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Abstract
Two-dimensional gel electrophoresis (2DE) is a central
tool of proteome research, since it allows separation of
complex protein mixtures at highest resolution. Quantifi-
cation of gene expression at the protein level requires
sensitive visualization of protein spots over a wide linear
range. Two-dimensional difference gel electrophoresis
(2D DIGE) is a new fluorescent technique for protein
labeling in 2DE gels. Proteins are labeled prior to electro-
phoresis with fluorescent CyDyes™ and differently la-
beled samples are then co-separated on the same 2DE
gel. We evaluated 2D DIGE for detection and quantifica-
tion of proteins specific for glucose or N-acetylglucos-
amine metabolism in the marine bacterium Pirellula sp.
strain 1. The experiment was based on 10 parallel 2DE
gels. Detection and comparison of the protein spots were
performed with the DeCyder™ software that uses an
internal standard to quantify differences in protein abun-
dance with high statistical confidence; 24 proteins differ-
ing in abundance by a factor of at least 1.5 (t test value

!10–9) were identified. For comparison, another experi-
ment was carried out with four SYPRO®-Ruby-stained
2DE gels for each of the two growth conditions; image
analysis was done with the ImageMaster™ 2D Elite soft-
ware. Sensitivity of the CyDye fluors was evaluated by
comparing Cy2, Cy3, Cy5, SYPRO Ruby, silver, and col-
loidal Coomassie staining. Three replicate gels, each
loaded with 50 Ìg of protein, were run for each stain and
the gels were analyzed with the ImageMaster software.
Labeling with CyDyes allowed detection of almost as
many protein spots as staining with silver or SYPRO
Ruby.

Copyright © 2003 S. Karger AG, Basel

Introduction 

The advent of genomics revolutionized the possibili-
ties of biological experimentation. With the entire genetic
information of a given study organism available, analysis
of gene expression is not limited to selected genes any-
more, but can be performed on the global level. This
opens new avenues for functional analysis of the com-
plexity of physiological and cellular aspects of living cells.
Cells regulate gene expression, in order to adapt to chang-
ing environmental conditions in an economical manner.
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Table 1. Detection limit, linear range and
compatibility with mass spectrometric
analysis of protein stains

Stain Detection limita

ng
Linear rangea

orders of magnitude
MS
compatiblea

Conventional Coomassie Blue 5–10 1 +
Colloidal Coomassie Blue 30–100 1 +
Silver 0.05–2 1b +c/-
SYPRO Ruby 1–2 4d +
CyDyes 0.25–0.95 4 +e

a Data compiled from the literature [3–5, 8, 17, 20, 22, 23].
b Recently, silver staining was reported to be linear over a range of approximately 200-fold
[23].
c MS compatibility of silver staining can be achieved by special staining protocols [25].
d Recently, SYPRO Ruby staining was reported to be linear over a range of approximately
150,000-fold [23].
e During the 2D DIGE process more than 95% of the total protein remain unlabeled. Thus
post-staining might be required to make the protein spots detectable for picking. Consequent-
ly MS compatibility depends on the dye used for post-staining.

Differential gene expression is ultimately reflected in the
level of proteins, which are the catalytically active mole-
cules that bring cells to life. Therefore profiling of the pro-
teome, i.e. the sum of proteins synthesized by a genome
under a set of defined conditions, is of particular impor-
tance for advancing our understanding of the complexity
of biological systems.

Two-dimensional gel electrophoresis (2DE) is thus far
the most widely used method for proteome research since
it allows the highest level of resolution for separation of
complex protein mixtures [1, 2]. Following electropho-
retic separation, staining of proteins is instrumental for
detection and quantification. Three principal staining
techniques are most commonly used, which differ with
respect to sensitivity, linear range and compatibility with
downstream mass spectrometric (MS) analysis (table 1)
[3, 4]. (1) Colloidal Coomassie Brilliant Blue (cCBB) is
regarded as a less sensitive stain, but as probably best
compatible with MS analysis. (2) Silver staining is
presently the most sensitive, generally used staining tech-
nique. However, this stain does not allow reliable quanti-
fication and poses difficulties on MS analysis. (3) Since
the mid 90s, SYPRO stains, in particular SYPRO Ruby,
became increasingly popular because of the easy staining
procedure, high sensitivity and broad linear range [5]. All
of these staining techniques have in common that protein
staining is performed after electrophoretic separation.
Furthermore, differential analysis requires separate gels
for different samples, resulting in gel-to-gel variations.
Therefore warping is required to overlay and compare
gels with different samples. Typically, for each sample

several gels have to be run in order to generate an ‘elec-
tronic average gel’, which is then the basis for determining
changes in protein quantity. The resolution of minor dif-
ferences in protein quantity is particularly demanding.

Ünlü et al. [6] described a modified system for 2DE
using cyanine dyes, which was further developed by Am-
ersham Biosciences and is designated ‘two-dimensional
difference gel electrophoresis’ (2D DIGE). Recently, a
similar approach employing Alexa Fluor dyes was re-
ported [7]. In contrast to the above-mentioned post-elec-
trophoresis staining techniques, in case of 2D DIGE,
labeling is carried out prior to electrophoresis and differ-
ent samples can be co-separated on one gel (termed multi-
plexing), whereby gel-to-gel variations are avoided. The
2D DIGE process consists of four major steps (fig. 1):
(1) the labeling reaction; (2) the electrophoretic co-separa-
tion of different samples; (3) the acquisition of separate
images for each sample run on a gel, and (4) the software-
based analysis of images to identify spots and determine
differences in protein abundance. (1) The individual sam-
ples are covalently labeled with one of three cyanine dyes
(CyDyes: Cy2, Cy3, Cy5) prior to electrophoretic separa-
tion. In the labeling reaction, the CyDyes [as their N-
hydroxysuccinimidyl (NHS) esters] form an amide with
the epsilon amino group of lysine residues. The condi-
tions for labeling are tailored such (low CyDye to protein
ratio; termed minimal labeling) that theoretically only 3%
of each protein species in the analyzed protein mixture
and statistically only one lysine residue per peptide chain
are labeled. Samples are labeled with either Cy3 or Cy5.
As an internal standard, equal amounts of all samples are
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Fig. 1. Schematic representation of the 2D DIGE workflow for the
differential analyses of protein abundance in two different samples (1
and 2). (1) The two samples are labeled with Cy3 and Cy5, respec-
tively. Equal amounts of both samples are mixed and labeled with
Cy2 to be used as internal standard. (2) The three labeling prepara-
tions are then mixed prior to simultaneous electrophoretic separation
on the same 2DE gel. (3) For each of the three cyanine fluorophores
an independent image is acquired by successive scanning of the gel
three times with the fluorophore-specific excitation and emission
wavelengths (table 2). (4) During intragel comparison, for each spot
the ratios of normalized volumes between samples and internal stan-
dard are determined. Differences in protein abundance are then
determined by calculating the average ratios [(Cy3:Cy2):(Cy5:Cy2)].
Statistical confidence is achieved by analysis of parallel gels (intergel
comparison).

Protein

labeling

2 DE

Image

acquisition

Intragel

comparison

(of all spots)

Sample 1 Sample 2Sample 1 + 2

MIX

2DE:  1 Gel

3-mode scanning

Green (532) Blue (488) Red (633)

Cy5-ImageCy2-ImageCy3-Image

Cy3 : Cy2

Cy3 Cy2 Cy5

Average ratio

(one per spot) Cy5 : Cy2

Cy3 : Cy2

:

Cy5 : Cy2

-

---

Average ratio

(one per spot) Cy5 : Cy2

Cy3 : Cy2

:
Cy5 : Cy2

Cy3 : Cy2

:

mixed and labeled with Cy2. The labeled samples and
the internal standard are mixed prior to electrophoresis.
(2) 2DE is essentially carried out according to convention-
al protocols. Since the CyDyes carry a positive charge that
compensates for the positive charge of the lysine amino
group lost during formation of the amide bond (termed
charge matching), only little shift of the pIs is observed
relative to the unlabeled proteins. Labeling with any of
the three CyDyes will increase the molecular mass of the
proteins by approximately 500 Da. This shift is most pro-
nounced with proteins of low molecular weight. Since
these shifts in molecular mass are almost identical for the

three CyDyes, they do not affect image analysis. (3) Image
acquisition is based on the different excitation and emis-
sion wavelengths of the three cyanine fluorophores (ta-
ble 2). Thus, from the different samples run on the same
gel, separate images are generated, which are devoid of
gel-to-gel variations. (4) Therefore, the different images of
one gel can be compared without warping. Amersham
Biosciences developed a specific software, DeCyder, for
the analysis of gels generated by 2D DIGE. For each sam-
ple (labeled with Cy3 or Cy5), spot boundaries are defined
separately. Both sets of spot boundaries (termed mapsets)
are then superimposed on the Cy2-labeled internal stan-
dard. Thus using the two sample-specific mapsets, the
ratios of spot volumes between an individual sample and
the internal standard can be determined. Subsequently,
for each spot, the change in protein abundance between
the different samples can be calculated as the ratio of
the two ‘sample:internal standard’ ratios [(C3:Cy2):
(Cy5:Cy2)]. Using the ‘Batch’ modus of DeCyder soft-
ware, parallel gels can be analyzed, allowing to determine
changes in protein quantities with high statistical confi-
dence. The 2D DIGE process allows to limit gel-to-gel
variations and to reduce the number of gels.

First applications of the 2D DIGE method for biomed-
ical systems [8–10] and the standard bacterium Escheri-
chia coli [11, 12] have been reported only very recently.
Here we apply, for the first time, the 2D DIGE system
under optimal technological conditions for an environ-
mental bacterium; i.e. all three available CyDyes are used,
with Cy2 as label for the internal standard, the Typhoon™
9400 scanner equipped with three lasers is used for image
acquisition and the DeCyder software is used for differ-
ential in-gel analysis and batch processing. In this study
we evaluated the 2D DIGE system for protein profiling in
the marine bacterium Pirellula sp. strain 1, currently
described as ‘Rhodopirellula baltica’. This bacterium was
isolated from the water column of the Kiel Fjord, Germa-
ny [13] and found to be catabolically specialized in the
utilization of carbohydrates [Schlesner, Gade, Rabus, un-
publ.]. Using a proteomic approach, we have recently
identified a putative dehydrogenase which was specifical-
ly synthesized during growth with N-acetylglucosamine
[14]. The degradation of N-acetylglucosamine is of envi-
ronmental relevance in the marine system, since it is the
monomer of one of the most abundant biopolymers, chi-
tin [15]. Pirellula sp. strain 1 is assumed to be a represen-
tative of those bacteria that contribute significantly to the
degradation of carbohydrates in marine systems. This
bacterium has an unusually large genome size of approxi-
mately 7 Mb, the sequence of which has recently been
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determined by the REGX consortium (www.regx.de).
Here we analyzed protein patterns of cells grown with N-
acetylglucosamine or glucose with the 2D DIGE system
and with SYPRO Ruby staining. In addition, we com-
pared the sensitivity of CyDyes with that of SYPRO
Ruby, silver and cCBB, again using samples from N-ace-
tylglucosamine-grown cells.

Materials and Methods

Media and Cultivation 
Pirellula sp. strain 1 was grown on mineral medium with N-

acetylglucosamine (10 mM ) or glucose (10 mM ) and ammonium
(1 mM ) as described before [14]. The study organism is currently
described as the type strain of a new genus and species, ‘Rhodopirel-
lula baltica’ [Schlesner et al., unpubl.].

Sample Preparation 
Cells from exponential cultures of Pirellula sp. strain 1 were har-

vested by centrifugation (10,000 g, 20 min, 4°C). The pellets were
washed with 100 mM Tris-HCl pH 7.5 containing 5 mM MgCl2. Cell
pellets (about 100 mg wet weight each) were immediately frozen in
liquid nitrogen and stored at –80°C until cell breakage and 2 DE.
The pellets were resuspended in 1 ml lysis buffer (7 M urea, 2 M
thiourea, 2% DTT, 2% CHAPS, 0.5% carrier ampholytes (Amers-
ham Biosciences, Freiburg, Germany). Cell breakage was carried out
by applying the PlusOne® Sample Grinding Kit from Amersham
Biosciences following the instructions of the manufacturer. Cell
debris, DNA and membranes were removed by centrifugation
(100,000 g, 1 h, 4 °C) and the protein content of this fraction was
determined by the method described by Bradford [16].

Protein Labeling with Cyanine Dyes 
Pellets of Pirellula sp. strain 1 cells grown with glucose or N-

acetylglucosamine were solubilized in lysis buffer (7 M urea, 2 M
thiourea, 30 mM Tris-HCl, 2% CHAPS; final pH 8.5). DTT and car-
rier ampholytes were omitted from the sample at this stage since the
respective thiol and primary amine groups could potentially react
with the NHS esters of the cyanine dyes. Cell breakage was carried
out as described above. The pH of the samples was adjusted to 8.5 by
careful addition of 50 mM NaOH, as this has been shown to be the
optimal pH for the labeling reaction [17]. The labeling was per-
formed following the manufacturer’s recommended protocol. Brief-
ly, a stock solution of 1 ng fluor dye/Ìl (in dimethyl formamide;
DMF) was further diluted to a working solution of 400 pmol/Ìl in
anhydrous DMF. Finally, 50 Ìg of protein of either sample were
labeled with 400 pmol dye. Samples were vortexed and incubated on
ice for 30 min in the dark. The reaction was stopped by adding 1 Ìl of
10 mM lysine per 400 pmol dye used. The samples were vortexed and
incubated for 10 min on ice in the dark. An equal volume of 2 ! 2DE
sample buffer (as lysis buffer above, plus 2% carrier ampholytes and
2% DTT) was added to the labeled protein yielding a final concentra-
tion of 7 M urea, 2 M thiourea, 2% CHAPS, 1% carrier ampholytes
and 1% DTT. Labeled samples were combined and rehydration buff-
er (7 M urea, 2 M thiourea, 2% CHAPS, 0.4% DTT and 0.5% carrier
ampholytes) was added to a final volume of 450 Ìl. This mixture was
immediately used for isoelectric focussing. A pool of the two samples

Table 2. Emission filters and laser combinations used for detection
of fluorescent labels

Fluorophore Emission filter, nm Laser

Cy2 520 BPa 40 Blue2 (488)
Cy3 580 BP 30 Green (532)
Cy5 670 BP 30 Red (633)
SYPRO Ruby 610 BP 30 Green (532) or Blue1 (457)

a BP = Bandpass.

was prepared and labeled with Cy2 to be used as internal standard on
each gel. For this, 25 Ìg protein of each sample (cells grown with
N-acetylglucosamine and glucose, respectively) were mixed and the
labeling was carried out as described above. For 2DE equal amounts of
each of the three labeled preparations (N-acetylglucosamine, glucose,
and internal standard composed of both) were mixed to be run on the
same gel. The total amount of protein loaded on each gel was 150 Ìg.

2DE and Protein Visualization 
Isoelectric focussing was carried out as described before [18]

using the IPGphorTM system and commercial 24-cm-long IPG strips
(linear pH gradient of 4–7; Amersham Biosciences). Prior to SDS-
PAGE, IPG strips were equilibrated with DTT- and iodoacetamide-
containing buffers [2]. For second-dimension separation, the Ettan™
Dalt II system (Amersham Biosciences) was used. Gels were made of
375 mM Tris-HCl, 0.1% SDS and 12.5% Duracryl. Twelve parallel
gels were run at 25 °C with a running buffer composed of 25 mM
Tris, 192 mM glycine and 0.1% SDS. Electrophoresis was conducted
at 180 W and stopped when the bromophenol blue dye front reached
the bottom of the gel.

After SDS-PAGE, cyanine dye-labeled protein gels were scanned
directly between the low-fluorescence glass plates using the Typhoon
9400 scanner (Amersham Biosciences). All gels were scanned with a
resolution of 100 Ìm and the photomultiplier tube set at 500 V.
Emission filters and laser combinations are listed in table 2.

Protein spots in gels with unlabeled samples were visualized using
cCBB (modified from Doherty et al. [19]), Fast Blue Coomassie stain
(Genomic Solutions, Ann Arbor, Mich., USA), silver (modified from
Heukeshoven and Dernick [20]) and SYPRO Ruby (Molecular
Probes Inc., Eugene, Oreg., USA). For comparison of protein detec-
tion with SYPRO Ruby and silver staining, SYPRO Ruby stained
gels were destained over night in 10% (v/v) methanol and 7% (v/v)
glacial acetic acid, and then stained with silver nitrate. Whereas
images of SYPRO-Ruby-stained gels were also acquired with the flu-
orescence scanner Typhoon, those of silver- and cCBB-stained gels
were collected with the Image Scanner (Amersham Biosciences).

Image Analysis 
Determination of protein abundance and statistics based on 2D

DIGE (table 3) were carried out with the DeCyder software package
(version 4.0; Amersham Biosciences) according to the following
steps. (1) From a single gel, three data sets are produced during scan-
ning, corresponding to the Cy2, Cy3 and Cy5 images. First step of
spot detection is the creation of electronically merged images for each
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of the Cy3/Cy2 and Cy5/Cy2 pairs. Spot maps are then created for
each merged image (co-detection algorithm). Here the number of
estimated spots can be defined by the user. Then the spotmap is
superimposed onto the original image pair of a merged image. This
results in identical boundaries for the same spots in the original
images. (2) Normalized ratios of volumes (Cy3:Cy2 and Cy5:Cy2)
are calculated for each spot and correlated to the gel-specific internal
standard (Cy2). (3) For inter-gel comparison, corresponding spots
were matched between all 20 Cy2-images (10 each for Cy3:Cy2 and
Cy5:Cy2 pairs, respectively). (4) After correlation with the internal
standard across all Cy2 images, the average ratio of abundance was
calculated for each spot. (5) Statistical analysis was performed by
using the ‘standardized log abundance’. The calculated t test value
implicated the degree of statistical confidence of the observed differ-
ences in abundance. Intra-gel comparison would be facilitated if spot
boundaries were defined for the Cy2-labeled internal standard and
then superimposed on the individual samples labeled with either Cy3
or Cy5 (resulting in one instead of two mapsets).

For the analysis of the other gels the ImageMaster software (ver-
sion 4.01; Amersham Biosciences) was used. When SYPRO-Ruby-
stained gels were analyzed for comparison with the results obtained
by 2D DIGE/DeCyder (see table 3), the following steps were applied.
(1) The contrast of images was adjusted to allow optimal perception
of spots. (2) Parameters of the ‘spot detection wizard’ were defined
such that detection of artifacts (e.g. dust particles) was limited. The
same parameters were applied for all eight gels analyzed. (3) Spot
finding was manually edited to remove artifacts and to optimize spot
boundaries (steps 1–3 were also carried out, when the sensitivity of
the used stains was determined; fig. 4). (4) In the reference gel, the
detection of spots was finally limited to those spots that were identi-
fied before by application of DeCyder software to differ in abun-
dance, whereas in all other seven gels, the detection of all spots was
conserved. (5) Then all gels were matched to the selected spots in the
reference gel and the matches were manually edited. For example, if
a spot could only be detected in the gel set representing one of the two
studied growth conditions, its boundary was manually inserted in
images of the other gel set where the spot was missing. This made it
possible to calculate the spot volume ratios for all spots. (6) Back-
ground subtraction was carried out according to ‘lowest on bound-
ary’.

Gel-to-gel variations may cause differences in volumes of the
same spots in parallel gels, despite the application of the same
amount of total protein to each gel. These differences are leveled out
by ‘normalization’, since they do not reflect biological changes. In the
DeCyder software, normalization is performed after spot detection
and calculation of ratios in abundance for each spot in all gels (for
details, see ref. [12]). In case of 10 analyzed gels, a total of 20
Cy3:Cy2 and Cy5:Cy2 ratios was calculated for each spot. During
standardization, all of these spot-specific ratios were related to one
common value for the internal standard (Cy2), which is set at 0 on
the log scale for abundance (fig. 3, bottom horizontal panel). When
ImageMaster software was used for image analyses, normalization
was carried out differently. For each gel of a matchset, the sum of the
total spot volumes was determined and set at 100%. Then the shares
of individual spot volumes in the sum of the total spot volumes of a
gel were calculated. Share values for individual spots should be con-
stant in a matchset, i.e. they should not be affected by varying stain-
ing intensities in parallel gels. Changes in protein abundance are then
determined by calculating the ratio between sample-specific average
share values.

Table 3. Ratios of protein abundance and statistical confidence of
proteins identified as being differently abundant in cells grown with
N-acetylglucosamine versus glucose

Spot
No.a

2D DIGE

average ratiob t testc

SYPRO Ruby
average ratiod

1 43.9 4.3 W10–19 12.0
2 32.4 2.3 W10–14 36.5
3 15.7 8.6 W10–13 5.9
4 4.5 1.1 W10–20 3.8
5 2.9 1.5 W10–12 1.9
6 2.2 3.6 W10–13 1.6
7 2.1 2.4 W10–12 2.0
8 2.0 5.0 W10–13 1.8
9 1.9 9.7 W10–18 1.5

10 1.9 6.4 W10–10 1.0
11 1.9 3.3 W10–14 2.6
12 1.9 6.3 W10–12 2.7
13 1.8 2.0 W10–12 1.5
14 1.8 1.9 W10–14 2.1
15 1.7 5.3 W10–14 1.6
16 1.6 3.5 W10–10 1.6
17 1.6 5.3 W10–10 1.8
18 –1.7 7.6 W10–12 1.2
19 –1.8 5.2 W10–11 –2.1
20 –1.8 1.0 W10–13 1.1
21 –1.9 1.3 W10–13 –1.4
22 –2.0 2.8 W10–14 –2.7
23 –2.1 1.4 W10–14 –2.0
24 –2.6 3.7 W10–14 –2.8

a Spot numbers are the same as in figure 2.
b Average ratios were calculated from 10 parallel 2D DIGE gels by
the DeCyder software. Differential in-gel analysis was based on an
‘estimated number of spots’ of 2,500 as guide for spot detection. If for
a batch of 5 gels, this number was increased to 4,000, the values of the
average ratio showed differences of B 10% in some cases.
c Student's t test was used according to the null hypothesis. The
probability is calculated that the abundance of a given protein spot
under different conditions is the same.
d Average ratios were calculated from two set of gels (each contain-
ing 4 gels) by comparison of electronic average gels using the Image-
Master software.

Fig. 2. Cyanine fluorophore-specific images of a 2DE gel (2D DIGE)
of protein samples of Pirellula sp. strain 1. Soluble proteins of cells
grown with glucose (A) and N-acetylglucosamine (B), were labeled
with Cy5 (A) and Cy3 (B), respectively. In both cases, 50 Ìg of pro-
tein were used and isoelectric focussing was carried out with a pH
gradient of 4–7. Both samples were simultaneously separated on the
same gel. Excitation of the cyanine fluorophores and collection of the
emitted fluorescent signals were as indicated in table 2. Numbers
indicate proteins that are differently abundant by a factor of at least
1.5-fold (t test value !10–9 in 10 parallel gels) in the two studied
growth conditions; numbers correspond to those used in figure 3 and
table 3 (listing average ratios and statistical confidence).
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Results and Discussion 

In a previous study we observed by 2DE analysis that
cells of Pirellula sp. strain 1 grown with N-acetylglucos-
amine contain proteins that are apparently less abundant
in cells grown with glucose [14]. In the present study we
used this inducible N-acetylglucosamine metabolism as a
model system to evaluate the 2D DIGE system for
detailed analysis of changes in protein quantities in this
bacterium. Such a proteomic tool will be of great benefit
for future studies with this bacterium, when global inves-
tigations are able to benefit from the fully sequenced
genome.

Determination of Changes in Protein Quantities Using
the 2D DIGE System 
In this part of the study we analyzed a batch of 10 par-

allel gels, consisting of two subsets of 5 gels each. All of
these gels were run simultaneously. In the first subset
extracts of soluble proteins from N-acetylglucosamine
grown cells were labeled with Cy3, whereas protein ex-
tracts from glucose-grown cells were labeled with Cy5.
This labeling order was reversed in the second subset of
gels. In both subsets, a mixture of protein extracts from
both types of samples was labeled with Cy2 and used as
internal standard. By changing the labeling order for Cy3
and Cy5, we tried to take into account a possible bias
resulting from the different CyDyes. The statistical analy-
sis was carried out with 1,688 spots detected essentially in
all gels using the DeCyder software. On the basis of a
matchset from the 10 gels, changes in protein abundance
were regarded as significant, when minimal values for the
average ratio of 1.5 and maximal values for the t test of
10–9 were reached. With this conservative setting of
parameters we determined 24 protein spots, the abun-
dance of which differed in cells grown with N-acetylglu-
cosamine or glucose. Average ratios ranged from 1.5 to 44
and t test values from 10–9 to 10–20 (fig. 2, table 3). For all
24 proteins, consistency of matching was manually veri-
fied throughout the entire matchset. Details of the De-
Cyder output are exemplified for three spots (No. 1, 17,
23) in figure 3. For comparison, image analysis was car-
ried out with reduced stringency for the statistical param-
eters. If the thresholds for average ratio and t test were
altered to values of 1.2 and 0.05, respectively, as previous-
ly reported in other studies [8, 17], approximately 387
spots appeared to have different abundance in the two
analyzed growth conditions. Thus parameters for statisti-
cal stringency defined by the user have a major influence
on the outcome of the image analysis. Despite the as-

sumed analytical reliability of the large number of 387 dif-
ferential protein spots (corresponding to approximately
23% of all detected proteins), a biological meaning should
not be directly inferred. It should be taken into account
that the only biological difference between the two ana-
lyzed samples is the substrate used for growth. From a
physiological point of view, mainly alterations on the lev-
el of catabolic/anabolic enzymes and some regulatory pro-
teins should occur. However, one would not expect this to
translate into such high numbers of differentially abun-
dant proteins. Assessment of the biological significance
of the observed changes in protein quantities requires
the identification of the respective proteins and further
studies.

To assess a possible Cy3/Cy5-specific labeling bias we
also analyzed both subsets of 5 gels each. Overall, the
same protein spots were found to differ between the two
growth conditions in the two subsets. Variations of the 24
protein spots selected before from the batch of 10 gels
ranged between unchanged (1.0) and 1.4-fold (20 spots by
1.0- to 1.2-fold, 3 spots by 1.3-fold and 1 spot by 1.4-fold).
Variations did not follow a consistent trend. Statistical
analysis by means of analysis of variance (ANOVA; im-
plemented in DeCyder) indicated that these variations
were of no significance. It should be noted that ANOVA
identified among the total of 1,688 detected protein spots
only 3, the abundance of which appeared to be influenced
by the type of CyDye used for labeling. Thus no signifi-
cant bias was introduced by the type of CyDye selected for
labeling of a particular sample. Similar observations were
recently reported for mouse liver cells [17]. In addition,
we evaluated the influence of the number of analyzed gels

Fig. 3. Information on differently abundant proteins extracted from
acquired gel images by DeCyder software. The three vertical panels
(A–C) compile the information on the abundance of three selected
spots (1, 17 and 23) in cells grown with glucose and N-acetylglu-
cosamine, respectively (spot numbering corresponds to that used in
fig. 2 and table 3). The top horizontal panel displays partial views of
the images of the 2DE gels shown in figure 2. Spot boundaries
defined by DeCyder software are indicated as green lines. The spot
boundaries of the selected protein spots are highlighted with purple
lines. The middle horizontal panel displays the 3D images of the
selected spots. The 3D images were rotated to allow optimal percep-
tion. The bottom horizontal panel shows scattered blot representa-
tions (‘Graph View’) of the log abundances of the selected spots
under the two biological conditions (Glc, growth with glucose; NAG,
growth with N-acetylglucosamine) in the analyzed set of 10 parallel
2DE gels. The log of abundance is displayed at the y-axis and related
to the normalized standard.
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on statistical confidence. As expected, the t test values
increased if the number of parallel gels analyzed was
reduced from 10 to 5. The lowest t test value observed for
the 24 selected protein spots with either of the two subsets
of gels was 10–5. This is significantly better than the 5 or
1% confidence levels usually applied in statistical analysis
on the basis of the t test [21].

The statistical confidence of the differences in protein
abundance described above resulted from the application
of an internal standard. To analyze two different samples
in addition to the internal standard in a single gel, the
image acquisition has to be carried out successively at the
three CyDye-specific wavelengths (table 2). If a scanner
with three lasers is not available, but one with two, an
internal standard can nevertheless be applied as described
recently by Yan et al. [11]. In this study one sample was
labeled with Cy3 and run together with a mixture of both
samples labeled with Cy5 on a single gel. This procedure
resulted in the high confidence achievable by the 2D
DIGE system and image analysis with DeCyder. How-
ever, the use of a third CyDye (Cy2) allows reduction of
the number of gels that have to be run.

Basic data generated and used by DeCyder software to
calculate average ratio and t test values for changes in pro-
tein abundance can be visually inspected for each spot in
each analyzed gel (fig. 3). Spot boundaries defined in the
Cy3 and Cy5 channel can be displayed via zoom-in views
of the corresponding gel areas to control matching. A 3D
view allows to examine the 3D shape of spots and to eval-
uate the quality of electrophoretic separation and spot
detection. A ‘Graph View’ displays the abundance of the
selected protein spot under the analyzed conditions in all
gels relative to the internal standard, providing a visual
impression of the statistical confidence. The 3D view is
especially useful for a refined control of spot boundaries
in areas of insufficient electrophoretic separation (fig. 3B,
C). In figure 3C, the respective data are presented for spot
No. 23. The 2D view of the corresponding gel section
shows that spot No. 23 is part of a large spot. Only the 3D
view allows recognition of spot No. 23 as a distinct spot
incompletely separated from the neighboring spot. Such
information is not directly provided by the ImageMaster
software, but has to be manually retrieved by application
of the ‘Profile’ tool displaying 2D profiles of the selected
gel areas.

Determination of Changes in Protein Quantities Based
on SYPRO-Ruby-Stained Gels 
The fluorescent dye SYPRO Ruby qualifies for quanti-

tative analysis of differences in protein abundance, since

it combines a low detection limit with a wide linear range
(table 1). The first applications of SYPRO Ruby for 2DE
analysis were reported only a few years ago [22, 23]. Since
then this protein stain was used for quantitative differ-
ential analysis of protein profiles in standard bacteria
such as Escherichia coli [5] or environmental bacteria
[18]. With respect to detection limit and linear range,
SYPRO Ruby is similar to CyDyes. Some differences in
the current application protocols and general characteris-
tics of the two types of fluorescent dyes are obvious.
(1) Labeling with CyDyes is carried out prior to and stain-
ing with SYPRO Ruby after electrophoresis. (2) The
availability of different CyDyes and their pre-electropho-
retic labeling principle allows to run different samples on
a single gel. (3) CyDyes are covalently bound to the Â-ami-
no group of lysine residues, whereas SYPRO Ruby is sug-
gested to interact preferentially with basic amino acids
until saturation [24]. (4) Image analysis of CyDye-stained
proteins can involve an internal standard, if DeCyder
software is used. This is not possible with SYPRO-Ruby-
stained gels. Considering these differences, the question
arises whether application of CyDyes and SYPRO Ruby,
respectively, has different effects on the changes in pro-
tein abundance determined.

We compared these two types of fluorescent dyes in the
model system of the present study, namely the inducible
N-acetylglucosamine metabolism in Pirellula sp. strain 1.
For SYPRO Ruby staining, four gels were analyzed for
each of the two studied growth conditions (growth with
N-acetylglucosamine or glucose); all 8 gels were run simul-
taneously. The protein load was 50 Ìg per gel. Image anal-
ysis was performed with the ImageMaster software, as
described in the Materials and Methods section. Within
the set of 24 proteins analyzed the variance of the vol-
umes determined for a single spot in the parallel gels was
different. The coefficients of variance for the normalized
volumes ranged between 102% (spot No. 10 in ‘Glucose’
gels) and 1% (spot No. 4 in N-acetylglucosamine gels),
indicating that the reliability of these values is not compa-
rable. After spot detection, the 24 spots identified by the
2D DIGE process as differently abundant (see preceding
paragraph and table 3) were selected for quantitative
analysis after normalization. Results (listed in table 3)
show that the changes in abundance determined with the
two types of fluorescent dyes were overall fairly similar. In
most cases, differences in abundance varied 1–1.5-fold.
The maximal difference in abundance of 3.7-fold was
observed for spot No. 1. These results indicate that the
absolute values for changes in abundance of a particular
protein can differ, when different types of fluorescent
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Fig. 4. Partial views of 2DE gels from protein samples of Pirellula sp.
strain 1 stained with different dyes. In each case the total amount of
protein used for 2DE was 50 Ìg. Applied stains were silver nitrate,
the fluorescent dyes SYPRO Ruby, Cy5, Cy3, Cy2, and cCBB
according to Doherty et al. [19], and using the commercial kit Fast
Blue. The type of stain is indicated in the bottom right corner of each

gel section. For each stain, the maximal number of detectable protein
spots was determined within the shown section of 3 parallel gels; the
average numbers are indicated in the bottom left corner of each gel
section. The darker image of the gel section stained with Fast Blue
reflects the higher background produced by this staining kit.
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dyes are used. Therefore, within a given experiment,
quantitative data derived from different types of stains
and/or methods of image analysis should not be mixed.

Sensitivity of CyDyes in Comparison with That of
Other Protein Stains 
The sensitivity of protein stains is often defined as the

minimum amount of protein detectable with a particular
stain (see table 1). Sensitivity can also be understood as
the maximal number of protein spots detectable with a
particular dye on a 2DE gel. We evaluated the latter defi-
nition of sensitivity for the stains used in this study. For
each stain (Cy5, Cy3, Cy2, SYPRO Ruby, silver, and
cCBB) we analyzed 3 parallel gel images. To allow opti-
mally comparable conditions, solubilization of proteins
was carried out with the lysis buffer specific for labeling
with CyDyes and all gels were loaded with 50 Ìg protein.
After electrophoresis and staining, respectively, the same
section in the low molecular range and middle of the pH
gradient (4–7) was selected for spot detection in all gels
(fig. 4). In this area of 2DE gels, protein spots are generally
separated best and spot boundaries can be defined most
easily. Image analysis was performed with the ImageMas-
ter software. For spot detection, the ‘spot detection wiz-
ard’ was used, followed by manual control and adjust-
ments. The maximal number of detectable spots in the
selected area was determined for each gel and an average
value was calculated from the three parallel gels analyzed
for each stain (fig. 4). With 459 and 443 detected spots,
silver and SYPRO Ruby appeared to be most sensitive for
staining proteins of Pirellula sp. strain 1. The CyDyes
allowed detection of only somewhat fewer proteins,
namely 418 (Cy5), 399 (Cy2) and 387 (Cy3). This agrees
with an earlier report by Tonge et al. [17]. As expected,
Coomassie-stained gels revealed lower numbers of detect-
able spots than the aforementioned stains. However, if
gels were stained with cCBB, essentially according to the
method described by Doherty et al. [19], considerably
more protein spots were detected (269) than with the
commercial staining kit (168). As expected from the
described detection limits of the used stains (table 1),
spots specifically detected with the sensitive dyes were
those of low abundance. Comparing these numbers, it
should be considered that the sensitivity of a particular
stain can vary between different protein species, and that
comparison of absolute numbers of detection limits re-
ported in different studies is often hampered by the vari-
ety of protocols used for staining.

Conclusions 

The 2D DIGE system together with DeCyder software
allows determination of differences in protein abundance.
The degree of statistical confidence, however, depends on
user-defined parameters, such as the number of parallel
gels, or the minimal and maximal values for average ratio
and t test, respectively, which are demanded to justify sig-
nificance. In case of stringent statistical parameters, the
number of recognized spots differing in abundance was
greatly reduced as compared to the scenario with less
stringent parameters. Even if the differences in protein
abundance may be significant from an analytical point of
view, the biological meaning has to be verified by means
of protein identification and correlation with the genomic
and physiological context. The comparative analysis of
batches of 5 and 10 gels in this study, demonstrated that 5
parallel gels should be sufficient to achieve results with
reasonable statistical confidence. To take into account
sample-to-sample variations as well, one may also analyze
several independent samples obtained under the same
biological condition. The co-separation of different sam-
ples in combination with an image analysis implementing
an internal standard by the 2D DIGE system clearly sur-
passed the SYPRO Ruby/ImageMaster system with re-
spect to work- and time efficiency as well as statistical
confidence.
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