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Abstract N
Two-dimensional gel electrophoresis (2D-GE) is an indispensable technique for the study of proteomes of biological systems,
providing an assessment of changes in protein abundance under various experimental conditions. However, due to the complexity of
2D-GE gels, there is no systematic, automatic, and reproducible protocol for image analysis and specific implementations are
required for each context. In addition, practically all available solutions are commercial, which implies high cost and little flexibility to
modulate the parameters of the algorithms. Using the bacterial strain, Pseudomonas aeruginosaAG1 as a model, we obtained
images from 2D-GE of periplasmic protein profiles when the strain was exposed to multiple conditions, including antibiotics. Then, we
proceeded to implement and evaluate an image analysis protocol with open-source software, CellProfiler. First, a preprocessing step
included a bUnwarpd-Image pipeline for aligning 2D-GE images. Then, using CellProfiler, we standardized two pipelines for spots
identification. Total spots recognition was achieved using segmentation by intensity, whose performance was evaluated when
compared with a reference protocol. In a second pipeline with the same program, differential identification of spots was addressed
when comparing pairs of protein profiles. Due to the characteristics of the programs used, our workflow can automatically analyze a
large number of images and it is parallelizable, which is an advantage with respect to other implementations. Finally, we compared six
experimental conditions of bacterial strain in the presence or absence of antibiotics, determining protein profiles relationships by
applying clustering algorithms PCA (Principal Components Analysis) and HC (Hierarchical Clustering).

Abbreviations: 2D-GE = two-dimensional gel electrophoresis, ANOVA = analysis of variance, CIP = Ciprofloxacin, FDR = false
discovery rate, HC = hierarchical clustering, IMP = Imipenem, PCA = Principal Component Analysis, pl = isoelectric point, TOB =
Tobramycin.
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1. Introduction

Proteomics is a field of study of the omic sciences that focuses on
the analysis of the complete set of proteins produced in a cell,
tissue, or organism at a given moment, that is, proteomes. The
evaluation of protein profiles of biological samples, either by the

presence or absence of proteins, or the measurement of their
relative abundance, can help to understand the cellular processes,
including associated to pathologies, particular biological con-
ditions or to understand molecular mechanisms of biological
relevance.''! However, since cells can produce thousands of
proteins, the processing of protein information is complex.
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In this sense, two-dimensional gel electrophoresis (2D-GE) has
become a method of choice for proteomic studies since its
introduction more than 40 years ago.!?! Its current use in part is
explained due to its high performance in terms of the separation
of complex protein mixtures.*! The use of 2D-GE gels allows the
comparison of complex protein profiles, first separating them by
isoelectric point (pI) and then by molecular weight.'*! With this,
the proteins are separated as spots, which are revealed with stains
such as Coomassie blue or silver stain, to then capture images of
the gel. These images are then analyzed to identify the points and
study the protein content, as well as continue with subsequent
proteomic studies by other strategies.!"!

However, due to the anomalies present in the images of 2D-GE
gels, there is still no reliable, automatic and highly reproducible
pipeline for 2D-GE image analysis./*! At a strictly experimental
level, the challenges of this type of technique include experimental
variation (reagents, running conditions, etc), particular mobility
of the proteins, deformation of the gel and the high probability of
finding several proteins in the same space of the plane of the gel.[!
At the level of image analysis, the difficulties are greater,
including anomalies such as the presence of vertical and
horizontal stripes, noise around protein spots, diffuse spots
and background noise, fusions of spots, artifacts due to the
presence of dust or bubbles, saturation of certain spots and lack
of linear intensity of protein spots.!>3!

At the preprocessing level, one of the basic tasks is the
alignment of images, in which one of the images is intentionally
deformed to match the spots with the other image. This is done
with a transformation that optimizes the measure of similarity
and in turn quantifies the quality of alignment.'! Then,
algorithms are implemented to detect protein spots, that is, the
recognition of objects by segmentation to define the limits of each
spot, many of them with methods based on intensity, form, or
hybrid strategies.” In a subsequent step, the quantification of the
level of protein expression is performed according to the intensity
and the number of pixels.!"! If required, a differential expression
analysis can be performed by comparing conditions, in which
multivariate statistical criteria are used, including analysis of
variance (ANOVA) according to the size and intensity of the spot,
strategies of correction of P values such as FDR (false discovery
rate) or machine learning algorithms for clustering or classifying
protein profiles."!

For the implementation of these analysis modules, there are
software packages, practically all commercially available. This
has the disadvantage that many are for a particular proteomics
market, subject to purchase of equipment and that makes it even
more expensive. Within these commercial solutions are PDQuest,
ImageMaster2D, ProteomeWeaver, ProteinMine, Delta2D and
Melanie, among others, ! which generally contain modules that
include the alignment of images to be compared, automatic
identification and edition of spots, counting, quantification of
intensity, and area calculation by spot. Within the options of free
software, Image]'” has been widely used for analysis of images of
biological origin, but automation is limited, given that its
approach is of individual analysis, as has been described.’®*! In
the approach of Natele and collaborators, a protocol was
implemented with Image] for the study of spots in 2D-GE gels,
applicable to pairs of images but with a strategy of limited
scalability to large sets of images.*!

Thus, due to all above, the aim of this work was to implement
and evaluate an image analysis protocol with open-source
software for identifying spots in 2D-GE gels images, which also
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includes the potential application to automatically analyze a large
number of images and, due to the computational requirements,
that is potentially parallelizable. For this, we standardized
experimental protocols for the study of the periplasmic proteins
of Pseudomonas aeruginosa AG1 under various conditions of
exposure to antibiotics. This bacterium is an opportunistic
pathogen that survives diversity of environments, including
hospital environments.%! Specifically, our study model is the
strain P aeruginosa AG1, a Costa Rican isolate"!! with a
multiresistance profile to antibiotics and with clonal MLST
(https://pubmlst.org/) categorized as ST111, which implies a high
risk for public health because of its resistance to therapy and
association with nosocomial infections.

With this bacterial model, from the experimental assays,
separation of the proteins was achieved using 2D-GE gels and it
was revealed with silver staining. After capturing the respective
images, we implemented a pre/processing step that included an
initial phase of image alignment using the script bUnwarp]!'*! in
the program Image]!”"*3); this package has the ability to align
hundreds of images to the same reference in one step.
Subsequently, we made the spots identification with two
protocols using the program CellProfiler.®'*! A first protocol
was established to identify total spots in the images of the gels,
and that was contrasted with a reference analysis with the
commercial program Melanie (https://2d-gel-analysis.com/). In a
second implementation, spots differential identification in
experimental conditions was made, separating the common
spots from the exclusive ones. Finally, a comparison of several
experimental conditions was carried out with two clustering
algorithms, showing the similarity of protein profiles of P
aeruginosa AG1 exposed to antibiotics. To the best of our
knowledge, CellProfiler program has not been used for the
identification of spots on 2D-GE gels, although it has been
implemented to for recognizing biological objects (cells, complete
organisms, tumors, colonies of microorganisms and others) in
hundreds of images, making this implementation as promising
for the analysis of hundreds of gels in proteomics studies.

2. Methods
2.1. Experimental assays for 2D-GE gels

For the extraction and analysis of periplasmic proteins of P
aeruginosa AG1, cultures were used at exponential phase in LB
medium (Luria Bertani, 2 clones) and LB medium added with
subinhibitory concentrations of antibiotics ciprofloxacin (CIP,
12.5 pg/mL), tobramycin (TOB, 62.5 and 125 pg/mL), and
imipenem (IMP, 25 and 50pug/mL). The marker “IEF 3-10
SERVA liquid mix” (with proteins of size and known isoelectric
point) was used as migration control. After pre-cultivation for
16h under the corresponding conditions, the bacteria were
cultured for 6h at 37°C under agitation. After verifying their
exponential growth by optical density, the samples were
centrifuged at 10,000 rpm for 30 min and the supernatant was
discarded.

For the extraction of periplasmic proteins with chloroform,
pellets were washed with sterile PBS 1x and then 0.01 M Tris—
hydrochloride pH 8.0 filtered and chloroform were added. After
an incubation, the sample was centrifuged and the supernatant
stored at —80°C. For protein precipitation, the supernatants were
treated with methanol and chloroform. After vigorous stirring
and a strong centrifugation, the separation was achieved in
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2 phases, an upper one of methanol/water and a lower one of
chloroform. The periplasmic protein fraction was found in the
middle of both phases, which was finally precipitated with more
alcohol and centrifugation. After the supernatant was removed,
the protein pellet was dried and resuspended in 0.05% SDS lysis
buffer, obtaining the protein extract of interest. Modified
protocol of Ames et al.!**!

Finally, the protein separation in two-dimensional gel was
performed by adding the proteins to Isoelectric Focusing (IEF)
strips and hydrated for 24h at room temperature. Then, the
proteins were separated using a non-linear 3 to 11 pH gradient,
following the manufacturer’s instructions (GE HealthCare
Immobiline Dry Strip GelsTM). For the second dimension
(molecular weight), the IEF strips were incubated in equilibrium
buffer (50 mM Tris—=HCI, 6 M Urea, 30% glycerol and 2% SDS)
with 4-dithiothreitol (DTT), for 10 min, before separation into a
SDS-GE gradient of 4% to 20% for 90min at 150 V. PageRuler
Protein Ladder (Fermentas) was used as a molecular weight
marker. All gels were visualized with silver stain. The bands were
observed in the ChemiDoc photo viewer (BioRad).

2.2. Preprocessing of 2D-GE images by alignment

Due to the conditions inherent in the assembly of 2D-GE gels, the
images require preprocessing alignment (Fig. 1). Thus, the
detailed protocol was implemented by Natale and collabora-
tors!*! using the bUnwarp] package in the Image] program.?!
Using 5 reference points, with spots known as common between
the images, we proceeded to the deformation of the larger images
to align with the spots of the smaller image, using the parameter
of “degree of deformation” as fine. After the deformation, the
aligned images were saved for the following analysis steps.

2.3. Identification of total spots

In order to identify the totality of visible protein spots in the gels,
an image analysis protocol was implemented using the
CellProfiler program (https://CellProfiler.org/). As detailed in
Figure 1 (middle-left) the protocol consisted of 5 steps:

1. the inversion of the images to enable recognition,

2. the implementation of an object recognition, evaluating
different parameters and recognition algorithms and segmen-
tation,

. improving the identification by manual editing,

. calculating different metrics by object and, finally,

5. visualizing the recognition in the images.

AW

Similarly, the automatic protocol of a specialized program for
2D gels, Melanie (https://2d-gel-analysis.com/), was used to
compare the performance of our protocol, contrasting the
number of recognized elements and the intensity measured with a
linear regression.

2.4. Differential identification of spots

To compare the differential expression of proteins between
experimental conditions, we proceeded to implement an analysis
of pairs of images (Fig. 1 middle-right, also see Figure 4A for case
of two clones of control condition). The steps for this process
included:

1. the inversion of aligned images,
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2. creating a new image of spots commonly shared by the images,
preserving the minimum value of pixels in the same location,

3. automatic identification and manual edition of primary
objects (same as protocol of total spots), and

4. the elimination of common spots of each image.

With this, we obtained images of gels with common spots
eliminated, so in a next step we performed

5. the identification and edition of primary objects of the
exclusive spots of each gel,

6. calculation of metrics for each spot, and finally,

7. the representation of common and exclusive spots for each
image.

With this, each image of each condition identified spots present
in both conditions (configured to be marked in red), or, exclusive
of each gel (blue or green colors in each image).

2.5. Comparison of gels from multiple experimental
conditions

In order to compare different profiles of periplasmic proteins in
various conditions of antibiotic exposure in P aeruginosa AG1,
we proceeded to run two machine learning algorithms for
clustering: a Principal Component Analysis (PCA) and a
Hierarchical Clustering (HC) analysis (Fig. 1 down). To address
this, the images were first aligned (as previously described) and
then the images were divided into 121 sectors (11 x 11
quadrants) and, given that the location was in coordinates, the
counting of spots was made for each of the zones. This
information was used to implement the clustering algorithms,
which used Euclidean distance for the dissimilarity and default
parameters of the Caret package (http://caret.r-forge.r-project.
org/) in the R program (https://www.r-project.org/).

3. Results

In order to establish an automatic procedure for the identification
of spots of proteins in 2D-GE gels, we first proceeded with the
generation of images from experimental assays with the
periplasmic proteins of P aeruginosa AG1, in conditions with
or without antibiotics. Then, we proceeded with the analysis of
images, including alignment, identification of total spots and
validation, differential identification when comparing pairs of
conditions and finally analysis by clustering, as summarized in
Figure 1.

To align and compare the protein migration profile in 2D-GE
gels, the bUnwarp] package was used to deform the larger images
and align them to a reference. In the case presented in Figure 2A,
which starts with two images of different sizes (two clones of the
strain in control condition), five points of reference or common
denominator are established between the images, which are used
by the algorithm to optimize the alignment by calculating a field
and network of deformation (Fig. 2B). With this, the larger image
is reduced to align and make the spots comparable between
conditions (the image was cropped to visualize the distribution,
Fig. 2C).

Using the CellProfiler software, two spots recognition proto-
cols were implemented. In the first one, with the identification of
total spots, it was established that the optimal conditions were the
use of a global algorithm (assuming relatively homogeneous
background pixels and other parameters with default values),
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Figure 1. General workflow by image analysis for identifying and comparing spots in 2D-GE gel images.

sizes of 40 to 100 pixels for the objects and the use of intensity to
recognize and segment objects. Thus, after the inversion of the
image and the recognition of objects, the recognized objects were
presented on the original image (Fig. 3A left). When performing
the comparison with an automatic protocol with the Melanie
program (used as a reference for validation), it was verified that
the resolution capacity of the protocol we implemented had the
same ability to identify spots (Fig. 3A, right). The number of spots
was counted in 124 for both protocols (this value was controlled
with the manual edition available both in our protocol and in

Melanie pipeline and that includes cases of proteins grouped as a
single spots in cases of large spots). Given that the boundaries or
edges of recognition of an object varied between protocols, we
proceeded to perform a linear regression between the intensity
values, determining that the intensity behavior between the
algorithms is linear (Fig. 3B).

In a second protocol with the same program, we proceeded
with the differential identification of spots when comparing pairs
of gels, obtained from two clones of the same strain P aeruginosa
AG1 in LB medium condition. The identification of objects was
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Figure 2. Alignment of 2D-GE gel images by warping method with bUnwarpd pipeline (gels of proteic profiles from two clones from same strain Pseudomonas
aeruginosa AG1). (A) Raw images showing differences by size and scale. Color marks define the reference points for warping. (B) Deformation field (left) and
deformation grid (right) of larger image to align to the small one. (C) Aligned 2D-GE gel images after warping and cropping (two clones).

done with the algorithm and intensity conditions described for
the previous case, both for common spots and exclusive spots.
Obtaining common spots was achieved by creating a new image,
preserving the lower pixel value for the two images (so if a dot
was present in both conditions, the image created would have a
high value). Then, the spots were identified and they were labeled
as proteins common to both conditions. Using the MaskImage
function, the elimination of these common objects was achieved
and, in a new recognition for each image, it was possible to
identify the exclusive elements of each gel. Using colors, each type
of object, common spots (red) or exclusive spots (green or blue)
were marked on the images, showing that for this case the
majority of proteins were shared by the two clones of the bacteria
(Fig. 4B and C).

Finally, with the identification of spots made for each gel in
different conditions including antibiotics, we proceeded to the
comparison of the protein profiles. First, a division of the images
into zones was carried out, and the number of spots was counted.
Then, the PCA and HC clustering algorithms were evaluated,
obtaining that the profiles given by different antibiotics generate
more differences than the concentration of the antibiotic. In the
case of the PCA (Fig. SA), using first two components (with a
cumulative variation between both >60%), they show a similar
relationship between the control with LB medium and the case of
ciprofloxacin. This relationship is maintained when evaluating
HC (Fig. 5B), but the relationship between imipenem and its two
concentrations shows minor differences. In addition, for this
same case, the division by zones shows the sectors of gels with
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Figure 3. Total spots identification by a CellProfiler pipeline and comparison with Melanie pipeline. (A) CellProfiler pipeline (left) vrs Melanie software (right) for
segmentation of objects and final identification after manual edition. (B) Comparison of spots intensity using the CellProfiler pipeline and Melanie software.

similar or very different compartment (potentially useful to select
zones for subsequent analysis, see discussion). The HC results are
shown with the respective gels in Figure 5C.

4. Discussion

Proteomics is considered an essential field for the systematic
analysis of biological systems, an assessment of changes in the
abundance of proteins that occur in living organisms and that can
be studied at various levels.”! The two-dimensional gel
electrophoresis 2D-GE, separating the proteins according to
their isoelectric point and molecular weight, is still used in
proteomics laboratories due to the relative ease of implementa-
tion in terms of execution and cost, the capacity of solve and
visualize miles of proteins in a single run and it is compatible with
other high-performance protein techniques, such as mass
spectrometry.’! 2D-GE and subsequent strategies have been
implemented in recent studies using bacterial models, including
application of protein phosphorylation (phosphoproteomics)
in Bacillus anthracis?®'"! or biotechnological applications in
Xanthomonas campestris.!'®)

After the experimental phase, the visualization of the proteins
is done with the particular stains and gel images are captured,
which must be analyzed qualitatively and quantitatively for the
extraction of biologically relevant protein information. Of the

existing implementations, although there are some investigations
in methods of analysis of gels 2D-GE work directly at the level of
pixels, most focus on recognizing spots on gel to describe the
abundance in each condition.”®! Despite this, there is no protocol
for universal or consensus analysis, and multiple limitations are
reported in various processing steps.[*! At commercial field, the
available programs have additional drawbacks of having a high
cost, in addition to many of them are for sale with hardware
equipment, which restricts the possibilities of use. In addition,
due to its nature, the private code of the implementations is not
available, which prevents knowing the details of strategy at the
level of algorithms and makes the modification impossible for
specific applications. In addition, some limitations of commercial
or open access programs include the limited number of images to
analyze.

With the aim of implementing and evaluating an image
analysis protocol for the recognition of spots in 2D-GE gels
images, using open-source software, parallelizable, and applica-
ble to hundreds of images, we obtained experimental data of
protein profiles of P aeruginosa AG1 under standardized
conditions with or without antibiotics. The general protocol
was presented in Figure 1. Although it is possible to find
variations between runs for the same sample, in our work, we
used data from different samples but the same run. Comparison
of other protein concentrations, experimental conditions, or
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Figure 5. Machine learning approach of clustering analysis for comparing 2D-GE gel images from multiple experimental conditions. (A) PCA algorithm, (B) HC

analysis showing zones and spots count, and (C) HC showing images.

replicates are known to produce changes in the proteomic profile,
and further analyses are required to study these effects and the
performance of our pipeline considering this.

Images were aligned with the bUnwarp]J package in the Image]
program. This step is required as preprocessing of data since the
final performance depends to a great extent on the quality of the
images to be processed. This processing includes the alignment of
images to match the corresponding protein points of different
conditions.'! In our case, the larger image was adjusted to the
smaller one and as an example the case of two protein profiles of
two clones of the bacteria was presented in the control condition
with LB culture medium (Fig. 2). Although in our final
implementation we use 6 images when aligning, the alignment
of hundreds or thousands of images is possible using a single
reference, as we did in another application with data of cell
cultures followed over time, aligning 600 images to the initial
image (unpublished data), showing the potential of using this
package for the analysis of multiple gel images. Other
applications with other types of images show this fact.[>1%2%]

After the preprocessing, we carried out the implementation of
two protocols with CellProfiler software. Particular features of
this software are discussed below. In a first approach, we
recognized total spots (Fig. 3), allowing the counting of spots and
the quantification of the area and intensity integrated by each
one. Additionally, we compared the performance of this protocol

with a pipeline of the commercial software Melanie, showing an
equivalent performance when comparing the intensity obtained
per object. Due to the fact that in both protocols a module of
manual editing of the identification is implemented, the count of
elements was intentionally controlled according to expert
criteria, for a total of 124 spots. Similar results in performance
have been previously reported when an analysis with Image] was
compared with Melanie,™*! but as mentioned before, with limited
number of images to be processed. In the case of CellProfiler,
automation is an essential component from its design, as well as
the option to parallelize in computer clusters.'*!

In a second protocol (Fig. 4), we implemented a procedure to
differentially recognize the expression of proteins in pairs of
experimental conditions, allowing us to identify common and
exclusive spots of experimental conditions. To do this, our
strategy was based on the construction of a new image using the
minimum value of pixels of the two images aligned and inverted,
using the MathImage function of the program. In this way
common spots were preserved. The recognition by segmentation
based on intensity allowed the identification of objects, which
were later excluded in each. In a second phase, the remaining
spots were recognized in each image, to then differentially
represent the edges of the shared and exclusive spots.

To the best of our knowledge, there are no approximations
that allow the display of common and exclusive spots
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automatically, given that it is regularly done manually. This
information is used to identify proteins differentially expressed in
the conditions studied. However, our approach is very robust
considering only the presence or absence of spots, and true cases
of differential expression with significant changes in intensity are
not contemplated, so we consider that this protocol allows the
differential identification of spots, but not properly the differen-
tial protein expression analysis. This last type of analysis is
carried out by commercially available packages, but they are
mainly based on the intensity and area, and due to the
preprocessing of the image in terms of image contrast, dimensions
and other modifications, the normalization and transformation
of data it remains a challenge.™!

Regarding the CellProfiler program and its convenience for this
implementation, this software offers the management of
hundreds of thousands of images, freely available and with an
open and flexible code platform to share, test, and develop new
methods by experts in image analysis. In addition, it offers an
easy-to-use interface and the possibility of implementing in
computational clusters.’®! In addition, due to its nature of
automation, the program is capable of handling hundreds of
thousands of images, which high performance infrastructure is
required for massive analyzes, such as those implemented at the
omics level. Although many of the applications of the CellProfiler
program are formulated for cells, other applications have been
implemented at the level of recognition of complete organism in
images, such as the parasite Caenorbabditis elegans,*! or
complete tumors, colonies of yeast or bacteria, and other images
of biological origin, as evidenced in the Educational Modules
section of the web page (https://CellProfiler.org/outreach/).

In contrast, we finally carried out the implementation of a
machine learning analysis to compare protein profiles from gel
images using PCA and HC clustering algorithms. This type of
strategy has been previously implemented with PCA and heuristic
clustering algorithms,?*"**! as well as supervised classification
algorithms to separate conditions, including Support Vector
Machine.3! Other approaches have implemented comparison
modules using directly the properties of intensity, brightness, and
contrast of images to contrast with databases,*! or, other levels
of proteomic analysis, such as mass spectrometry.””®! Regarding
the methodology used in our case of division by zones and
grouping of regions with a similar profile, this strategy can be
used to make subsequent decisions of work in proteomics
laboratories, where the task after the gels is the selection of spots
and continue with identification applications with techniques
such as HPLC or mass spectrometry.[”

In the biological aspect according to the results obtained when
comparing 6 experimental conditions with P aeruginosa AG1
bacteria with or without antibiotic, it was possible to identify the
relationships between the total protein expression profiles. Both
with the results of the analysis by PCA and by HC, it is concluded
that there is greater similarity between the profiles obtained for
the same antibiotic at different concentrations, and that they are
separated from the conditions of other antibiotics, congruent
according to the mechanisms of action of each type of antibiotic.
In the case of ciprofloxacin, its profile was separated to a greater
degree from the other antibiotics and was grouped with the
control with LB medium.

Because the bacterial strain P aeruginosa AG1 is resistant to
those antibiotics, this information and subsequent analysis at the
proteomic level, together with other genomic, transcriptomic,
and phenomic analyzes that we are conducting, will allow us to
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obtain new findings of the biological relationships to molecular
level that provide insights to begin to explain the mechanisms
of tolerance to antibiotics and the modulation of biological
processes in response to cellular stress.

5. Conclusions

In the context of proteomics and its importance for the study of
different biological conditions, our implementation of the image
analysis of gels 2D-GE offers an opportunity to continue with
studies of analysis of protein profiles. Using the open-source
software, CellProfiler (and bUnwarp] for preprocessing), we
achieved the alignment of images, the identification of spots and the
final comparison of protein profiles. These workflow also allow
analyze a large number of images automatically as well as enabling
the parallelization in computational clusters to counteract the
complexity of processing this type of data. Regarding the biological
meaning, exposure to ciprofloxacin in P aeruginosa AG1 showed a
similar pattern to control without treatment, and other groups
were generated according to the antibiotic class. This information
will be integrated with other molecular analyses using antibiotics in
this multiresistant strain to gain insights regarding the mechanisms
of tolerance to antibiotics and the modulation of biological
processes in response to cellular stress.
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