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Automation in clinical microbiology: a new approach
to identifying micro-organisms by automated pattern
matching of proteins labelled with 35S-methionine
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SUMMARY A new rapid automated method for the identification and classification of micro-
organisms is described. It is based on the incorporation of 35S-methionine into cellular proteins and
subsequent separation of the radiolabelled proteins by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE). The protein patterns produced were species specific and reproducible,
permitting discrimination between the species. A large number of Gram negative and Gram positive
aerobic and anaerobic organisms were successfully tested. Furthermore, there were sufficient
differences within species between the protein profiles to permit subdivision of the species. New
typing schemes for Clostridium difficile, coagulase negative staphylococci, and Staphylococus aureus,
including the methicillin resistant strains, could thus be introduced; this has provided the basis for
useful epidemiological studies.
To standardise and automate the procedure an automated electrophoresis system and a two

dimensional scanner were developed to scan the dried gels directly. The scanner is operated by a

computer which also stores and analyses the scan data. Specific histograms are produced for each
bacterial species. Pattern recognition software is used to construct databases and to compare data
obtained from different gels: in this way duplicate "unknowns" can be identified. Specific small
areas showing differences between various histograms can also be isolated and expanded to max-
imise the differences, thus providing differentiation between closely related bacterial species and the
identification of differences within the species to provide new typing schemes. This system should be
widely applied in clinical microbiology laboratories in the near future.

The introduction of automation in clinical micro-
biology has lagged behind that of chemical pathology
and haematology. By and large, microbiologists still
rely on microbial morphology and metabolism for the
classification and identification of micro-organisms,
and on serotyping and phage typing for subdivision
within species.1 In recent years various new
approaches to taxonomy have been introduced.23
Included in these are procedures for manipulating the
genetic material of the organism, such as nucleic acid
transfer, DNA hybridisation techniques, and the
guanine plus cytosine ratio (mole % G + C).2 4- 7 A
more definitive method for the taxonomy and
comparison between micro-organisms would be to
analyse the entire sequence of DNA bases in the
bacterial genome. DNA fingerprinting using various
endonucleases has recently been applied to some
bacterial species8-15 and has shown remarkable

specificity. These techniques at present, however, are
time consuming and require specialised expertise, and
are therefore not appropriate for use on a large
scale.5 16
An alternative approach to the analysis of nucleic

acids is to measure the microbial proteins which are
the products of the expression of the genetic material
within each micro-organism. Comparisons of the
proteins among different groups of organisms have
been made using various electrophoretic methods;
and such comparisons have been used for the
identification and classification of various bacteria by
analysing enzymic, ribosomal, cell envelope and
whole cell proteins.7-24
The most widely used method of protein separation

uses electrophoresis on polyacrylamide gel (PAGE),
containing sodium dodecyl sulphate (SDS).25 SDS-
polypeptide complexes separate strictly according to
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Automation in clinical microbiology

polypeptide size.26 Gels can be analysed by staining
and comparisons made visually or by densitometric
scans of the stained bands with computer assisted
numerical techniques to analyse the data.

Analysis by SDS-PAGE of whole cell microbial
proteins has been used in the taxonomy of organ-

isms.2427 Two dimensional electrophoresis28 29 and
isoelectric focusing, which resolve minor differences
between strains, have also been introduced.30
Rodwell and Rodwell29 used two dimensional (2-D)
electrophoresis and incubation with radiolabelled
protein hydrolysate to distinguish between small and
large colony types of Mycoplasma mycoides sub-
species mycoides and M mycoides subspecies capri.
Strains indistinguishable by DNA hybridisation were

shown to have distinctly unrelated proteins by 2-D
PAGE. Howard et a13I analysed proteins labelled
with 35S-methionine and separated on SDS-PAGE to
distinguish between eight human serovars of Ure-
aplasma ureolyticum and strains of bovine origin.
Comparing the autoradiographs, they showed that
bovine isolates were distinguishable from human
strains, and this confirmed serological and G + C
ratios. Computer assisted numerical analysis of elec-
trophoretic route was applied by Feltham and
Sneath,32 3 Kersters and de Ley,2435 and Sneath
and Sokal.35 These programmes were adapted to
study skin flora using an inexpensive Commodore
PET 3000 serieS3738 and to clarify the taxonomy of
the 'viridans' streptococci.39
Although Kersters and de Ley,24 Feltham and

Sneath,34 and Jackman40 all commented on the
potential of microbial protein patterns in taxonomy
and on the considerable contribution to the
classification and identification of many genera, they
also emphasised the need for careful standardisation
and computer data processing. Nevertheless, it is clear,
that with the application of microbial whole cell pro-
tein electrophoresis, most bacteria can be grouped, at
least to species level, by their specific protein patterns.
Whole cell protein electrophoresis, however,

requires large volumes of the organism for the extrac-
tion and purification of protein. Furthermore, after
electrophoresis the proteins cannot be scanned by
densitometry directly without prior fixing and stain-
ing of the gels. The stains used for this purpose, such
as Coomassie blue, are, on the whole, insensitive and
require careful standardisation of the concentrations
of the proteins to obtain optimal staining results.
Densitometry of the unstained proteins has been
applied34 and absorbance curves were generated for
computer analysis, but the method requires ultra pure
acrylamide to avoid measuring impurities at 280 nm,
and gels containing SDS cannot be scanned for the
same reason. This method, therefore, has several dis-
advantages and seems unlikely to be widely used in
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clinical laboratories.

This paper describes a new technique developed at
St Bartholomew's Hospital, using "5S-methionine as
substrate to produce radiolabelled proteins which can
then be separated on SDS-PAGE and visualised by
autoradiography. The method has the potential to
identify bacteria to species and subspecies level in a
single test.4' 42

Background

A colleague in the department of reproductive physi-
ology had been engaged in experiments entailing the
translation of mRNA in vitro using a radiolabelled
amino acid, the separation of the translated protein by
polyacrylamide gel electrophoresis, and visualisation
by autoradiography. During the course of the experi-
ments unexpected protein patterns were repeatedly
produced. The question of possible bacterial con-
tamination was raised in discussions with the de-
partment of medical microbiology. As a first step, the
antisera used in the experiments were sterilised by
filtering and, at each step of the procedure, bacterial
cultures were made. Filtering eradicated the extra pat-
terns and the culture yielded two different species of
Pseudomonas; Pseudomonas aeruginosa and another
Pseudomonas species. To confirm that the extra pro-
tein bands were due to the bacterial contaminants, the
two Pseudomonas strains were incubated with
35S-methionine and the resultant proteins were sepa-
rated on SDS-PAGE. Autoradiographs showed two

Table 1 Micro-organisms investigated by radiolabelled
protein patterns

Escherichia coli
Klebsiella aerogenes
K pnewnoniae
Enterobacter cloacae
Proteus mirabilis
P morganii
Serratia marcescens
Shigella boydii
S dysenteriae
S sonnei
Sflexneri

Salmonella hador
S typhimuriwn
S enteritidis
S montevideo

Acinetobacter iwoffii
A calcoaceticus var Iwoffii
A calcoaceticus var anitratus

Pseudomonas aeruginosa
Aeromonas spp

Neisseria gonorrhoeae
N meningitidis
N pharyngis
Nflavescens

Staphylococcus aureus"'
S epidermidis47
S saprophyticus
S haemolyticus

Streptococcus faecalis
S pyogenes
'viridans' streptococci
S pneumoniae
Group B
Group C
Group G

Bacteroides fragilis
B thetaiotaomicron
B vulgatus
B ovatus
B corrodens
B bivius

Fusobacterium nucleatum
F necrophorum

Clostridia
15 species43

Candida albicans
C parapsilosis

Branhamella catarrhalis
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Fig 1 Autoradiograph of radiolabelled protein bands from
four Gram negative organisms: channels I and 8-E coli; 2
and 7-Pseudomonas aeruginosa; 3 and 6-KIebsiella
aerogenes; 4 and 5-Proteus mirabilis.

Fig 2 Autoradiograph of radiolabelled protein bandsfrom
Neisseria and Branhamella strains: channels 1, 5, and 8-N

* meningitidis; 2 and 4-B catarrhalis; 3 and 6-N pharyngis;
7-Nflavescens.
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Fig 3 Autoradiograph of radiolabelled protein bands from:
channels 1-Fusobacterium nucleatum; 2-Bacteroides
fragilis; 3-B thetaiotaomicron; 4-B vulgatus; 5-B ovatus.

Fig 4 Autoradiograph of radiolabelled protein bands from
six E coli serotypes: channels I and 7-01; 2 and 12-040; 3
and 8-06; 4 and 11-075; 5 and 10-095; 6 and 9-0108.
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Fig S Autoradiograph of radiolabelled protein bands from 14 standard strains of C difficile
representing different types: lanes I and 9-1"C-molecular weight markers; 2-A; 3-B; 4-C; 5
and 17-D; 6-E; 7-W; 8-X; 10-Y; Il-Z; 12-X2; 13-A2; 14-C2; 15-F; 16-G.

different protein patterns. When other micro-
organisms were tested in the same way, each gave a
distinct pattern. It was clear that the radiolabelled
protein patterns generated by the different bacteria
were specific to each bacterial species. It therefore
seemed likely that this method could be used in clin-
ical microbiology, particularly if the methods could be
computerised. It was also important to determine
whether such a technique might ultimately replace
existing methods for identifying and classifying
bacteria.

The use of radiolabelling

IDENTIFICATION OF MICRO-ORGANISMS
A range of different bacterial species and fungi were
tested. The radiolabelled protein patterns, which were
visualised by autoradiography, were substantially
different between the species. Fig 1 shows the

autoradiograph of the proteins labelled with
"5S-methionine of Escherichia coli, Pseudomonas
aeruginosa, Klebsiella aerogenes and Proteus mirabilis
run with coded duplicates. The differences between
the strains and the duplicates are easily identified.
Similarly, the different Neisseria species can be dis-
tinguished (fig 2). The five Gram negative anaerobic
bacterial species also showed specific differences (fig
3). Similar experiments were performed on a wide
range of other bacterial and fungal species (table 1). In
each case there were sufficient differences between the
protein profiles to distinguish between the species and,
at the same time, there were similarities in pattern
among related species to enable grouping of the
genera.

THE TYPING OF MICRO-ORGANISMS
Having established that the protein patterns were
specific for each species, the next step was to deter-
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mine whether the species could be differentiated fur-
ther. Various E coli serotypes were tested and each
gave a different pattern (fig 4), showing that there were
sufficient detailed differences within the species to per-
mit subdivision or typing of these organisms. The
method, therefore, was potentially useful in the typing
of pathogenic organisms, for which existing typing
methods were unavailable or unsatisfactory.
The method was first applied sucessfully to the typ-

ing of Clostridium difficile. Nine distinct types were
identified, A-E and W-Z, based on the position of
major protein bands.4344 Using immunoblotting with
homologous and heterologous antisera, it was shown
that these major protein bands were immunogenic
and specific to the type of C difficile (Wren B,
Tabaqchali S, unpublished observations). Restriction
endonuclease analysis of the DNA from these nine
standard C difficile strains showed individual patterns
for each type, confirming the reliability of this typing
scheme.45 Further screening of C difficile extended
these groups to 14 (fig 5). The method could also be
used to type coagulase negative staphylococci,46
Staphylococcus aureus, (including the methicillin
resistant S aureus47) Neisseria gonorrhoeae, and
Haemophilus influenzae type b (unpublished data).

EPIDEMIOLOGICAL STUDIES
The epidemiology of C difficile
Clusters of antibiotic associated colitis (AAC) caused
by C difficile have indicated that cross infection might
be important, but there has been a lack of convincing
evidence due to the unavailability of a reliable typing
scheme for this organism. Various typing schemes
have been suggested, 3 4448-51 among which is the
method described in this paper, based on the radio-
labelled protein profiles (fig 5).43 4 This method was
applied to type strains isolated from patients and their
environment from various hospitals44 and from a pro-
spective six month study of immunocompromised
patients during an outbreak ofAAC and diarrhoea.52
Strains were also obtained during this survey from
general medical patients. The results showed for the
first time that nosocomial acquisition ofC difficile and
cross infection occurred among immunocompromised
patients. Cross infection presented a serious clinical
problem and was controlled only after strict isolation
procedures were implemented. The study also showed
that the development of symptoms was related to the
type of C difficile: types E and X were associated with
outbreaks of AAC; types A and B were isolated from
asymptomatic mothers and neonates.43

Methicillin resistant S aureus (MRSA)
Outbreaks of infection with methicillin resistant
Staphylococcus aureus (MRSA) have recently in-
creased in the United Kingdom and, in particular, in

Tabaqchali, Silman, Holland

London hospitals.53 Conventional typing ofthe strain
of S aureus causing these outbreaks has been un-
satisfactory because the strain does not react with the
international set of phages. It does, however, react
with experimental phages and can be identified by its
pattern of antibiotic resistance. A rapid simple
method for typing the MRSA would be useful in
detecting outbreaks and in differentiating between
strains. SDS-PAGE of 35S-methionine labelled cellu-
lar proteins of S aureus strains resistant to methicillin
provided such a typing scheme for this organism.47
The method was applied during an outbreak of cross
infection on a cardiothoracic ward. The results
showed that the outbreak strain was indistinguishable
from the epidemic strain ofMRSA (EMRSA) preva-
lent in other hospitals in the London area, and
confirms the suggestion that the EMRSA forms a
unique "clone", and that a single strain may be re-
sponsible for the infection in London and Austra-
lia.5455 In contrast, 44 epidemiologically separate
strains of S aureus, which included non-epidemic
strains of MRSA, other resistant strains, sensitive
strains (supplied by Dr Marples, PHLS, London), and
some animal strains, all gave individually distinct
radiolabelled protein profiles. This method permitted
rapid confirmation that an epidemic strain
was responsible for the outbreaks of infection and
indicated the need for urgent control measures.

Coagulase negative staphylococci
Coagulase negative staphylococci have emerged as
important opportunistic pathogens in recent years
and are particularly associated with implants and
catheters. The clinical importance of repeated iso-
lations of these organisms remains unknown because
of the absence of a comprehensive typing scheme.
Several methods have been applied,56-60 but none
has proved adequate to type all the strains isolated.
Protein profiles labelled with 35S-methionine were
therefore introduced for the typing of coagulase nega-
tive staphylococci and compared with biotyping and
antibiograms.46 This typing system was found to be
particularly useful in studying the epidemiology of
coagulase negative staphylococci in patients with peri-
tonitis that was associated with continuous peritoneal
dialysis.46 These organisms are the commonest cause
of peritonitis in such patients, but it is not known,
however, if repeated episodes of peritonitis are due to
recurrence or reinfection. Such data can only be deter-
mined by typing all the strains isolated from these
episodes. Such a study is in progress and the results
will have important therapeutic implications.

The development of an automated scanning technique

The above studies were carried out using auto-
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Automation in clinical microbiology

1 2 3
Fig 6 1 Two dimensional beta scanner; 2 IBM computer and visual display unit
(VDU); 3 C-Itoh printer and control unit.

radiography of radiolabelled proteins to visualise the
patterns. Although autoradiography is extremely
sensitive, it is slow, taking one to five days, depending
on the radioactivity in each protein band. It is also
difficult for the human eye to discriminate between
different electrophoretic runs, and the procedure can-
not be automated. To do this it is necessary to convert
the analogue pattern seen on the autoradiographs to
a digital signal. One possible method is to use a densi-
tometer to scan the autoradiographs, but this adds
another step to an already elaborate procedure. The
whole procedure can be simplified, however, by using
a scanner to detect beta emission. Scanning, therefore,
can bypass autoradiography and densitometry alto-
gether. With such a procedure, the beta emission can
be read directly from the dry gel plate and the signal
entered in the computer. No such scanner was avail-
able for this, and the help of Professor Pullan was
sought; it was he who devised the unique scanner
which was vital to the successful development of the
automated technique. At this stage Automated
Microbiology Systems (AMBIS) patented the method
and decided to finance the project, and in collabo-
ration, they also undertook the development of the
necessary hardware, consumables, and software.

THE SCANNER
A two dimensional scanner for beta emission, com-
bining high resolution with high sensitivity and capa-
ble of scanning the dried gels directly, was developed.
(fig 6). The scanner head consisted of 12 well
separated cathode strips at right angles above 26 fine
horizontal anode wires to give 312 discrete detection

points. A voltage is applied between the electrodes
which are protected by an aperture plate covered with
a thin film of Mylar. An argon (90%) and methanol
(10%) gas mixture flows into the space between the
aperture plate and the cathode strips and is retained
by the Mylar. Between the Mylar and the sample is the
resolution plate with 312 apertures, each 3mm long
and I mm wide, each hole operating as a detector,
through which a small element of the sample is
detected. The sample moves in a 5 x 30 matrix during
a scan so that beta emissions are detected from 150
discrete sites at each of the 312 apertures, and the total
data are collected from 46 800 sample sites. The aper-
ture plate also mechanically protects the detector
from contamination and damage.

Beta particles that pass through the Mylar and into
the detection gas produce ionisation signals at both
electrodes. Because each set of wires and strips is con-
nected to delay lines, the exact location of each signal
is determined by the measurement of delay times and
coordinates passed on to the computer. The gas pres-
sure and the voltage required for the operation are 15
pounds per square inch and 1650 volts, respectively.
The scanner is connected and operated by an IBM

pc/AT computer. A gel to be scanned is placed on the
sample platen and scanning starts after appropriate
instructions have been typed into the computer. The
gel and the platen move under the scanner detector
head and are lifted so that they come into close con-
tact with the resolution plate. Scanning times are usu-
ally 15 minutes to one hour, depending on the activity
in the gels. The time for the detection of the radio-
labelled proteins is therefore reduced from days to
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minutes. Scan data are collected in the computer and
can be retrieved at the end of the scan.

COMPUTER/VDU SYSTEM
An IBM pc/AT computer with a high quality graphics
screen controls the system (fig 6), which includes the
electrophoresis unit, the scanner, the printer, and also
the collection, storage, and manipulation of the scan
data. It has a fast program execution and data pro-
cessing ability, so it is possible to scan a gel and obtain
all the qualitative and quantitiative data in about
30-60 minutes. The computer is connected to a printer
to provide documentation ofdata and graphics (fig 6).
Computer software has been developed to scan the
gel, to examine each lane, extract and analyse the
information.

AUTOMATED ELECTROPHORESIS UNIT
A flat bed computer controlled electrophoresis unit
(AMBIS EP tower) has been developed. The IBM
pc/AT computer controls the electrophoresis running
conditions and includes special sensors which auto-
matically terminate the end of the run (fig 7). Precast
gels were also developed to avoid interlaboratory
variations in preparation.

RETRIEVAL AND ANALYSIS OF DATA
At the end of the scan of a gel the data are retrieved
on the VDU where a picture resembling the auto-
radiograph is presented for analysis (fig 8). Each lane

Tabaqchali, Silman, Holland

Fig 7 AMBIS electrophoresis unit.

Fig 8 Display of radiolabelled protein patterns after scanning and display on VDU.
Retrieval of scan data showing one channel "boxed" and extracted data from this
channel shown in histogram on the left side of the screen.
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MOLECULAR WEIGHT M\ARKERS

4

5 6

3 6

(cm)

Fig 9 '4C-molecular weight markers: histogram of the intensity (counts) against
distance (cm). Peak 1-200,000; peak 2-92,000; peak 3-69,000; peak 4-46,000;
peak 5-30,000; peak 6-14,300.

MOLECULAR WEIGHT CALIBRATION CURVE

Fig 10 Molecular weight calibration curve. Calibration curve computer drawn from
markers in fig 9. Six molecular weight markers are plotted as molecular size against
distance (cm).

9
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Escherichia coli

A

23

200 000 40 000 15 000

3

D

23

200 000 40000 15 000

Fig 11 Scan pattern of radiolabelled proteins from four channels ofE coli,
represented as molecular weight spectra. A and Bfrom one gel; C and Dfrom a
second gel. The most prominent bands in each channel are marked 1, 2, and 3.
Molecular weights of these peaks ( x 1000) for channels A, B, C and D
respectively, are: peak 1-96 0, 96 0, 91k1, 99-S; peak 2-58 9, 59 9, 558, 58-0; peak
3-45 2, 45 2, 44 4, 45-2.

is "boxed in" separately and the information extrac-
ted. A histogram of each extracted channel is shown,
representing the density and width of each of the
protein bands for the particular bacterial strain. The
molecular weight standard channel included in each
gel is also extracted and analysed.

Molecular weight calibration
Fig 9 shows a histogram representing the molecular
weight markers. A standard curve can then be drawn
by the computer (fig 10) by moving an arrow cursor
to the apex of each standard peak and marking the
position. The molecular weights of selected peaks
from other histograms can then be calculated from
this standard curve. Fig 11 shows examples of the
histograms and the molecular weights of major peaks
from strains of E coli run on separate gels. Good
reproducibility was also obtained with other bacterial
species (K pneumoniae, P aeruginosa, P mirabilis etc).

The determination of the molecular weights of the
major protein bands provides useful information for
certain bacterial species with simple protein patterns,
such as C difficile: it can be used to differentiate be-
tween the various types. The process is more difficult
when there is a more complex protein pattern (fig 12)
due to a possible overlap of certain peaks in closely
related species of bacteria. Fig 11 shows the molecular
weights of dominant bands of E coli. The complexity
ofa pattern, however, is not a problem when it isanaly-
sed by the Fourier transformation algorithm6' 62
and the Pearson product-moment correlation
coefficient.36

Pattern recognition software
A program based on the Fourier transformation of
data6263 allows comparisons to be made between
different gels by transforming the channel data into a
wave function and determining the sine and cosine
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Automation in clinical microbiology
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Fig 12 Scan pattern of three Gram negative organisms. E coli, Proteus spp, and Pseudomonas spp. Major protein bands
ofeach organism are numbered.

components of that function. The Pearson product-
moment correlation coefficient36 provides an alter-
native pattern matching algorithm. These algorithms
can be used for matching "unknowns" against a data-
base to provide a potential identification system, or
for cluster analysis, to enable the classification of
bacteria.

Rubberbanding
Another feature of the software is the ability to iden-
tify defined segments of the histograms and expand
these areas to occupy the full length of the channel.
This facility is called "rubberbanding" and provides
comparisons between gels of areas of variable molec-
ular weights. The full length of the extracted channel
is 360 pixels long. A portion of the channel is selected
for comparison-for example, between pixel positions
200 and 60 (fig 13). A "rubberband" adjustment ofthe
channel stretches that area between the selected
molecular weights to show with sufficient differences
to permit discrimination between the species.
Furthermore, constant variations within species also
occur.43444647 This property makes the establish-
ment of new typing schemes possible.
To maximise the differences between these strains

the area on the channels are marked with the pixels
and then "rubberbanded." These areas, which may be

of any size, are then examined by the Fourier trans-
formation or the Pearson product-moment algo-
rithms. Table 2 gives an example. Klebsiella and
Enterobacter had a high correlation coefficient with
each other (0'67). To distinguish more clearly between
these two species the channels and the histograms
were visualised and the areas ofmaximum differences
identified. These areas were marked by moving the
pixel positions to encompass pixel positions 103-141
on both histograms (fig 14). They now occupy the
entire channel length of 360 pixels (fig 15). This
procedure is used in the normalisation of the data
between different electrophoretic runs and in concen-
trating on areas of maximum dissimilarity between
channels.

Normalisation
Even using the most stringent electrophoretic condi-
tions, it is necessary to compensate for small vari-
ations in separation due to different gel batches, minor
buffer changes, and running conditions. The position
ofthe gel under the scanner head will also vary slightly
from scan to scan. To normalise data it is necessary to
standardise the channels. This can be achieved by
using the molecular weight standard channel. Molecu-
lar weights are used as marker positions for "rubber-
banding" adjustments to normalise the channel

GEL 531 1.CH11 E. coli 06

200 -

COUNTS

100-

2
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1080 Tabaqchali, Silman, Holland

Fig 13 Scan data from four Gram negative organisms used as standards. A-Pseudomonas
aeruginosa; B-Klebsiella pneumoniae; C-Proteus mirabilis; D-Escherichia coli. The colunn
on the kft shows the full channel profile ofeach organism with arrows marking the pixel
positions (60 and 200) usedfor normalisation. The columns on the right are rhe profiles
after normalisation (rubberbanding) and are the patterns used to create the database.

Table 2 Mean (SD) correlation coefficient results using Fourier transformation

Challenge organisms

Salmonella E coli Proteus Pseudomonas Serratia Klebsiella Enterobacter
Database (n = 5) (n = 5) (n = S) (n =5) (n = 10) (n = 10) (n = 6)
Salmonella 0 93 (0 02) 0-08 (0-13) 0.51 (0-02) 0-00 (0 03) 0-62 (015) 0"1 (0.12) 0-28 (003)
(n= 1)
E colU 0-13 (0 08) 0 93 (0-03) 0 70 (0 70) -0-12 (0 04) -0-16 (0-10) 0-39 (0.08) 0 40 (0-07)
(n= 1)
Proteus 0-57 (0O05) 0.12 (0-07) 0 97 (0 02) 0-57 (0-14) 0 97 (015) 0-12 (0.15) 0 33 (005)
(n= 1)
Pseudomonas -0 04 (0 13) -0 17 (0 04) 0 53 (0 12) 0 95 (0-00) 0 30 (0-16) -0 24 (0 14) -0 35 (0.04)
(n= 1)
Serratia 051 (007) 009 (013) 054 (0-13) 011 (009) 090 (006) 022 (011) 048 (007)
(n = 2)
Klebsiella 001 (0-11) 0-50 (006) 0-17 (0-09) 0-21 (005) 009 (017) 082 (010)| 067 (011)
(n = 2)
Enterobacter 0-22 (0-17) 0-33 (0-11) 0-42 (0-13) -0-20 (0.06) 0-32 (0-15) 0-67 (0-20) 0-86 (0-12)
(n= 1)
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Automation in clinical microbiology

Fig 14 Normalised pattern for Klebsiella aerogenes above
and Enterobacter cloacae below; correlation coefficient 0-67.
Arr.ows indicate pixel area to be "rubberbanded" between
103 and 141.

lengths, so that data from one gel can be compared
with data from another (table 3). The areas between
these molecular weights differed among the six gels
and can only be compared after normalisation. This
degree of normalisation automatically compares
point to point simple subtraction of raw differences
between the "standard" and the "unknown" channels

Fig 15 An expansion of the areas indicated by arrows in
fig 14. The resulting correlation coefficient is 0-20 (table 6).

Fig 16 Normalisation adjustment for Pearson
product-moment correlation coefficient. A: column 1-full
channel profile of "standard" K pneumoniae; column 2-full
channel profile of "unknown" K pneumoniae; column
3-simple subtraction comparison of column 1 and 2 showing
point to point differences. The resulting correlation
coefficient is 0-06; B: the same as A, after normalisation
between molecular weights 200000 and 30000. The
resulting correlation coefficient is 0-60; C: the same as B,
after column 2 has been moved 5 pixel positions downwards.
The correlation coefficient is now 0-96. D: column 1-the
same as in B-that is, K pneumoniae after normalisation;
column 2-E coli, normalised between molecular weights
200000 and 30000; column 3-the differences between
columns I and 2. The correlation coefficient is 0-76 and this
correlation does not improve with changes in pixel
movement in column 2.

Unknown Boat match
PIL'i - MIIF_INA9 _

lane) a.nll51.1I2 correlation) 6.892
description) Escherichia coli ATCC 25922

Fig 17 Identification of bacteria by pattern matching of
radiolabelled proteins.

Klebsiel Ia

Ente robacter
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Table 3 Pixel positions usedfor normalising gels

Pixel positions at molecular weights:

Gel No 200000 30 000

1 59 213
2 60 200
3 61 197
4 62 171
5 66 175
6 52 219

(fig 16). For the Pearson product-moment correlation
coefficient, however, a further fine adjustment may be
required. The pixel positions of the "unknown" chan-
nel are varied, and a sweep of up to 10 pixel move-
ments is made until the differences between the
chanels are minimal and the highest correlation
coefficient is found. Fig 16 shows such normalisation
adjustments for comparison between two strains ofK
pneumoniae, using the Pearson product-moment algo-
rithm. The correlation coefficient between the two
strains is 0-06 with no previous normalisation, 0 60
with initial normalisation, and 0-96 with a further fine
adjustment. Adjustments between different organisms
do not improve the correlation significantly, as was
shown between E coli and K pneumoniae (fig 16).

Applications

MOLECULAR WEIGHT OF MAJOR PROTEINS
Identification of different types of C difficile
The standard 14 C difficile type strains (fig 5) were
prepared in triplicate and each strain run up to four
times on four different gels. A total of 18 gels were
scanned, channels extracted, and the molecular
weights of the major peaks determined. The average
molecular weights with standard deviations are shown
in table 4. Most of the groups can be distinguished by

Table 4 Mean (SD) molecular weight values of 14 C
difficile type strains

Molecular weight
No of

C difficile type estimations Band I Band II

A 11 51439 (901)
A2 12 52328 (1084) 37915 (924)
B 11 48036 (372) 35811 (876)
C 1 1 43 143 (884)
C2 11 44233 (835)
D 7 46174 (918)
E 8 47341 (985) 39757 (1237)
F 6 47905 (1149) 37970 (189)
G 11 46219 (710) 34531 (599)
w 10 45930(1162) 36125(805)
X 12 46457 (894) 36280 (978)
X2 6 46925 (793) 36624 (466)
Y 9 44681 (1009) 41112 (1005)
Z 12 55961 (1180) 38391 (983)

Tabaqchali, Silman, Holland
the molecular size of the major bands. It was appar-
ent, however, that "X" and "X2" were indistinguish-
able and that differences between type "X" and "W"
were minimal, even though they can clearly be seen on
the autoradiograph. A database for the 14 types of C
difficile using the molecular weights and values is in
preparation.

Identification of Gram negative bacteria
Gram negative bacteria gave complex protein pat-
terns. E coli, P aeruginosa, Kpneumoniae and Proteus
mirabilis were run in duplicate on three gels and
scanned. The major peaks were identified and their
molecular weights determined (figs 11 and 12). There
was good reproducibility among the various runs of
the same species on a single gel and on different gels.
There was, however, some overlap of major bands
among the different species, but each bacterial species
has at least one protein band that is individual to it.
Furthermore, the overall pattern for each organism is
quite different and specific for the species (fig 12).

Although determining the molecular weights ofma-
jor bands provided useful information, it was ulti-
mately time consuming when the protein pattern was
complex. The major bands had to be identified manu-
ally, making this program unsuitable for the
identification of these bacteria.

IDENTIFICATION OF BACTERIA BY FOURIER
TRANSFORMATION
For the identification of bacterial species with com-
plex protein patterns, the Fourier transformation
method of analysis was introduced. Seven Gram nega-
tive organisms (Salmonella typhimurium, E coli, Pro-
teus mirabilis, P aeruginosa, Serratia marcescens, K
pneumoniae and Enterobacter cloacae) were electro-
phoresed on gels supplied by AMB, using the flat bed
automated electrophoresis unit described previously,
and then scanned. The organisms were run singly on
six gels, except for Serratia and Klebsiella which were
run in duplicate on each gel. Full length channels were
extracted, 360 pixels long, using a cursor width of 5
pixels. Then seven channels from one gel were "rub-
berbanded" between positions 53-213 and used as
"standards" to construct a database using the fast
Fourier transformation algorithm. The remaining 46
channels were regarded as "unknowns", and after
"rubberbanding" between positions 53-213 the data-
base was searched to find the best match for that
channel. The name of the best match was then pro-
duced, along with a correlation coefficient for the
match. A list of the next best matches with correlation
coefficients was also provided. Fig 17 shows an exam-
ple of an "unknown" entered into the computer,
which searches the database and provides a visual
"best match" as E coli. Five to ten channels of the
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Automation in clinical microbiology

Table 5 Mean (SD) correlation coefficient results using
Pearson product-moment algorithm

E colt K pneumoniae

E colt 0-88 (0 04) 0 77 (0-03)
"standard"
K pnewnoniae 0-80 (0-04) 0-93 (0-03)
"standard"

same organism run on five gels were treated as
"unknowns". Each "unknown" channel showed a
"best match" against its correct corresponding species
in the database (table 2). A total of five E coli channels
matched correctly, giving an average similarity
coefficient of 0-93, a standard deviation (SD) of 0-08,
and a much lower similarity coefficient with the other
species. Similarly, all other "unknowns" matched
correctly with their corresponding species with a
mean similarity coefficient ranging from 0-82 to 0-97
(table 2).

IDENTIFICATION OF BACTERIA BY THE PEARSON
PRODUCT-MOMENT CORRELATION COEFFICIENT
The Pearson product-moment algorithm was applied
to distinguish between closely related bacterial spe-
cies. Channels corresponding to E coli and K pneu-
moniae from one gel were used using the algorithm,
and 28 channels of the same two organisms run on
different gels were treated as "unknowns". Nor-
malisation was achieved as before and the unknown
"channels" were further adjusted by using 10 different
pixel positions up and down to find the highest
correlation coefficient (Fig 16). Table 5 shows the
correlation coefficient results before and after fine
adjustments.
Taking the standard Kpneumoniae and comparing

it with the 14 remaining K pneumoniae channels, the
mean result was 0-80 with a SD of 0 04. Conversely,
when E coli was used as a standard, the correlation
coefficient for the other E coli strains was 0-88 (SD
0-04) and with Kpneumoniae channels 0-77 (SD 0-03).

Using the algorithm, "unknown" K pneumoniae
matched against their standard and were clearly
differentiated from the E coli standard. Although
unknown E coli correlated at 0-80 with the standard

Table 6 Comparison of Klebsiella aerogenes and
Enterobacter cloacae within a closely defined area
(positions 103-141)

Challenge organisms

Klebsiella Enterobacter
Database (n = 10) (n = 6)

Klebsiella 10-83 (012j)| -014 (0-20)
(n 2)__

Enterobacter 0-20 (0-21) 093 (003)
(n= 1)

1083

K pneumoniae (Fourier 0 46), they were clearly
matched with the E coli standard because the standard
deviations were low. Analysis by the Pearson product-
moment, therefore, can further distinguish between
organisms which had been closely matched by the
Fourier transformation.

DISCRIMINATION BETWEEN CLOSELY RELATED
BACTERIAL SPECIES AND THE DEVELOPMENT OF
TYPING SCHEMES
Bacterial species that are genetically closely related as
shown by DNA homology studies2 will inevitably
produce similar protein profiles, such as those
between E coli and Shigella and between Klebsiella
and Enterobacter. Despite the close similarity of the
patterns, however, there are usually segments in the
channels with sufficient differentiating characteristics
between the species. Furthermore, constant variations
between species also occur.43 44 46 47 New typing
schemes are therefore feasible.
To maximise the differences between these strains

the area on the channels are marked with the pixels
and then "rubberbanded." These areas, which may be
of any size, are then examined by the Fourier trans-
formation or the Pearson product-moment algo-
rithms (table 5). Klebsiella and Enterobacter had a
high correlation coefficient with each other (067). To
distinguish more clearly between these two species the
channels and the histograms were visualised and the
areas of maximum differences identified. These areas
were marked by moving the pixel positions to encom-
pass pixel positions 103-141 on both histograms (fig
16). The areas between those pixel positions are then
"rubberbanded" (fig 15). Table 6 shows the
comparison of Klebsiella and Enterobacter within that
closely defined area, analysed by the Fourier
transformation. The correlation coefficient between
Klebsiella and Enterobacter is now 0-2 (0-21) and
between Enterobacter and Klebsiella -0-14 (0-21)
instead of 0-67.
Good discrimination was also possible between E

coli and Klebsiella pneumoniae (fig 16) and between
Shigella and E coli. This procedure therefore permits
discrimination between closely related bacterial spe-
cies and could also be used in identifying differences
within the species to provide new typing schemes.

CLASSIFICATION OF BACTERIA BY CLUSTER
ANALYSIS
Further computation of the data is being developed to
provide a similarity matrix which can be clustered by
a program like the unweighted pair group method
using averages (UPGMA)21 and plotted as a dendro-
gram. This will be particularly useful in expressing
similarity and dissimilarity between organisms. Simi-
lar organisms will be grouped together, and dissim-
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ilarity will be defined as the "taxonomic distance"
between the positions of each unknown in what
Sneath has described as "phonetic hyperspace."63

It is clear that several approaches need to be adop-
ted for the analysis of the data and the construction of
database libraries. It is also essential to accept that
different algorithms may have to be used for different
taxonomic ranks. Further developments are in
progress.

Conclusions

Contaminants are the scourge of the microbiologist,
but very occasionally can lead the worker into exciting
new discoveries. This work started with a chance con-
tamination of an experiment and ended with the
development of an automated new approach to the
identification and classification of micro-organisms.
The method entailed the incorporation of

35S-methionine into bacterial proteins and sub-
sequent separation of the radiolabelled proteins by
SDS-polyacrylamide gel electrophoresis. The result-
ant protein patterns were species specific, permitting
discrimination between the species. Sufficient differ-
ences in the protein profiles within species were also
present, so that subdivision or typing of the species
could be done.
The first section of the work used autoradiography

to visualise the protein patterns, but this procedure
was time consuming and therefore an automated ap-
proach was introduced. An automated scanner was
developed to scan the gels, and the information was
then stored in a computer. Scan data were then re-
trieved and processed using software that permitted
quantitation of protein bands and construction of
molecular weight standard curves. Further devel-
opment of pattern recognition software allowed data-
bases to be constructed and data obtained from
different gels to be compared. This facility correctly
identified duplicate "unknowns" from other gels.

This method lends itself to two areas of study. The
first is a practical application whereby the construc-
tion of database libraries would be available for the
identification of bacteria. Initially it would be used in
research where classical methods are inadequate, as
for C difficile, MRSA, and coagulase negative staphy-
lococci. The second application would entail the con-
struction of dendrograms to show "natural" relations
between bacteria to complement the phonetic
classification.
The principle of the method as a taxonomic aid

remains the same, regardless of the micro-organisms.
It can be extended to viruses, protozoa, and fungi. The
proteins generated represent the genetic expression of
the organism and will provide patterns for new species
or strains. These pattern differences form the basis of

Tabaqchali, Silman, Holland
classification into different classes. Once a pattern
classification system is established, unknown organ-
isms can be identified by pattern matching.

This technique provides a general, rapid, and
simple automated method for the identification of
bacteria. Computer software is constantly being
upgraded according to future requirements and new
challenges. It is predicted that this method will soon
be widely applicable in clinical microbiological
laboratories.

Appendix of methods

BACTERIAL STRAINS
These were isolated from clinical specimens in the
department of medical microbiology at this hospital
or obtained as NCTC and ATCC strains. Some
strains were sent to us from other hospitals in the
United Kingdom and from abroad. All strains were
identified using standard microbiological techniques,
checked for purity, and cultured on horse blood agar
plates before being subjected to "5S-methionine
incorporation and electrophoresis.

RADIOLABELLED COMPOUNDS
L-35S-methionine (Amersham International, United
Kingdom) was acquired as an aqueous solution in 20
mM potassium acetate containing 0-1%
2-mercaptoethanol. The specific activity ranged from
600-1450 Ci/mmol.

MOLECULAR WEIGHT MARKERS
14C-methylated protein markers consisted of six pro-
teins with molecular a weight range of 14300 to
200000 daltons. The radioactive concentration of
each protein was 0-833 Ci/ml.

INCORPORATION OF 35S-METHIONINE INTO
BACTERIAL PROTEINS
Methionine free Eagle's medium (50 ul) or Difco
containing 1 ul of 15S-methionine (about 10 pCi) was
inoculated with a portion ofone to two colonies ofthe
pure culture from a blood agar plate. The mixture was
then incubated at 37°C for 30 minutes to two hours,
depending on the organism. Anaerobes were incu-
bated in the anaerobic chamber (80% nitrogen, 10%
hydrogen, 10% carbon dioxide). At the end of the
incubation period an equal volume of buffer (0- 125M
Tris hydrochloric acid, 10% mercaptoethanol, 4%
sodium dodecylsulphate (SDS), 20% glycerol, pH 6 8)
was added and the mixture boiled for two minutes.
After cooling to room temperature 10 to 40 ul of the
sample was then applied to a polyacrylamide gel and
electrophoresed. Twelve to 18 samples could be
applied to each gel.
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Automation in clinical microbiology 1085
ELECTROPHORESIS
(VERTICAL SLAB GEL ELECTROPHORESIS AND
AUTORADIOGRAPHY)
The system was based on the SDS discontinuous
buffer system based on the method ofLaemmli.25 The
resolving polyacrylamide gel was cast with total poly-
mer 12-5% and cross linker 2-6% in buffer (0 375 M
Tris (hydrochloric acid, 0-1% SDS; pH 8.8). The
stacking gel had a total polymer 3% and cross linker
2-6% in buffer (0-125 M Tris hydrochloric acid, 0-1%
SDS; pH 6-8). The electrode buffer (0-025 M Tris,
0-192M glycine, 0I1% SDS; pH 8.3) was placed in the
upper and lower reservoirs and electrophoresis carried
out at 4°C using a constant voltage (Shandon or Bio-
rad). The voltage was set at 60 volts for 15-20 minutes
to allow the sample to migrate from the wells into the
stacking gel. The voltage was then increased to
150-200 volts and electrophoresis continued for three
to four hours. The run was ended when bromophenol
blue, a dye marker added to the sample, reached the
end of the gel.
The gels were fixed by immersion in an aqueous

solution of 20% glacial acetic acid and 20% iso-
propanol for about three hours. After fixing they were
dried using a gel slab drier (Biorad) by heating under
vacuum for about one hour. The dried gels were then
placed on x-ray film (Fuji Rx) between two glass
plates secured by clips and left in a light proof box.
The optimum exposure time was determined empir-
ically for each gel and ranged from 18 hours to five
days. The time depended on the amount of radio-
activity in each protein band.

ELECTROPHORESIS (SEMIAUTOMATED
HORIZONTAL ELECTROPHORESIS SYSTEM)
Gels
Discontinuous SDS-PAGE gels are supplied by
AMB. Cast on gel-bond (FMC) consists of a stacking
gel 4 cm in length and a 12x5% acrylamide resolving
gel about 13 cm long. The gel surface is protected by
a sheet of Mylar. Three lines are drawn on the back
of the gel-bond to standardise wick placement and
sample application. The lines for the wicks are drawn
at a distance of 1x5 cm from the top and bottom of the
gel. The line for the sample application strip is drawn
0 5 cm below the top wick line.

Electrophoresis conditions
Electrophoresis running buffer (250 ml) is poured into
each buffer tray. The platen surfaces on the electro-
phoresis unit (fig 7) are cleaned with methanol and
cooled to 7°C. One platen at a time is covered with a
thin film of n-decane (BDH) and a gel is centred on to
the platen (stacking gel at the top), using more decane
as necessary to remove all the air bubbles. The Mylar
protection sheet is then removed from the gel. The

wicks (AMB) are about 8 x 18cm in size and four
wicks are used for each gel, two for each buffer tank.
The two pieces are placed with the absorbent surfaces
together, offset by 2 cm at the edge. The wicks are then
dipped into the buffer to ensure saturation and the 2
cm uncovered absorbent surface placed on to the gel
to line up with the wick placement lines. The wick is
smoothed to ensure good contact with the gel and to
remove any trapped air. A sample application strip is
laid carefully on to the sample application strip line,
leaving a 0-5 cm gap between it and the wick. The
wells in the strip hold up to 12 p1 of sample, and 12
samples could be applied on one gel. Each sample is
pippetted carefully into the wells. The Mylar sheet is
replaced on to the gel surface, the top of the sheet
lying 0 5 cm below the bottom of the sample applica-
tion strip. The lid of the electrophoresis unit is then
closed and a program selected on the IBM computer
to give running conditions of 20 watts for 30 minutes
to allow the samples to enter the gel and to stack.
Power is then automatically increased to 60 watts for
sample separation in the resolving gel. The tem-
perature of the platens is programmed to remain at
7°C and the end of run sensor is activated. Under
these conditions, an electrophoresis run takes about
90-100 minutes. At the end of the run the gel is lifted
off the platen and immediately dried in a forced air
drier, without prior fixing.

This work was supported by Automated Micro-
biology Systems Ltd, the Wellcome Trust, The Medi-
cal Research Council, and the Joint Research Board
of St Bartholomew's Hospital. We acknowledge the
assistance ofMrs C Whitfield in typing the manuscript
and preparing the figures.
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