracted using the TCA-acetone, phenol, and multi-detergent extraction techniques
using 2-D DIGE. Genotype F protein (50 �g) was labeled accordingly: TCA-acetone labeled with Cy2 (a), multi-detergent
labeled with Cy5 (b), phenol labeled with Cy3 (d), and a merged image of all three channels (c). The gel was visualized
using the Typhoon Variable Mode Imager Model 9400 (GE Healthcare). Analyzing the different extraction samples on
the same gel eliminated differences in the spot patterns that might be a result of isoelectric focusing and/or gel-to-gel
variation and highlights differences in the protein extracts, as can be seen by the presence of the individual Cy-labeled
proteins in the merged image.
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shown along the y-axis. Each technical replicate for these
methods cluster close together (Fig. 7) on both axes. Num-
bers at the top of the y-axis represent spots that are prefer-
entially extracted by the multi-detergent extraction
method, and numbers at the bottom of the y-axis represent
spots that are preferentially extracted by the phenol extrac-
tion method. The black circles denote the gels containing
the multi-detergent extraction replicate gels, the red circles
denote the gels containing the TCA-acetone replicates, and
the green circles denote the gels containing the phenol
extraction replicates. Thus, the PCA confirmed that varia-
tion as a result of the differences between the multi-deter-
gent and phenol techniques was almost as great as the
variation observed between the different genotypes (27–
39%, respectively). The variation between the TCA-ace-
tone and the phenol method, 17.81%, was explained by the
third principle component (not shown). The variation
between technical replicates was a very small fraction of
variation in this experiment (principle component 8,
0.93%).

Exploring the TCA-Acetone Extraction in Detail Using
DIGE

To determine the reproducibility and reliability of the
TCA-acetone extraction and subsequent DIGE analysis
to detect subtle differences in protein expression37 be-
tween the aphid genotypes, three technical replicates for
the two aphid genotypes were each labeled with Cy3 or
Cy5, and a dye-swap design was incorporated for a total
of six replicates for each genotype. The power analysis
from the previous experiment indicated that we needed
at least three replicates to have 100% of the data at a
power of 0.8 or greater, so six replicates were more than
adequate for this analysis. An all-inclusive Cy2-labeled,
pooled internal standard was included to normalize gel-
to-gel variation.48 Nonlinear 24 cm format IPG strips
(pH 3–10; GE Healthcare) were chosen to provide a
broad pI-range, high-resolution map of the aphid pro-
teome. Gel analysis (Samespots, Nonlinear Dynamics)
identified 156 proteins as differentially expressed at a
threshold of 1.5-fold difference with an ANOVA P value
�0.05. A power analysis revealed that 100% of our data
were at a power of 0.8 or greater. PCA was again used as
an exploratory tool to identify potential sources of vari-
ation in our experiment. Variation among the individual
spot intensities and among the gel replicates was ex-
plored simultaneously in the PCA and is represented as
spot numbers and colored dots, respectively. The pri-
mary source of variation (87%) in our experiments can
be explained by the two different aphid genotypes, F and
SC. This variation is plotted along the x-axis and is the
first principle component. Numbers in blue are spots
up-regulated in genotype F, and numbers in red are
spots up-regulated in genotype SC (Fig. 8). The techni-
cal replicates spread out along the y-axis or the second
principle component and show that 4.2% of the ob-
served variation in the experiment was largely a result of
technical variation, which includes the technical repli-
cates and dye swaps as well as gel-to-gel variation (Fig.
8). Thus, as we had suspected, the PCA confirmed that
variation as a result of the differences between the tech-
nical replicates was a very small fraction of the total
variation in this experiment.

Concluding Remarks

Each protein extraction isolates a distinct “extractome” and
furthermore, has a unique ability to extract certain types of
aphid proteins. In a 2-D DIGE experiment, we demon-
strated that each extraction type not only isolates unique
proteins but also that each extraction type differentially
isolates proteins found in one, two, or three of the extrac-
tion types (Figs. 4 and 6 and Table 2). The latter raises the
question as to whether any one extraction method is ex-

FIGURE 6

A Venn diagram displaying the results of the DIGE experiment
comparing the TCA-acetone, phenol, and multi-detergent aphid pro-
tein extractions of the F and SC genotypes. Gels were auto-aligned
after the addition of 50 manual alignment seeds and spots detected
using Samespots, v. 3.1 (Nonlinear Dynamics). To be considered
differentially extracted, the spots had an ANOVA value of �0.05 and
a fold change of �1.5. A total of 1388 spots was included in the
experiment. The TCA-acetone method preferentially extracted 188
proteins, the phenol method preferentially extracted 180 proteins,
and the multi-detergent method preferentially extracted 143 pro-
teins. Subsets of these proteins were shared between two of the
extraction methods. One thousand eighteen spots were similarly
extracted by all three methods. 370 proteins (26.7%) were differen-
tially extracted in the entire experiment.
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tracting the same pool of proteins, or extracting additional
or fewer proteins that resolve at the same MW and pI
resulting in different intensities of the same spot in the
different extractions. Indeed, it has been shown that each
spot represents several proteins,49,50 and therefore, a
change in intensity of the spot among the different extrac-
tion types may not only represent differential extraction of
a single protein but differential extraction of multiple pro-
teins. A clever technique to identify and quantify the dis-
tinct proteins migrating in a single spot is 2-D GeLC.50

This technique couples the protein-abundance index to the
spot intensity to determine the mol fraction of every pro-
tein in the spot. The technique might be used to verify fold
changes in the proteins deemed responsible for phenotypic
differences between samples in cases where more than one
protein migrate to a particular MW and pI.

One must be cautious when comparing results from
different extraction protocols, as the PCA of the DIGE data
comparing the three extraction techniques revealed almost
as much variation between extraction types as exists be-
tween the proteomes of different aphid genotypes (Fig. 7).
With such large differences in the proteins isolated by

different extraction methods, efforts must be made to in-
dependently confirm the role of candidate proteins in the
biological process for which they presume to regulate to
avoid chasing artifacts of protein extraction. For example,
an isoform of cyclophilin B was discovered as a candidate
protein in multiple aphid genotypes that transmit barley
yellow dwarf virus.17 The authors went on to show that
cyclophilin B binds directly to barley yellow dwarf virions
to confirm further the involvement of cyclophilin B in virus
transmission.17 In our study, cyclophilin B was only found
in the phenol extractions (Table 3); therefore, this protein,
critical to the virus transmission pathway, might have been
missed had the authors of the previous study used a differ-
ent protein-extraction protocol.

The differences in the proteomes extracted by the three
extraction types also raise the question as to whether one
method of protein extraction is sufficient to scan proteomes
for biomarkers associated with a specific phenotype. The
TCA-acetone method certainly performed well in the
quantitative 2-D DIGE experiment to assess differences
between the two aphid genotypes. Almost 90% of the
variation in the experiment could be attributed to variation

FIGURE 7

PCA of the 2-D DIGE assay exploring the three protein extraction methods. The individual spots are numbered, and the
gel images containing the Cy-Dye-labeled samples are shown as colored dots. The first principle component on the x-axis
corresponds largely to the variation between the different genotypes used in the experiment. The second principle
component largely corresponds to variation between the multi-detergent extraction and the phenol extractions. Spots
up-regulated in the F genotype in all three extractions are shown as orange numbers, and spots up-regulated in the SC
genotype in all three extractions are shown as red numbers. Spot numbers clustering to the top of the y-axis are
preferentially extracted by the multi-detergent extraction, and spots clustering to the bottom of the y-axis are preferen-
tially extracted by the phenol extraction. Gels (F replicates on the left; SC replicates on the right) containing the
Cy-Dye-labeled multi-detergent replicates are encircled with black, gels containing the Cy-Dye-labeled TCA-acetone
extraction replicates are encircled in red, and gels containing the Cy-Dye-labeled phenol extraction replicates are
encircled in green. The variation between technical replicates for each extraction is explained by the eighth principle
component and corresponds to 0.93% of the variation (not shown on this graph).
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between the genotypes and only a small fraction to varia-
tion among the technical replicates. These data show that
the TCA-acetone method is an ideal first approach for
extracting insect proteins. However, taken together with
the DIGE data exploring the multiple extraction methods,
additional approaches are recommended when investigat-
ing the aphid proteome, as in the case of screening for
candidate proteins involved in virus transmission. One idea
might be to use a tandem extraction protocol, for example,
first using the phenol method to extract one pool of pro-
teins, then using a TCA-acetone precipitation on the pellet
generated from the phenol extraction to precipitate a dif-
ferent pool of proteins, and finally, combining the pellets of
both for analysis. Other subfractionation schemes have
been used previously to achieve greater proteome cover-
age.51,52 Alternatively, the proteins from different extrac-
tion procedures might be combined and analyzed simulta-
neously. With either suggested approach, it would be
necessary to ensure statistically that each extraction step was
reproducible using pilot experiments and methods such as
PCA and power analyses (http://www.fixingproteomics.
org/).
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35. Altschul SF, Madden TL, Schäffer AA, et al. Gapped BLAST and
PSI-BLAST: a new generation of protein database search pro-
grams. Nucleic Acids Res 1997;25:3389–3402.

36. Stadler F, Hales D. Highly-resolving two-dimensional electro-
phoresis for the study of insect proteins. Proteomics 2002;2:1347–
1353.

37. Karp NA, Feret R, Rubtsov DV, Lilley KS. Comparison of DIGE
and post-stained gel electrophoresis with both traditional and
SameSpots analysis for quantitative proteomics. Proteomics 2008;
8:948–960.

38. Afshar N, Black BE, Paschal BM. Retrotranslocation of the chap-
erone calreticulin from the endoplasmic reticulum lumen to the
cytosol. Mol Cell Biol 2005;25:8844–8853.

39. Gupta RS, Ramachandra NB, Bowes T, Singh B. Unusual
cellular disposition of the mitochondrial molecular chaperones
Hsp60, Hsp70 and Hsp10. Novartis Found Symp 2008;291:
59 – 68.

40. Black VH, Sanjay A, van Leyen K, Lauring B, Kreibich G.
Cholesterol and steroid synthesizing smooth endoplasmic re-
ticulum of adrenocortical cells contains high levels of proteins
associated with the translocation channel. Endocrinology 2005;
146:4234 – 4249.

41. Keller A, Demeurie J, Merkulova T, et al. Fibre-type distribution
and subcellular localisation of � and � enolase in mouse striated
muscle. Biol Cell 2000;92:527–535.

42. Keller A, Peltzer J, Carpentier G, et al. Interactions of enolase
isoforms with tubulin and microtubules during myogenesis. Bio-
chim Biophys Acta 2007;1770:919–926.

43. Piva M, Moreno JI, Sharpe-Timms KL. Glycosylation and over-
expression of endometriosis-associated peritoneal haptoglobin.
Glycoconj J 2002;19:33–41.

44. Brough CN, Dixon AFG. Intraclonal trade-off between reproduc-
tive investment and size of body fat in the vetch aphid. Megoura
viciae Buckton Functional Ecology 1989;3:747–751.

45. Simoes-Barbosa A, Santana JM, Teixeira AR. Solubilization of
delipidated macrophage membrane proteins for analysis by two-
dimensional electrophoresis. Electrophoresis 2000;21:641–644.

46. Purohit PV, Rocke DM. Discriminant models for high-through-
put proteomics mass spectrometer data. Proteomics 2003;3:1699–
1703.

47. Verhoeckx KC, Bijlsma S, de Groene EM, Witkamp RF, van der
Greef J, Rodenburg RJ. A combination of proteomics, principal
component analysis and transcriptomics is a powerful tool for the
identification of biomarkers for macrophage maturation in the
U937 cell line. Proteomics 2004;4:1014–1028.

M. CILIA ET AL. / A COMPARISON OF APHID PROTEIN EXTRACTION METHODS

214 JOURNAL OF BIOMOLECULAR TECHNIQUES, VOLUME 20, ISSUE 4, SEPTEMBER 2009



48. Friedman DB, Lilley KS. Optimizing the difference gel electrophore-
sis (DIGE) technology. Methods Mol Biol 2008;428:93–124.

49. Campostrini N, Areces LB, Rappsilber J, et al. Spot overlapping in
two-dimensional maps: a serious problem ignored for much too
long. Proteomics 2005;5:2385–2395.

50. Yang Y, Thannhauser TW, Li L, Zhang S. Development of an
integrated approach for evaluation of 2-D gel image analysis:
impact of multiple proteins in single spots on comparative pro-

teomics in conventional 2-D gel/MALDI workflow. Electrophore-
sis 2007;28:2080–2094.

51. Jung E, Heller M, Sanchez JC, Hochstrasser DF. Proteomics
meets cell biology: the establishment of subcellular proteomes.
Electrophoresis 2000;21:3369–3377.

52. Sappl PG, Heazlewood JL, Millar AH. Untangling multi-gene
families in plants by integrating proteomics into functional
genomics. Phytochemistry 2004;65:1517–1530.

M. CILIA ET AL. / A COMPARISON OF APHID PROTEIN EXTRACTION METHODS

JOURNAL OF BIOMOLECULAR TECHNIQUES, VOLUME 20, ISSUE 4, SEPTEMBER 2009 215


