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Protein extraction from plant tissues for 2DE

and its application in proteomic analysis
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Plant tissues contain large amounts of secondary compounds that significantly interfere with
protein extraction and 2DE analysis. Thus, sample preparation is a crucial step prior to 2DE in
plant proteomics. This tutorial highlights the guidelines that need to be followed to perform an
adequate total protein extraction before 2DE in plant proteomics. We briefly describe the history,
development, and feature of major sample preparation methods for the 2DE analysis of plant
tissues, that is, trichloroacetic acid/acetone precipitation and phenol extraction. We introduce
the interfering compounds in plant tissues and the general guidelines for tissue disruption,
protein precipitation and resolubilization. We describe in details the advantages, limitations,
and application of the trichloroacetic acid/acetone precipitation and phenol extraction methods
to enable the readers to select the appropriate method for a specific species, tissue, or cell
type. The current applications of the sample preparation methods in plant proteomics in the
literature are analyzed. A comparative proteomic analysis between male and female plants
of Pistacia chinensis is used as an example to represent the sample preparation methodology
in 2DE-based proteomics. Finally, the current limitations and future development of these
sample preparation methods are discussed. This Tutorial is part of the International Proteomics
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1 Historical background

2DE with IPGs is one of the most powerful tools for large-scale
protein separation and quantification [1]. In 2DE, proteins
are separated according to pI in the first-dimensional IEF
and are then separated according to molecular weight (M;)
in the second-dimensional SDS-PAGE [2]. Currently, 2DE
combined with MS is the major platform for proteomics [3].
The aim of most 2DE analyses is to maximize the number
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of polypeptides that can be resolved, especially for compara-
tive proteomics, which generally involves looking for minor
differences between experimental and control samples [4].

In practice, however, the result of 2DE often suffers prob-
lems in the coextraction of nonprotein cellular components
that adversely affect protein migrations [5], thus resulting in
streaking and smearing and in a reduction in the number of
distinctly resolved protein spots. This problem is more promi-
nent in plant tissues that have low cellular protein contents
buthigh amounts of proteases and interfering compounds [6].
Therefore, protein extraction before 2DE is a very crucial step
in the methodology of plant proteomics.

The ideal extraction method should reproducibly capture
the most comprehensive repertoire of proteins possible while
minimizing protein degradation and nonprotein contamina-
tion [7]. Over the past 30 years, with the constant improve-
ment of 2DE technology, many sample preparation methods
for plant tissues have been developed for enhanced 2DE and
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proteomic analysis [e.g., 1,8-17]. These methods are typically
based on trichloroacetic acid (TCA)/acetone precipitation and
phenol extraction.

A one-step protocol, that is, denaturing extraction in lysis
buffer [18], was recognized as unsuitable for plant materi-
als. In the 1980s, a precipitation step was introduced into
most plant methods to concentrate the proteins and to sepa-
rate them from interfering compounds [8-10,19-24]. In par-
ticular, the TCA/acetone precipitation developed by Damer-
val et al. [8] is very popular and performs efficiently with
a large variety of plant tissues. It directly precipitates total
proteins from homogenized tissue or cells with TCA and 2-
mercaptoethanol (2-ME) in cold acetone [8]. Méchin et al. [4]
described in detail the methodology of TCA /acetone precipi-
tation for plant proteomics.

Phenol extraction was also developed in the 1980s [10, 20,
24]. Tt can be traced back to the 1950s, when phenol was
found to be effective for extracting proteins from aqueous
solutions [25]. In plants, Schuster and Davies [20] first used
phenol extraction in pea epicotyls. Hurkman and Tanaka [24]
later used Schuster and Davies’s methodology [20] to solubi-
lize the membrane proteins of barley roots for 2DE. In this
method, proteins are solubilized in phenol, with or without
SDS, and are subsequently precipitated with methanol and
ammonium acetate, followed by resolubilization in the IEF
buffer. However, before 2000, this method was not as widely
used as TCA/acetone precipitation. In 2003, Wang et al. [12]
developed a TCA/acetone/phenol extraction method, which
integrates TCA/acetone precipitation with phenol extraction,
to effectively extract proteins from evergreen olive leaves for
2DE analysis. Since then, significant attention has been paid
to the powerful effect of phenol extraction in recalcitrant plant
tissues (e.g., fiber-rich tissues and fruits). At present, phenol-
based methods are also commonly used in plant proteomics,
and in many cases, these methods are more powerful than
TCA/acetone precipitation. The methodology of phenol ex-
traction has been described in detail in [15,17].

This tutorial highlights the guidelines that need to be fol-
lowed to perform an adequate protein extraction prior to 2DE,
focusing on the applications of the TCA /acetone precipitation
and phenol extraction of total proteins from plant tissues. We
have attempted to minimize the overlap with published ex-
cellent reviews and tutorials [e.g., 2,7,26-29].

2 Basic concepts
2.1 Interfering compounds

Plant tissues contain large amounts of compounds that
severely affect the performance of protein extraction and sep-
aration in 2DE gels. The common interfering compounds
include phenolics, terpenes, pigments, organic acids, lipids,
proteolytic and oxidative enzymes, ions, nucleic acids, and
polysaccharides. In particular, plant phenolics include ap-
proximately 8000 types of naturally occurring compounds,
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such as phenols, flavonoids, stilbenes, tannins, and lignins
[30], all of which share a common aromatic ring bearing at
least one hydroxyl substituent [31]. These compounds mainly
accumulate in soluble forms in vacuoles that occupy a large
volume of the cell. The existence of secondary metabolites
displays species/tissue specificity and varies with age or de-
velopmental stage. Secondary metabolites are more abundant
in adult, green tissues than in young, etiolated tissues [9].
However, nucleic acids are rich in rapidly dividing cells and
young tissues (e.g., root tips).

Phenolics can build irreversible complexes with proteins,
forming very strong hydrogen bonds with the oxygen atoms
of peptide bonds or condensing with -SH and -NH, groups.
The oxidation of phenolics by phenoloxidases and peroxi-
dases results in streaking and generates artifactual spots on
2DE gels [32]. Lipids bind proteins via hydrophobic interac-
tions, affecting their charge and relative M,. In many cases
the lipid—protein complex is insoluble in aqueous solution,
resulting in a failure to enter the first-dimension gel [33].
Polysaccharides can interfere with IEF by obstructing gel
pores [7]. Nucleic acids can bind proteins through electro-
static interactions, preventing IEF. High M, nucleic acids can
additionally clog the pores of the acrylamide matrix [11]. Other
substances, such as endogenous ions, nucleotide metabolites,
and phospholipids, which are present in the cell lysates, are
often negatively charged, resulting in poor focusing toward
the anode [5].

The elimination of phenolics and other interfering com-
pounds is a prerequisite for satisfactory protein extraction
from plant tissues. Two strategies are generally used to re-
move the interfering compounds before 2DE: removal before
protein extraction and removal during and after protein ex-
traction. In both strategies, the oxidation of phenolic com-
pounds may be prevented with the use of water-soluble PVP
or water-insoluble polyvinylpolypyrrolidone (PVPP) [15, 34],
DTT or 2-ME, sodium ascorbate [22], and thiourea [23] while
performing the tissue extraction.

In the first strategy, finely ground tissue powders are sub-
jected to 10% (w/v) TCA/acetone (plus DTT or 2-ME) precip-
itation. After extensive organic solvent cleanups, the tissue
pellet should ideally be white or very light colored, indicating
the removal of the majority of secondary metabolites (e.g.,
phenolics and pigments). Afterwards, the air-dried acetone
powder is extracted in aqueous buffers. This strategy can also
greatly reduce the volume of the starting materials, facili-
tating downstream manipulations. The pretreatment of leaf
tissue powder with acetone removes not only pigments, such
as chlorophylls, but also large amounts of various phenolics
that can interact with proteins and create artifacts, particularly
in the presence of urea [19]. In the case of lipid-rich tissues,
such as seed tissue, excess lipids can be removed with acetone
and chloroform [33].

In the second strategy, the proteins are directly extracted
from the plant tissue in an aqueous buffer, and the resultant
extractis subjected to TCA/acetone precipitation or phenol ex-
traction. The extraction buffer usually contains EDTA, DTT or
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2-ME, a protease inhibitor cocktail, and PVPP. In particular,
nucleic acids, ions, and polysaccharides can be effectively re-
moved via phenol extraction [29]. However, the contaminants
coprecipitated with proteins are often difficult to remove in
subsequent organic solvent cleanups; therefore, this strategy
is usually applied in relatively easy tissues, such as etiolated
shoots and young tissues (e.g., root tips).

2.2 Tissue disruption

Plant cells consist of the outermost walls that are mostly com-
posed of cellulose and its derivatives (including large anionic
pectins) [35]. Young plant cells are surrounded with a pri-
mary cell wall; in some plant cell types, a rigid secondary cell
wall is present between the plant cell and the primary wall
after the cell development. In woody plants, the content of
lignin and related compounds (especially in roots and stems)
is even higher than in other plant species making the disrup-
tion of the cell wall problematic [36]. The disruption of the
cell wall and protein release is crucial for the following ex-
traction steps. Various chemical and physical techniques are
used to destroy the cell wall, such as lysis buffer, sonication,
freeze-thawing, and high-speed blending [28].

A common plant tissue disruption step is pulverizing ma-
terials in liquid N, with a mortar and pestle (or with the help of
quartz sands), particularly for fiber-rich crop tissues [17, 29].
This practice can also minimize proteolysis and protein mod-
ifications occurring during tissue disruption. To ensure com-
plete tissue disruption, use a small amount of starting ma-
terial (e.g., 0.2-0.5 g of fresh weight). The yield of the total
proteins extracted from a plant tissue depends greatly on the
fineness of the tissue powder.

Alternatively, homogenizing the plant material in
TCA /acetone in a device that generates strong shearing forces
(e.g., a polytron or glass homogenizer) [37] also produces a
fine powder. Young tissues (e.g., root tips, watery fruit tis-
sues, and developing seeds) can be directly homogenized in
cold TCA/acetone.

2.3 Protein precipitation

Cell or tissue extracts of proteins often contain interfering
substances that must be removed. A number of protein pre-
cipitation methods [38] are available for this purpose. The pre-
cipitation step is regarded as a necessity when handling recal-
citrant plant tissues to obtain high-quality 2DE profiling [13].
TCA /acetone precipitation and phenol extraction followed by
methanol precipitation are the most frequently used tech-
niques for total protein extraction in plant proteomics. Both
methods can concentrate the sample and simultaneously re-
move small interfering compounds before 2DE.

2.3.1 TCA/acetone precipitation

TCA /acetone precipitation, originally developed by Damerval
etal. [8], is based on protein denaturation under acidic and/or
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hydrophobic conditions that help concentrate proteins and
remove contaminants. Méchin et al. [4] recently described a
protocol in detail, from protein precipitation and denatura-
tion to resolubilization in a solution for subsequent IEF. The
steps of the TCA /acetone precipitation have many modifica-
tions (Table 1). For example, in its original version [8], tissue
powder and pellet were kept each time in 10% TCA/acetone
(plus 0.07% 2-ME) for 45 min at —18°C; on a small scale,
the incubation time can be shortened to 5-10 min, or the
sample can be directly centrifuged [43].

The main steps of TCA/acetone precipitation involve the
following (Fig. 1): (i) prepare a fine tissue powder; (ii) homog-
enize the tissue powder in TCA/acetone (optional); (iii) wash
the powered tissue in TCA/acetone and then acetone (typi-
cally, after two washes each with TCA/acetone and acetone,
the powdered tissue should ideally be white or light-colored);
and (iv) extract the powdered, air-dried tissue in the buffer of
choice (e.g., 2DE lysis buffer). The major caveat is keeping the
samples at a low temperature during extraction, including a
reducing agent (e.g., DTT or 2-ME) in cold organic solvents,
and not overdrying the pellet before resolubilization. To trou-
bleshoot TCA /acetone precipitation, see Isaacson et al. [15].

Alternatively, proteins can be first extracted from plant
tissue with various extraction media, followed by precipitation
of the protein extract with acetone [44], aqueous TCA [45], or
TCA /acetone [46,47].

The TCA/acetone precipitation method allows the efficient
extraction of total proteins for a large variety of plant tissues,
especially young tissues. However, it was found not to be
the best choice for more complex plant tissues [12, 13, 48].
For example, in grape berry, Vincent et al. [49] found that
TCA /acetone precipitation, with the lowest protein content,
gave the poorest results with few ill-resolved spots, compared
to phenol-based protocols. Because it is less time consum-
ing and easier to perform than the phenol-based protocols,
TCA /acetone precipitation is recommended as a starting pro-
tocol for plant proteomic analyses.

TCA/acetone precipitation has the following advantages:
(i) it is easy to perform, even for a very large volume of plant
samples; (ii) it removes many compounds (particularly ions,
lipids, pigments, phenolics, and terpenoids) that interfere
with IEF from the samples more effectively than either TCA
or acetone alone; (iii) it precipitates proteins and simultane-
ously inactivates components involved in protein degradation
and modification, such as proteases, phenoloxidases, and per-
oxidases [8,9,48]; and (iv) it is also valuable for the enrichment
of very alkaline proteins (e.g., ribosomal proteins) from total
cell lysates [50].

Nonetheless, the limitations of TCA/acetone precipitation
include the following: (i) the precipitated proteins are often
difficult to dissolve [13, 51], therefore, a strong resolubiliza-
tion buffer must be used with this method; and (ii) some
polymeric contaminants are often coextracted, which is a par-
ticular problem with tissues rich in soluble polysaccharides
and polyphenols from cell walls. Compared to acetone pre-
cipitation, several spots in 2DE were lost after TCA /acetone
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Table 1. The modifications of TCA/acetone precipitation

Proteomics 2014, 14, 645-658

Plant material

First precipitation

Incubation

Wheat seedling
Maize leaves

Arabidopsis
thaliana leaves
and stems

Banana leaves

Beech leaves and
roots, spruce
needles

Papaya leaves

Cabbage leaves
and carrot roots
Common bean

10% TCA, 0.07%
2-ME in acetone

10% TCA, 0.07%
2-ME in acetone

10% TCA, 0.07%
DTT in acetone

20% TCA, 0.2%
DTT in acetone

10% TCA, 20 mM
DTT in acetone

10% TCA, 0.07%
2-ME in acetone

10% TCA, 0.07%
2-ME in acetone

10% TCA, 1% DTT

45 min at -18°C
1hat-18°C

45 min at -20°C

Overnight at —20°C

Overnight at —20°C

Overnight at —20°C
1 hat -20°C

At least 2 h at —20°C

leaves in acetone

Centrifugation Wash Ref.

35000 x g for 15 min Once, acetone for 1 h [8]
at —18°C

35300 x g for 15 min Once, acetone for 1 h [9]
at —18°C

35000 x g for 15 min Once, acetone for 1 h [39]

16 000 x g for 30 min Twice, acetone [13]
incubation for 1 h
at —20°C

26 000 x g for 30 min Twice, acetone [36]

at 4°C incubation for 1 h
at —20°C each

16 000 x g for 30 min Twice, acetone for [40]
at 4°C 1 h at —20°C each

20 000 x g for 15 min Thrice, acetone for [41]
at 4°C 1hat —20°C

13 000 x g for 15 min Thrice, acetone [42]
at 4°C

In wash step, acetone contains the same reducing reagent (same concentration) as in the first precipitation.

Material

Powdered tissues

I'CA/acetone precipitation ;.P Protein extraction
7 ;

, £
Acetone wash ,/ ﬁ Phenol extraction

5 Protein precipitation

ﬁ Acetone wash

Dry powered tissue

Protein resolubilization
in 2-DE buffer

2-DE analysis @ = = TCA/acetone precipitation
------ Phenol extraction

—— TCA/acetone/phenol extraction

Figure 1. Three protocols for sample preparation of plant tissues
in proteomic analysis. It should be noted that these protocols may
be modified to achieve optimal results for different plant tissues
and they are often complementary.

precipitation, particularly large proteins, but some spots were
enriched (Fig. 2).

2.3.2 Phenol extraction and methanol precipitation

Phenol extraction is an alternative method to classical
TCA /acetone precipitation. It is often performed according
to the methodology of Hurkman and Tanaka [24]. The main
steps of phenol extraction are shown in Fig. 1. Briefly, proteins
are first extracted with an aqueous buffer (with or without
SDS) and then mixed with the buffered phenol (pH 7.8-8.8,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Comparison of 2DE maps produced using TCA/acetone
precipitation and acetone precipitation. The fifth leaves of maize
seedlings were ground to a fine power in liquid nitrogen and then
rinsed with (A) TCA/acetone and (B) acetone. The final proteins
were dissolved in the same 2DE rehydration buffer (7 M urea,
2 M thiourea, 4% CHAPS, 20 mM DTT, and 2% IPG buffer). Equal
protein loading (approximately 500 pg) was resolved by IEF using
11 cm linear IPG strips (pH 4-7) and then separated using 12.5%
SDS/acrylamide gels. Gels were stained with CBB R350. Many
proteins (particularly large proteins, rectangle) were lost after
TCA/acetone precipitation. Arrows indicate protein spots which
were enriched by TCA/acetone precipitation.

available commercially), causing proteins to denature and
dissolve in the phenol phase, whereas other water-soluble
substances (e.g., salts, nucleic acids, and carbohydrates) re-
main in the aqueous phase. Proteins in the phenol phase
are thus purified and concentrated simultaneously by subse-
quent methanol precipitation [12,15]. Proteins in the phenolic
phase are precipitated with ammonium acetate in methanol.
The precipitated proteins are then resuspended in 2DE lysis
or rehydration buffer. In particular, the coextracted phenolic
substances are separated from the proteins after methanol
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precipitation. Faurobert et al. [52] described a tried and tested
phenol extraction protocol adapted for 2DE and further pro-
teomic studies. Carpentier et al. [13] optimized the phenol
extraction protocol for small amounts of tissue, which is es-
sential when the study material is limited.

Many modified phenol extraction methods exist (Table 2).
For example, Hurkman and Tanaka [24] used a detergent-
free buffer (0.7 M sucrose, 0.5 M Tris, 30 mM HCI, 50 mM
DTT, 0.1 M KCl, 2% 2-ME, and 2 mM PMSF) to solubi-
lize plant proteins, whereas Wang et al. [12,43] later used a
SDS-containing buffer to increase protein extraction. Some
researchers [12, 13, 15, 43] include sucrose (30% or 0.7 M)
in the aqueous extraction buffer to ensure that the aqueous
phase is heavier than buffered phenol. After phase separa-
tion by centrifugation, the phenol phase is “pushed” on top,
facilitating the extraction of the phenol phase. The protein
pellet from phenol extraction should look white and a yellow-
ish pellet indicates coprecipitation of phenolics. Pulverizing
plant tissues with PVPP (0.05 g/g tissue) or plus 1% w/v
PVPP in the lysis buffer prior to phenol extraction improved
protein extraction (see review, [29]).

The important points for the successful use of phenol ex-
traction include the following: (i) keep samples at a low tem-
perature during the first extraction step; (ii) pipet out the
correct phenolic phase after phase separation; and (iii) adjust
the pH of the phenol solution and protein extract if appropri-
ate because only after satisfying the basic conditions can the
proteins be partitioned into the phenol phase. Bromophenol
blue is compatible with phenol and is a good pH indicator
(blue at pH >7). For typical steps and troubleshooting of
phenol extraction, the readers may refer to [12,13,43,48], in
particular [15,17,32,52].

The advantages of phenol extraction include the follow-
ing: (i) it is more effective for producing high-quality protein
samples than TCA/acetone precipitation; (ii) it also inacti-
vates enzymes without heating, thereby minimizing protein
degradation resulting from endogenous proteolytic activity
proteolysis during extraction [20]; and (iii) it allows the re-
moval of polysaccharides, ions, and nucleic acids that are
partitioned into the aqueous phase.

Nonetheless, phenol extraction has some limitations: (i)
some specific proteins may be lost after phenol extraction [13],
especially large glycoproteins [56], although a different report
showed that the enhanced extraction of glycoproteins in three
types of fruits (i.e., banana, avocado, and orange) using phe-
nol extraction [48]; (ii) its toxicity and time-consuming nature
should be considered when a sample preparation procedure
is being designed; and (iii) it is often not able to produce
high-quality 2DE profiles in recalcitrant tissues containing
large amounts of phenolic compounds (e.g., olive leaves and
fruits) [12].

Overall, the phenol-based protocols are superior to the
TCA/acetone methods, showing larger protein yields and
greater spot resolution on 2D gels, but they are also comple-
mentary to TCA/acetone precipitation [13,48]. The phenol-
based protocols more likely provide satisfactory results in
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plant tissues rich in interfering compounds, such as leaves
[13], fruits [13,48,49,53,57-59], and wood [60] as well as in cell-
wall fractions [61]. There is a small but significant difference
between the protein pattern of the TCA /acetone precipitation
and phenol extraction [13,48, 62]. These differences may re-
sult from the extra phenol extraction step (associated with
phase partitioning) and the precipitation method.

2.3.3 TCA/acetone/phenol extraction

Wang et al. [12, 43] combined phenol extraction with
TCA/acetone precipitation before 2DE for the protein ex-
traction of recalcitrant plant tissues. This protocol was re-
cently described in detail [17]. It holds the merits of both
TCA/acetone precipitation, which effectively removes non-
protein compounds, and phenol extraction, which selectively
dissolves proteins, to facilitate the most effective purification
of proteins. The protocol first involves TCA/acetone precip-
itation and then SDS extraction followed by phenol extrac-
tion (Fig. 1). With SDS extraction, proteins precipitated by
TCA /acetone can be fully resolubilized and then purified fur-
ther by phenol extraction. Originally, the powdered tissue
sample was resuspended in the mixture (1:1, v/v) of phenol
(Tris-buffered, pH 8.0) and dense SDS buffer (30% sucrose,
2% SDS, 0.1 M Tris-HCI, pH 8.0, 5% 2-ME) [12]. Alternatively,
proteins can be extracted from the tissue powder using the
SDS buffer, and protein extract is then subjected to phenol
extraction [63].

The TCA/acetone/phenol extraction protocol was origi-
nally designed to extract proteins from adult evergreen olive
leaves that are notoriously recalcitrant to common protein
extraction methods due to the large amounts of phenolic
compounds [64]. For olive leaves, phenol extraction com-
bined with ongoing TCA/acetone precipitation is more ef-
ficient than either method alone. This protocol has been suc-
cessfully used in various tissues from different plant species
[e.g., 65-71]. It provides an enhanced 2DE-based proteomic
analysis of a range of recalcitrant tissues for proteomic anal-
yses [12,43,48].

This protocol is capable of producing more high-quality
proteins than either TCA/acetone precipitation or phenol
extraction alone. Maldonado et al. [72] evaluated the three
above-mentioned protocols (TCA/acetone precipitation, phe-
nol extraction, and TCA/acetone/phenol extraction) for Ara-
bidopsis thaliana leaf proteome analysis by 2DE. Their results
showed that the TCA/acetone/phenol protocol provided the
best results in terms of spot focusing, resolved spots, spot
intensity, unique spots detected, and reproducibility, and
there were no statistically significant differences in protein
yield among the three protocols. Similarly, Vincent et al. [49]
and Jorrin et al. [73] reported that the TCA/acetone/phenol
protocol resulted in improved 2DE gels with various plant
tissues in terms of the number of spots resolved. Com-
pared to TCA/acetone precipitation and phenol extraction,
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pH 4

TCA /acetone/phenol extraction produced better 2DE results
in the case of maize leaves (Fig. 3).

As this protocol combines TCA/acetone precipitation and
phenol extraction, it is somewhat time-consuming. Addition-
ally, small amounts of protein may be lost due to the many
steps involved, but this issue can be remedied by perform-
ing several parallel extractions. In addition, this protocol can
combine with sample prefractionation methods and improve
the detection of low abundance proteins [74,75].

2.4 Protein solubilization

Before 2DE, the proteins from the sample must be fully sol-
ubilized. An incomplete solubilization will result in protein
losses. This step strongly affects the quality of the final results
and thus determines the success of the entire experiment.

Because the first step of 2DE is IEF, the proteins must
maintain their own charges in the sample buffer. Two excel-
lent reviews [1, 7] describe the general guidelines and com-
mon cocktails for protein solubilization. In general, the sam-
ple buffer must dissolve as many proteins as possible and split
all noncovalently bound protein complexes into subunits [11].
Furthermore, it must prevent aggregation and keep proteins
soluble during the 2DE separation. Finally, it should denature
all proteases.

Sample solubilization is usually performed in a buffer con-
taining chaotropes (typically a urea/thiourea mixture) [76-78],
nonionic and/or zwitterionic detergent (NP-40 or CHAPS)
[79], a reducing agent (DTT or 2-ME) [80, 81], carrier am-
pholytes, and, depending on the type of sample, protease
inhibitors [81, 82] (Table 3). A typical lysis buffer for plant
protein samples in 2DE analysis consists of 7 M urea, 2 M
thiourea, 20 mM DTT, 2-4% CHAPS, and 2% carrier am-
pholytes of the corresponding pH range [5, 15,43, 90]. How-
ever, there is no definite rule for selecting the appropriate
solubilization cocktail for a given sample: lysis buffer selec-
tion is mostly an empirical process [36].

In addition, proteins resulting from TCA /acetone precip-
itation are often difficult to completely resolubilize, thus a
prolonged incubation (1 h) of the protein pellets in the lysis

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Comparative 2DE
analysis of maize leaves pro-
teins using three extraction
methods. (A) TCA/acetone/
phenol extraction, (B) phenol
extraction, (C) TCA/acetone pre-
cipitation. TCA/acetone/phenol
extraction produced better 2DE
maps than phenol extraction
and TCA/acetone precipitation.
Proteins (approximately 500 pg)
were resolved by 2DE as
described in Fig. 2 legends.

buffer with shaking is recommended. Before 2DE, the pro-
tein extract needs to be clarified by centrifugation to remove
insoluble materials that may clog the gel pores.

3 Current uses of the sample preparation
approaches in plant proteomics

With the availability of the complete genome sequence of
many species (e.g., Arabidopsis, rice, maize, grapevine), plant
proteomics has fully entered the era of functional genomics.
As a valuable tool to identify new genes and a tool for
physiological and genetic studies in plants [91], tremendous
progress in plant proteomics driven by MS techniques has
been made in the last decade [92].

We selected the original articles published in the Journal
of Proteomics as examples to address the current uses of these
sample preparation approaches in plant proteomics. From
January 2008 to May 2013, a total of 1037 articles were pub-
lished in the Journal of Proteomics, 153 of which are related
to plant biology. Furthermore, only 73 articles consider pro-
teomic analyses, involving 45 plant species, such as the model
plants A. thaliana, rice, and maize, and many nonmodel crops
(e.g., soybean, sugar beet, sorghum, and pea), fruit plants
(e.g., peach, papaya, strawberry, and orange), and woody
plants (e.g., poplar, Holm oak, and spruce). Obviously, the
full potential of proteomics is far from being fully exploited
in plant biology compared with other organisms, mainly hu-
mans and yeast. In addition, in the mentioned 73 articles,
70 are based on 2DE, and only three use gel-free methods.
Thus, 2DE remains the major platform of plant proteomics
at present.

Most of the 70 articles report the comparative proteomic
profiling of specific tissues with the intention of identifying
differentially expressed proteins linked to various physiolog-
ical and stress responses or that might account for the phe-
notypic differences observed. Total protein is extracted using
four methods: direct precipitation of protein extracts with
acetone or TCA precipitation (10), TCA/acetone precipita-
tion (31), phenol extraction (21), and TCA /acetone/phenol
extraction (8), followed by resolubilization in a 2DE
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Table 3. 2DE rehydration buffers used in protein solubilization in proteomic analysis

Proteomics 2014, 14, 645-658

Plant material Urea (M) Thiourea (M) Reducing agent Detergent Ampholyte (pH) Other Ref.
Maize endosperm 5 2 20 mM DTT, 5 mM 2% CHAPS, 0.25% (3-10) [81]
TCEP 2% SB3-10
Banana leaves 6 2 0.28% DTT 0.5% CHAPS 0.5% (3-10) BrB 10% [13]
glycerol
Fruits (avocado, banana, 7 2 10 mM DTT 4% CHAPS 1% (4-7) [48]
and orange)
Pistacia chinensis leaves 7 2 20 mM DTT 4% CHAPS 2% (4-7) BrB [83]
and woody stems
Cotton fiber 7 2 40 mM DTT 4% CHAPS 1% (4-7) [84]
Pisum sativum leaves 7 2 75 mM DTT 2% CHAPS, 1% 0.5% (3-10) BrB 6% [47]
and roots Triton-X 100, glycerol, 5%
1% SB-12 2-propanol
Peach buds 7 2 0.4% DTE 2% CHAPS 0.2% (3.5-10) Protease [85]
inhibitors
Papaya leaves 8 0.2% DTT 2% CHAPS 0.5% (3-10) BrB [40]
Soybean leaves 8 2 2 mM TBP 5% CHAPS 0.4% (3-10) [86]
Tomato anthers 8 20 mM DTT 2% CHAPS 2% (3-10) BrB [87]
Agapanthus praecox 8 15 mM DTT 2% CHAPS 5% (4-7) BrB [88]
flowers
Arabidopsis thaliana 9 100 mM DTT 4% CHAPS, 2% (3-10) BrB [72]
leaves 0.5% Triton x
100
Apricot fruit 9 20 mM DTT 4% CHAPS, 1% (3-10) [89]
0.5% Triton x
100

BrB: bromophenol blue, with a concentration of 0.001-0.01%; TBP: tributylphosphine.

rehydration buffer (Table 4). Obviously, TCA/acetone precip-
itation and phenol extraction are widely used in 2DE for plant
proteomics. In some cases of plant species not studied before,
these methods have to be adapted and further optimized for
the proteomics analysis of a specific tissue.

4 Working example

The working example is taken from a recent publication on
the proteomic identification of differentially expressed pro-
teins between male and female plants in Chinese pistache
(Pistacia chinensis Bunge) [83]. This plant is a deciduous,
wind-pollinated, large shrub or small tree in the cashew fam-
ily. It is widely planted in China for biodiesel oil due to the
high seed oil content (35-50%, [115]). Thus, female plants of
P. chinensis have higher economic values than male plants. At
present there are no reliable methods for sex determination
in the juvenile stage of this species. Therefore, a compara-
tive proteomic approach was used to identify differentially
expressed proteins between both sexes to develop sex-linked
molecular markers in P. chinensis.

In this example, the following items are considered regard-
ing sample preparation:

(1) Sample used for comparative analysis. Leaf and stem,

rather than reproductive organs/tissues, were used and
sampled from known-sex adult plants (10- or 40-year-old),

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

because differentially expressed proteins in reproductive
organs/tissues may not be suitable for the sex determi-
nation of siblings.

(2) Tissuedisruption. The leaves and stems of P. chinensis are
rich in fiber and difficult to disrupt, especially the stem.
Before disruption, the stem was manually separated into
the xylem and phloem, which were then cut into pieces.
All samples were pulverized into a fine powder in liquid
N, with a mortar and pestle.

(3) Sample preparation method. In the preliminary experi-
ments, acetone precipitation, TCA/acetone precipitation,
and phenol extraction did not produce good results for the
2DE analysis. The TCA/acetone/phenol extraction proto-
col was found to work well in this case. As described in
Fig. 1, the dry tissue powder is used for protein extrac-
tion. In our hands, an equal amount of dry tissue powder
always produces almost the same protein yields when
performed in parallel, which facilitates paired compara-
tive 2DE analysis.

(4) Phenol extraction and methanol precipitation. Briefly, the
tissue powder was homogenized in the extraction buffer
(0.1 M Tris-HCI, pH 8.8, 2% SDS, and 0.1 M DTT, 1:
10 g/mL) in a mortar. The clarified supernatant was ex-
tracted with an equal volume of buffered phenol (pH
8.0). After phase separation, the phenolic phase was pre-
cipitated with five volumes of cold methanol containing
0.1 M ammonium acetate overnight (—20°C). The protein
was recovered by centrifugation and washed twice with

www.proteomics-journal.com
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Table 4. The applications of protein precipitation methods in 2-DE based plant proteomics in the selected literature

Protocol Material Species Selected Note
reference
Acetone or TCA Seeds Wheat ( Triticum aestivum) [93] Used in simple tissues and often
precipitation of Roots Douglas fir (Pseudotsuga menziesii) [94] resulting in poor 2-DE profiling,
protein extracts (10) Leaves Arabidopsis thaliana [95] except for a few examples, see [93]
Algal cells  Synechocystis [96]
TCA/acetone Roots Rice (Oryza sativa) [97] Used in a large variety of tissues from
precipitation (31) Soybean (Glycine max) [98] various species (e.g., crops,
Poplar (Populus tremula) [99] vegetables, and trees), but often
Leaves Cabbage (Brassica oleracea) [41] resulting in poor 2-DE profiling with
Rice (O. sativa) [100] few spots, probably due to
Solidago canadensis [101] incomplete resolubilization.
Seeds Soybean (G. max) [102] Not the best choice for more
Flowers Agapanthus praecox [88] complex plant tissues
Sugar beet (Beta vulgaris) [103]
Stems Wheat (T. aestivum) [104]
Cork oak (Quercus suber) [105]
Phenol extraction (21)  Roots Pteris vittata [54] Used in a large variety of tissues from
Leaves Tomato (Solanum lycopersicum) [106] various species, especially fruits,
Fruits Strawberry (Fragaria ananassa) [107] but often resulting in poor 2-DE
Nectarine (Prunus persica) [108] profiling with few spots, and
Sweet orange (Citrus sinensis) [109] streaks, due to incomplete removal
Seeds Cacao (Theobroma cacao) [110] of interfering compounds
Stems Kiwi (Actinidia chinensis) [55]
Anthers Maize (Zea may) [111]
TCA/acetone/phenol Seeds Cotton (Gossypium arboreum) [112] Effective in recalcitrant tissues, for
extraction (8) example, fiber-rich tissues and
Date palm (Phoenix dactylifera) [68] fruits
Fruits Apricot (Prunus armeniaca) [89] Maldonado et al. [72] reported
Fiber Cotton (G. arboreum) [84] that TCA/acetone/phenol
Leaves A. thaliana [72] extraction produced the best
Siberian spruce (Picea obovata) [113] results among the three
Pollen Holm oak (Quercus ilex) [114] methods evaluated

cold acetone. The air-dried protein pellet was dissolved
in 2DE rehydration buffer (7 M urea, 2 M thiourea, 4%
CHAPS, 2% IPG buffer, 20 mM DTT, and a trace amount
of bromophenol blue).

(5) 2DE and gel staining. This study aimed to identify the
most significant changes in protein profiles between
male and female plants; therefore, relatively insensitive
CBB staining was used to visualize the proteins.

The results showed that the phenol-based protocol can
effectively extract proteins from the powered tissues of P. chi-
nensis, with protein yields of 5.4, 6.35, and 1.65 mg/g fresh
weight for the leaf, stem phloem, and stem xylem, respec-
tively. The protein yield from the stem xylem by phenol ex-
traction was higher than that from stem xylem of the poplar
tree in a previous report [116].

The 2DE analysis revealed a good resolution of most pro-
tein spots throughout the gel, with 193 &+ 5, 492 & 10 and
360 + 8 CBB-stained spots reproducibly detected, respec-
tively, in stem xylem (Fig. 4), stem phloem, and leaf ex-
tracts [83]. Relatively fewer protein spots were detected
in the xylem, in which metabolic activities are weak and

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the majority of cells are dead. A total of ten protein
spots were differentially expressed in the leaf and stem
between both sexes, of which seven were successfully iden-
tified by MS analysis as NB-ARC domain containing pro-
tein, light harvesting chlorophyll a/b binding protein, ascor-
bate peroxidase, eukaryotic translation initiation factor 5A2,
temperature-induced lipocalin, and phosphoglycerate kinase
[83]. The sex-related difference was displayed in a tissue-
specific way, especially in the stem. In particular, ascor-
bate peroxidase, temperature-induced lipocalin and phos-
phoglycerate kinase may be promising candidates to serve
as protein molecular markers for sex determination in
P. chinensis.

This example indicated that the general procedure for sam-
ple preparation in plant proteomics strongly depends on the
species, the fragment being analyzed or even the stage of
the plant development. Each cell type may contain a special
protein population. Thus, the choice of plant material will
determine the specific proteomic analysis. The protein ex-
traction protocol to be used in each experiment needs to be
chosen according to the plant material and the objectives of
the specific research being conducted.

www.proteomics-journal.com
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5 Current limitations and useful working
limits

Over the past 10 years, TCA/acetone- and phenol-based meth-
ods have been applied for total protein extraction in plant pro-
teomics. Because the techniques have been known for a very
long time, the limits of these sample preparation techniques
are also well known. For example, the major disadvantage of
phenol extraction is that it is time-consuming.

A main limitation is that the protein precipitation and/or
resolubilization steps involved in these techniques will re-
sult in protein losses. The key to good sample preparation is
efficient protein solubilization with minimal handling [117].
However, the TCA/acetone- and phenol-based methods in-
volve many wash steps, which is a problematic choice for most
plant tissues. Carpentier et al. [13] clearly shows that protein
precipitation is absolutely necessary when handling recalci-
trant tissue. Thus, the loss of proteins is unavoidable, but the
lossis reproducible. Despite this limitation, TCA/acetone pre-
cipitation and phenol extraction are useful as routine methods
for recalcitrant plant tissues at present.

Another limitation is that in plant tissues, the TCA/acetone
and phenol extraction methods often have to be optimized for
each particular type of tissue and for the age of the organ [118]
before selecting a fixed protocol because plants are highly
differentiated organisms with many specialized organs and
tissues. Thus, there is no single method of sample preparation
that can be universally applied to all types of tissues analyzed
by 2DE.

Different sample preparation protocols are complemen-
tary and useful in characterizing the whole plant proteome.
For example, the comparison of a modified phenol-based pro-
tocol and a phenol-free protocol showed that the 2DE analysis
of apple and strawberry fruit protein extracts revealed spots
only present in phenol gels and other spots exclusive to the
phenol-free samples [62].

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Identification of differentially ex-
pressed proteins in stems by 2DE between

X3 male and female plants in Pistacia chinen-
N sis. Stem was sampled in winter from 10-
year-old plants. A mixed tissue powder from

was used for protein extraction. (A) Pro-

X3 tein profile of xylem proteins from female

plants as reference. (B) Magnified gel re-

gions containing spots X1-X3, accompanied

f m by column configuration of relative abun-

x4 dance (generated by software PDQUEST).

Spot X2 failed to be identified by MS/MS.

X3 f: female; m: male. The original picture was
S published in [83].

x2
N
*
xz‘ m three different male or female individuals

6 Future developments

With the constant improvement of 2DE technology over the
past three decades, especially the tremendous progress in
plant proteomics over the last decade, sample preparation
methods suitable for the 2DE analysis of plant tissues have
been greatly improved. TCA/acetone- and phenol-based pro-
tocols are widely used for plant proteomic analyses.

Water stress has become one of the most critical abiotic fac-
tors affecting crop productivity at the global level. To better
understand the mechanisms underlying the stress response
in crops, proteomics-based projects are being increasingly
utilized and will continue the discovery of novel gene tar-
gets for crop improvement [119]. These TCA/acetone- and
phenol-based protocols are expected to still be very useful in
total protein extraction in 2DE-based proteomics in the fore-
seeable future, especially in crop plant proteomics. However,
compared with the model plant Arabidopsis, crops are more
problematic for proteomic analyses mainly because their tis-
sues contain large amounts of secondary compounds. There-
fore, the described TCA/acetone- and phenol-based extrac-
tion methods need to be modified and refined when used for
a specific crop tissue.

Moreover, these sample preparation methods can find
many applications in other biochemical preparations, such
as organelle isolation [120], sequential extraction [75], and
gel-free proteomic analyses. These methods may be used
with more sensitive separation and visualization methods,
such as 2D DIGE [93]. This step is very important for projects
in which many samples must be analyzed for comparative
proteomic analysis. In addition, the continuous development
of the new agents compatible with TCA, acetone, and phenol
may be included in these methods for the optimal use.

Work in our laboratory was supported by the National Natural
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