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Protein fingerprinting is a widely used technique in epidemiological studies for typing bacterial strains. This st ud y 
reports the development of a computer based gel analysis system. The system has the capabi lity to anal yse SDS-PAGE 
whole-cell protein protiles using digital image processing techniques. The software incorporates spatial and frequen cy 
domain operators for image enhancement, support for geometric correction of images and new algorithms for identirication 
of strain tracks and protein bands. The system also provides facilities for correcting imaging defects for inter-gel 
comparison, simi lari ty analysis, clustering and pictorial representation of results as a dendrogram. The so rtware is hi gh ly 
interactive, user-friendly and can produce accurate results for differentiation of bacterial strains with minimal overhead of 
time. 

Image processing and analysis techniques have found 

applications in various fields of life sciences like 

epidemiology, taxonomy, cytogenetics, molecular 

biology etc., for providing quick, accurate and precise 

understanding of structural features of living 

organisms at macroscopic as well as microscopic 

levels. In epidemiological studies, digital image 

processing can be applied for analysis of protein 

fingerprints of bacterial strains obtained by using 

sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) technique. These 

protein fingerprints give an indirect reflection of 

bacterial DNA and are used for typing bacterial 

isolates 
1
• A gel contains tracks, representing the 

protein profiles of different bacterial strains and the 

electrophoretically separated proteins constitute 

different bands in each track. 

Visual analysis of gels for identification and 

comparison of bands is, in general, inaccurate and 

depends on human expert ise and efficiency. Manual 

·calculations of similarity values and cluster analysis is 

cumbersome, technically demanding and time 

consuming. Further, visual analysis cannot cater for 

inter-gel variations. This makes the task of creating 

and maintaining a large database, difficult and 

complex. Hence, there is a need for an interactive, 

semi-automated software for processing and analysis 

of these gels that can produce standard, accurate and 

rapid results. A number of computer based analysis 

methods have been developedv. Other than basic 

image processing functions, techniques used in these 

systems for track and band identifi cat ion are 

proprietary and are not eas il y discernible. 

Commercially available software is integrated with 

gel documentation systems which are exorbitantl y 

priced. The software that is available without ge l 

documentation systems is also highl y priced. Hence 

there is an urgent need for indigenous development of 

such a software. This would enable development of 

know-how for meeting typical requirements of a ge l 

analysis system. 

We describe here an indigenously developed gel 

analysis software for analysing images of protein 

fingerprints of bacterial isolates. This software 

incorporates new algorithms for identification and 

detection of protei n-tracks and bands in a ge l. These 

algorithms are significant achievements of this 

endeavour. Similarity coefficients between tracks can 

be calculated using either Dice Coefficient or Pearson 

Moment Correlation Coefficient
10

. For the purpose of 

clustering, the well known unweighted pair group 

method using averages (UPGMA) al go rithm ~ has 

been provided in the system. The software is X 

Windows based and can be run on a personal 

computer under Linux operatin g system ( a public 

domain version of UNIX for 80x86 famil y based 

systems). This is a unique feature of thi s software 

because all other commerc ia ll y avai lable software 

packages are in Microsoft Window 's environment. 

Since, LINUX is a public domain free software, 

software environment of the proposed ge l ana lys is 

system will not entail any addit ional cost. In thi s 
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study, we describe the basic features of the software 

and its application for analysis of e lectrophoreti c 

prote in fin gerprints of bacterial iso lates. 

Materials and Methods 

System Design-The gel analysis system has been 

des igned as an inte ractive too l. The processing cycle 

envisaged by the sys tem includes human operator as 

the most vital component. The des ign, there fore, has 

been guided by the user's pe rcepti on of applicat ion. 

User is expected to manipulate and process scanned 

images of prote in profiles for maki ng necessary 

observations and similarity calcul ati ons . 

Consequently, user has been provided with a menu 

based interaction fac ility for initiating the process ing 

steps . Operations have been grouped into different 

classes for ease of refe rence and selecti on . 

Interactive system is expected to provide a 

co ll ection of tool s which would he lp the user to 

effect ive ly vi sua li ze ge l images . To meet thi s 

requirement, the software inc ludes a set of image 

enhancement routines which can e liminate noise and 

improve the quality of image. User can se lect 

app ropriate combinati on of tools depending on the 

nature of the image. These sets of enhancement 

routines are also useful for the operator to pre-process 

the image in order to ex trac t optimal performance 

from the track and band detection utilities. User has 

al.<;o been provided wi th faciliti es for retracing the 

processing steps for ensuring error recovery. This 

offers an optio':l to the user for ex perimenting with 

different combination of process ing too ls for 

obtaining the best performance . 

Core processing utility for band and track detecti on 

has been des igned to operate in semi-automated mode 

in which user plays the pivotal role . User is expected 

to judge the performance of the processing routines 

and acco rdingly user can inte rvene if it is required . 

For thi s purpose the user has been provided with tools 

for visualization of grey leve l patte rn s in the image 

and facilities for correc ting the output. Thi s feature 
• 
has been incorporated in the software because it has 

been found that performance of the image process ing 

routines varies depending upon quality of the ge l 

image. User inte raction facility a lso includes an 

option for the experienced user to modify different 

parameters of the algorithms for tuning the sys tem for 

different image acquisition hardware. 

The ·present system incorporates tools for- ( i) 

process ing the gel image to improve its quality in 

terms of enhancing the band contrast and a lso 

removing the unwanted bac kground : ( ii ) anal ysis of 

ge l image which inc ludes routines for identificati on of 

bac te rial strain tracks and the ir strai ghtening, 

detec ti on of bands in eac h track and the ir compari son; 

and (iii) calculation of similarity \'a lues between 

prote in patterns and c lu ster ana lys is fo r identifica ti on, 

c lassification and stud ying the re latedness o f strai ns. 

The molecular we ights of prote in s in each track can 

a lso be calcu lated if a standard nl(llecul ar we ight 

marker track is included in the ge l. 

Preprocessing of gel image 

Scanning of gel -Wet/Dried ge l or the ir 

photographs are scanned on a fl at bed H P Scanje t 4C 

plus scanner wit h a reso luti on o f 100 o r ~00 dot s per 

inch (dpi ) so that bands that are I or (l.08 mm apart 

can be reso lved. The ge l is scanned into a di gital 

image where each pixe l is all ocated R b it s . O f the 

various fil e formats suc h as PC Pain tb ru sh (PCX ), 

TIFF, GIF, JPEG, etc., the software accepts the image 

in PCX file. The size of the image depend s on the 

resolution se lected. The des ired porti on o f ge l can be 

se lected during scanning w hi c h wou ld be 

subsequently processed and analysed . However, ca re 

is tO be taken tO mark 'he tOp Of ge l <·:s image tOp as 

thi s has significance for dete rminati on o f molecular 

weights of the bands. A typi cal ge l o f size 

16 x 14 x 0 .3 em (thi s is the standard s ize using the 

e lectrophores is apparatus- LKB , Sweden) is stored as 

500 x 400 pixel image. A porti on o f a typi ca l sca nned 

image is shown in Figure 2 . He re, the ge l image 

orientation is such that long ax is o f trad;s are ve rti cal 

i.e. a long y axis and bands in a track an.: ho ri zontal i.e. 

along x axis. 

Enhancement ofgel imoge-A ge l image consists 

of banding patterns of varying optica l dens ities a long 

each track due to diffe rences in the co nte nt o f each 

prote in . These bands can be enh anced to ass ist visual 

inspection . Depending upon the qua lit y o f input ge l 

image, a set of image operators can be appli ed in 

spatial or frequency domain . 

Image enhancement 111 spotiul don/(/in­

These methods inc lude procedures that are based on 

direct manipulat ion of pi xe l by an ope rato r defined 

over a ne ighbourhood of e ight surrounding pi xe l in 

the ge l image
4

. Following operators ha ve been 

incorporated in the software. 

Contrast enhance1iient- For 1mprovmg the 

contrast of an otherwise dull ge l image. hi stogram 

equalization method is used to ac hie ve a uniform 

hi stogram for output image. A n image wi th too low or 
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too high illumination of objects has grey levels 

occupying only a portion of the grey scale. By using a 

transformation function equal to cumulative 

di stribution of image hi stogram, an output image with 

greater dynamic range can be achieved
4

. 

Sharpening-An edge is a transition area where 

pixel brightness value changes quick ly. Such changes 

occur at lane and band boundari es which may need 

accentuation. This is achieved using a Sobel operator. 

Noise reduction using averaging and medi an 

filters-The high frequency noi ses are eliminated 

using low pass filters like averaging and median 

filters. In averaging filter, each pixel is replaced by 

the weighted average of its neighbourhood pixels. In 

median filter, the input pixel is replaced by the 

median of the pixels contained in a window of size 

3x3 around the pixel. 

Image enhancement infrequency domain-This is 

achieved by transforming the input gel image into 

frequency domain
5

, multipl ying the transformed 

image by filter function and taking the inverse 

transform to produce the enhanced image. 

Low pass filter-For smoothening the sharp 

transitions, such as noise (represented by high 

frequency contents in frequency domain) , hi gh 

frequency components of the gel image can be 

attenuated in the transform domain using a low pass 

filter. 

High pass filter-Gel image sharpening can be 

achieved using high pass filtering in which the low 

frequency components are attenuated without 

disturbing high frequency information in Fourier 

transform . 

Gel analysis 

After preprocess ing, the enhanced gel image is 

subj ected to analysis process for identification of 

tracks and bands corresponding to individual bacterial 

strains. A threshold based algorithm is used for 

detection of tracks. During preparation and 

photography of gel, tracks may get distorted. Linear 

and non-linear di storti ons of these tracks are removed 

using geometric correction technique. Subsequently, 

bands are detected in these tracks using a novel 

technique. 

Track/lane identification- Track boundaries 

occur where there is significant transition in grey 

levels along the horizontal direc ti on. Approximate 

track boundaries are first calculated by finding 

average pixel intensity along each column and 

di scriminating columns corresponding to tracks on the 

basis of an appropriate threshold. For each set of 

consecutive columns labell ed as track, a medial axi s is 

identified. Then tracks are strai ghtened (exp lained 

later) using geometric correcti on method that includes 

spatial transformati ons and gray level interpolati on. 

Exact track boundaries are, now, decided by taking a 

fixed deviation from the identified medial axis of the 

corrected lanes as these are expected to be of fi xed 

width because a spec ific plastic comb is always used 

during gel preparati on. Rest of the background is then 

removed to achieve a clear gel Image with 

strai ghtened lanes. 

Geometric correction of'tmcks- Eliminati on of 

geometric di storti ons in vo lves csti mar ion of 

parameters of a geometric distorti on model and 

rectification of image using interpolati on. 

Geometric transformation-Thi s is achi eved by 

spatial relocation of pixels usi ng ti e point s. The 

locations of these pixels (tie points ) in distorted and 

corrected gel image are kn own precisely. Geometric 

distortion can be modelled by the foll ow in g pair of 

bilinear equations-

. .. ( I ) 

Yc=Cs+c6x + c7y + cgxy ... (2) 

where x, yare pixel coordinates in distorted gel image 

and Xc, Yc are pi xel coordinates in corrected ge l image. 

Eight coefficients c; = I, 2, 3, .. . 8 are solved with 

eight known tie points using Gauss-J ord an algorith m 

for solving simultaneous equati ons 
4

. 

Gray level interpolation-Geometri c transfor­

mation maps points to non-integer coordinates. Since, 

distorted gel image is digital and has pixel values 

defined only at integer coordinates, gray leve l values 

at the corrected coordinates are set to the intensit y 

value obtained as weighted average of four 

surrounding pixels. 

Segmentation of bands-An accurate identi fica­

tion of bands in each bacterial strain track is essenti al 

as this forms the basis for similarit y analysis. Two 

different techniques have been incorporated in the 

system for the purpose of band detection. In the first 

technique the protein absorbance profile is used. The 

protein absorbance profile of each lane is pl otted by 

calculating the average pi xel intensit y at each scan 

line along the track from the beg inning of track 

boundary to the end of track boundary. The pos iti ons 

of bands are determined by locatin g the peaks or the 

absorbance profile because bands correspond to 

hi gher grey level than remaining parts of a track. For 
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this purpose, a peak detection filter is applied to the 

absorbance profile. For generating the peak detection 

signal, the absorbance profile is first smoothed and 

then differentiated. In Fig. I we have shown an 

example peak detection signal generated from an 

absorbance profile. A zero crossing of the detection 

signal to negative values, denoted by s; indicates start 

of the peak. A zero-crossing of the detection signal to 

posi tive following a negative cross-over, denoted by 

m; indicates the local max imum of the absorbance 

profile, i.e. actual location of the peak. The location 

between two successive negative crossovers at which 

the detection signal attains its local maximum, 

denoted by e; . indicates end of the peak region in the 

the absorbance profile. In the second technique, a 

band is identified at both the boundaries using the 

gradient change along the track. Suitable positive and 

negative gradients are selected. A band begins when 

there is a transition from lighter region to a darker 

region and gradient exceeds the positive gradient 

threshold. Similarly a band ends when transition takes 

place from a darker to a lighter region . Thus, all the 

bands in a track are selected and the boundaries are 

marked at the valley points of the profile. 

Manual selection, deletion and aligning of bands­

An interactive facility has been incorporated to add or 

delete bands in any particular lane through visual 

comparison between the tracks and their respective 

protein absorbance profile placed adjacent to each 

track. This process enables manual intervention if 

desired, before finally subjecting the image to 

similarity analysis . 

Similarity analysis-Similarity analysis is the 

process of calculating the similarity or correlation 

coefficient between two protein patterns based on 

comparison of their respective bands: 

Dice coefficient-The software incorporates 

routines for similarity calculation on the basis of Dice 

coefficient 10
. Similarity calculation is done on the 

basis of band positions only . Grey levels have not 

0 

m; 

Fig. I -Peak Detection Signal. 

been considered because the intensity leve ls are not 

always determined by the amount of protein only and 

can vary from sample to sample and gel to ge l. 

Dice coefficiel)t between two protein patterns is 

based on matching co-migrating band os iti ons and is 

given as: 

2xa 
.. . (3) 

where a= Number of matching bands tn a pair of 

profiles. 

n, + n2 =Total number of bands in the first and second 

profiles respectively. 

Pearson moment correlation coefficient - It is the 

linear correlation coefficient
7 

and is. defined as -

I (x -X) (y -y) 
. I I 

'r= I 

~L, (x; -X) z ~L, (Y; -y) z 

... (4) 

where x, y are individual means of x;,s and y;,s 

(individual band positions). Value of 1 lies between - I 

and I, with value of I meaning comp lete pos iti ve 

correlation, -I meaning complete negat ive corre lati on 

and zero indicating that variables x and y are 

uncorrelated . 

Similarity coefficients ca lculated from any of the 

above methods can be used to form a symmetric 

similarity matrix, storing the values in lower half of 

the matrix . 

Ch(ster analysis-The similarity matrix consist ing 

of t x (t-1) I 2 terms, where t is the total number of 

patterns compared, is then subjected to cluster 

analysis to uncover the homogenous groups . Amongst 

the various sequential, agglomerative , hierarchi c and 

non-overlapping (SAHN) clustering techniques like 

single and complete linkage clustering, arithmetic 

average based clustering (like UPGMA, WPGMA, 

centroid clustering etc.), UPGMA has been 
incorporated in the software . Th is m e th o d ~ . 'J is 

characterized by the following features - (a) it 

considers only one operational taxonomic unit (OTU) 

or a cluster, admitted for membersh tp at one time 

(pair group method) ; and (b) it assi g11 s equal weights 

to every OTU in clusters, whose similarity with 

another cluster is being eva luated . 

Similarity values obtained using clu -.; terin g analysis 

between pairs, a pair and a group o ~ · a group and a 

group of patterns are then pictoriall y represented as a 

dendrogram which is also known as phy logenetic tree. 

Determination of moleculor Il 'eig/lls - Molecular 

weights of protein bands are det e rmin t~ d by comparing 
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their positions with the known bands in standard 

molecular weight marker track. As the first step, 

logarithm of the molecular weights (base I 0) are 

plotted against the distance migrated by the known 

proteins, measured from the top of the resolving 

gel. A curve connecting these isolated points is 

obtained by using piece-wise linear interpolation (i e 

by connecting two points in the sequence using a 

line). This curve is then used to determine the 

molecular weights of all the protein bands in each 

track by measuring the distance migrated by these 

unknown proteins from top of the gel image. 

Normalization of tracks for inter gel comparison­

For comparison of tracks in different gels, tracks need 

to be normalized (in other words, tracks must be 

transformed so that inter-gel variations are nullified) 

before they are subjected to similarity analysis. This is 

_achieved by comparing standard strain track in each 

of the gels and calculating the difference in band 

positions to evaluate displacement between two 

standard protein profiles. Thi s displacement amount 

can then be used to correct all tracks of second gel for 

comparing it with different tracks of first gel. 

Results and Discussion 

The software was used to analyse the protein 

fingerprints of - two clinical strains Klebsiella 

pneumoniae. Performance of various functions 

incorporated in the software was evaluated. 

Preprocessing-A set of operators have been 

applied and the ir effects on the input image were 

observed. Contrast enhancement operator improves 

the dynamic range of gel hi stogram in which both 

bands as well as the background gets pronounced. 

Sobel operator accentuates the boundary transiti ons 

and hence segments are de lineated in a contras t 

enhanced image. Averaging or median filters 

smoothen sharp changes in the neighbourhood. lt has 

been observed that a combinati on of contrast 

enhancement, sharpening and median filter gives a 

better gel image. The bands present in the image have 

been made prominent by appli cati on or contrast 

enhancement, median filtering and sharpening, as 

shown in Fig. 4, 5. 

Geometric correction-In Fi g. 2 we ha ve shown 

an image with geometric di storti ons in the tracks . Fi g. 

3 shows the same image after geometric correcti on_ It 

is obvious from the image that afte r correc tion tracks 

have been straightened and smiling effec t has been 

minimized. In Fig. 4, we present the same image 

filtered by 3X3 averaging filter. In this image hi gh 

frequency noi se has been e liminated_ In Fi g. 5, hi gh 

pass filtered image (using Sobel operator) has been 

shown. The high pass filter has enhanced track 

boundaries and band areas . 

Lanes and bands identification - Identificati on of 

lanes and bands has been achi eved quite accurate ly. 

For threshold based lane identifi cati on, suitable 

thresholds need to be prov ided for initial approx i­

mation of lane boundaries. Subsequentl y, displacement 

Fi g. 2-Gel image o f identical protein pattern s generated by SDS-PAGE-polyacrylami de gel electrophoresis of a given strain of hacteri ;l 

(Klebsiella pnewnoniae)_ 
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from approximated centra l raster has to be se lected 

carefully , so that ne ithe r an imperfect nar Twenty-two 

po ints, plu s tripl e-word-score, plu s fi fty po ints for 

using a ll my le tters . Game's over. I'm outta here. row 

lane incorporates spuri ous pi xe ls nor an imperfec t 

wide lane rejects useful pi xe ls. Peak de tection 

a lgo ri thm identifies the bands at the ir peaks (Fi g. 6). 

This algorithm needs a peak detec tion parameter N to 

be specified and is the controlling factor for deciding 

the sensitivity of thi s a lgorithm. A small er va lue of N 

g ives more number of detected peaks and should be 

selected if bands are cl oser to each other in the prote in 

patte rn . Gradient based band detecti on a lgorithm a lso 

gives suitable results depending upon the cho ice of 

suitabl e gradient threshold . However, thi s requires 

more manu al inte rventi on for fine r a li gnment. Band 

detecti on results of a ge l image has been presented in 

Table I . Here, we have compared performance of the 

peak detecti on a lgorithm and gradient based 

a lgorithm with manual detecti on through visua l 

observation. Thi s image actua ll y contain s I 0 tracks of 

the same bacteria l iso late. We have found that 

gradient based band detec ti on sc he me provides less 

number of bands compared to the manual ana lys is. On 

the other hand, results of the peak detecti on a lgorithm 

strongly matches with those of the manu al process. 

Vari ation in the number of bands over diffe rent tracks 

have been caused 

characteri sti cs of 

by variati ons in grey level 

di ffe rent tracks. Furthe r, 

. ·~· 

-

e lectrophores is technique has an inherent limitati on in 

this regard because prote in sampl es in the first and 

last lanes tend to mi grate s lower than the ones at the 

centre of the ge l. The soft ware al so pro vides fac iliti es 

for manual inte rventi on for additi on and re mova l of 

bands detected by an algorithm . However. numbe r or 

bands de tected through visual obse rvati on may a lso 

vary from observer to observe r. 

Similarity coefficients computation ont! cluslning­

Similarity coeffic ient and c lu ste rin g accuracy o f the 

software has been adjudged by study ing three se ts of 

experimenta l ge ls and comparing the results 1·i -:. o l'i-:. 

manual analys is of these ge ls. Mo l ·ctll a r weight or 

each band in a ll the prote in pro fi les was accurate ly 

de te rmined by using inte rpo lati on cu rves. T he resu lts 

us ing the peak detecti on a lgorithm or ge l image in 

Fig. 2, showed a s imil arity va lue or > 90Cfr. 

Dendrogram plo t for thi s image ha.· been show n in 

Fig . 7. 

Another ge l image (Fig. 8) co mpris ing o f three 

tracks of one stra in and four tracks or anothe r strai n, 

when using the software, showed a simi la rit y va lue or 

91 % within the first group of tracks and a va lue or 

93% within the second group of tracks . However the 

simil arity between the two groups o f tracks was as 

low as 67% . Dendrogram pl ot fo r th is image is shown 

in Fi g. 9. Thus, the soft ware . using aut omat ic peak 

detecti on a lgorithm, could c lea rl y de monstrate the 

degree of relatedness/ unre lated ness of bacte rial strain s. 

'· 

Fig. 3 -Gel image of Fig. 2 after geomet ric correction. 
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Fi g. 4 - Low pass filt ered (3x3 averaging filter) image a fter geometric correcti on (of the ge l image shown in Fi g. 2 }. 

Fig. 5-High pass fi ltered (Sobel operated wit h DC addition) image a f"l e r geo metric correcti o n (original i m ~ l gt: shown in Fi g. 2). 

173 
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Fig. 6- Band detec ti on us ing the peak detecti on a lgorithm (appli ed on hi gh pass li llC red image show n in Fi g . .'i ). 

SIM 
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Fig. 7- Dendrogram plo t o f a ge l image having pro te in pallerns o f hi ghl y simil ar stra in s (s imil a rit y coertlc icnt s al ong the ve rti ca l ax is) . 
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A gel image was formulated by repeating a strain 

track ten times (Fig. 2) i e generating an image with 

identical strain to verify the correctness of this 

software. Dendrogram for this image shows that the 

algorithm satisfies the repeatability criterion. 

Conclusion 

In this paper we have presented characteri stic 

features of an image processing based gel analysis 

software system developed indigenously . The 

software incorporates new .techniques for 

identification of tracks and bands in the gel image. 

Extensive experimentations by the end users have 

established effectiveness of the tools incorporated in 

the software. In terms of feature and performance, our 

software compares favourably with commercially 

availab le software like Divers ity Database® software 

(pdi, USA) . 

1 2 4 5 

- ~ · 
"l!S ""'" "r~ 
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Table I - Compari son of the number o f hands dc tcctcd hy visual 
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Fi g. 8-Electrophorcti c whole-cell protein patterns of two Klebsiella fJ/Iett ii iOIIiae strains. Lanes 2. (>. 7 :111 d 'J rcprc,cnt the protein 

patterns of the same strain , while lanes 3, 4 and 8 represent the protein pattern s or another strain. La nes I. 5 ami I 0 r·c pr-..:,c nt the 

molecular weight stand ards (co ntaining 5 proteins of the indicated molccul ar weight). 
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Simi larity 
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Fig. 9-Dendrogram plot of the gel image shown in Fig. 8 

(molecular weight markers are not shown in this dendrogram 
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