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S U M M A R Y  

A study motivated by the recent revival of interest in the use of IR spectroscopy to identify bacteria is reported. A library of FT-IR spectra of dried 
bacterial ffims was compiled using 16 different strains. A test set was compiled from spectra of the same strains grown several months later. The test set 
was quantitatively compared with the library on the basis of spectral similarity in the region 980-1190 cm- ~. Six of the strains in the test set were not 
matched with the correct strain in the library despite efforts to reproduce the conditions under which cells were grown and prepared. The results suggest 
that reproducibility of the bacterial spectra is a potential difficulty that must be addressed by any attempts to develop FT-IR spectroscopy as a bacterial 
identification method. 

I N T R O D U C T I O N  

The procedures needed to identify many micro- 
organisms by conventional  biochemical  and serological 
tests are often laborious [2]. As a result,  a variety of 
alternative approaches  incorporat ing chromatographic  
and spectroscopic techniques have been developed. One 
of the most  commonly used of these approaches is based  
on pyrolysis of  the cells followed by gas-liquid chromato-  
graphy or mass spectrometry [17]. Another  approach 
uses extraction of  fatty acids followed by gas chromato-  
graphy [10]. Other methods for microbial  identification, 
purely spectroscopic in nature,  are also being evaluated. 
One at t ract ion of  these methods is that  they can operate 
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on whole, even living, cells. Among the techniques being 
studied in this regard are Fourier  t ransform infrared 
(FT-IR)  [5,6,12,13], fluorescence [3,15], and resonance 
Raman [4,7] spectroscopies.  

Infrared spectroscopy has several at tractive features 
as a possible physical  method for bacterial  identification. 
I t  examines the total  chemical composit ion of the sample, 
so it is not  necessary that  the bacter ia  incorporate any 
special probe molecule, e.g. a chromophore.  Also,  no 
extensive prepara t ion  of  the bacter ia  for spectroscopic 
analysis is required. Investigations into the use of  infrared 
spectroscopy for bacterial  identification began in the early 
1950's when it was recognized that  there can be significant 
differences between the IR spectra  of different bacterial  
species [16]. Despite much effort in this area  [14], how- 
ever, no pract ical  identification system was developed. 

One obstacle to this early work was the limited data- 
handling and computing capabilit ies then available. This 
restr ict ion was effectively removed with the introduction 
of computer-interfaced FT- IR  spectrometers.  These in- 
s truments can perform sophist icated da ta  manipulat ions 
routinely. Fur thermore ,  the equipment is relatively inex- 
pensive, and spectral acquisition is rapid. These attributes 
have led to a recent revival of interest  in the use of IR 
spectra  as bacterial  'fingerprints'  [5,6,12,13]. 
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We now report on a study designed to evaluate the 
prospects for a practical system of rapid bacterial identifi- 
cation based on FT-IR spectroscopy. This study involves 
the analysis of a relatively large database of FT-IR spectra 
obtained from various bacterial strains. For each strain, 
the database includes spectra of samples grown at two 
separate times, from 5 to 11 months apart. We are thus 
able to test the long-term reproducibility of the spectra, a 
crucial matter in regard to practical applications of a 
spectral library. 

MATERIALS AND METHODS 

Bacterial cultivation 
The 16 strains used in this study are listed in Table 1; 

they are all type strains from the American Type Culture 
Collection (ATCC). With one exception, the liquid media 
and growth conditions used were those recommended for 
each strain by the ATCC [Catalogue of Strains I (ATCC, 
Rockville, MD, ed. 15, 1982)]; the exception was A. sim- 
plex, which was grown on tryptic soy agar. To ensure 
purity and identity of all type strains, representative 
clones were subjected to standard biochemical testing 
prior to use [2]. The results of these tests were consistent 
with their ATCC identification. Each strain was grown in 
duplicate (in flasks referred to as 1 and 2). Flasks were 
inoculated using a fresh starter culture (2.5 % inoeulum) 
and were incubated overnight ( ~  16 h) in a shaking water 
bath at the optimum temperature for that strain. Cell 
suspensions were washed twice with 0.9 % NaC1. The cell 
pellets were resuspended in 2 ml of 0.9 ~'o NaC1. Isolates 
were stored between testing periods on agar slants at 
refrigerator temperatures (contamination was detected in 
the stored isolates of A. simplex and B. subtilis, so these 
were reordered from ATCC). Each strain was grown in 
duplicate again (in flasks to be referred to as 3 and 4) by 
the same procedure several (5 to 11) months later. 

Sample preparation 
For each of the washed cell suspensions, prepared as 

described above, the cell density was determined micro- 
scopically with a Petroff-Hausser counter, and the sus- 
pension was adjusted, as necessary, to contain 101~ n 
cells/ml. From each of these final suspensions, two 
samples in the form of dried films were prepared for 
spectroscopic analysis. (Bacterial samples have been 
dried in most previous work [5,12-14,16], but cells in 
aqueous solution have been used recently [6]). Each film 
was prepared by placing one drop of the cell suspension 

TABLE 1 

Bacterial strains used 

Bacteria ATCC number 

Gram-negative: 
Enterobacter cloacae 13047 
Escherichia coli 11775 
Escherichia coli 23545 
Escherichia coli 25922 
Escherichia coli 31616 
Klebsiella pneumoniae 8044 
Proteus vulgar& 13315 
Pseudomonas aeruginosa 10145 
Pseudomonas fluorescens 13525 
Serratia marcescens 13880 

Gram-positive: 
Arthrobacter crystallopoietes 15481 
Arthrobacter simplex 6946 
Bacillus subtilis 6051 
Rhodococcus erythropolis 4277 
Rhodococcus rhodochrous 12674 
Staphylococcus epidermidis 14990 

on a clean CaF2 window, which was then dried in a 
vacuum desiccator. In all, 128 samples (i.e. 16 strains x 
4 flasks x 2 windows) were prepared in this manner. 

Spectral acquisition 
The mid-IR absorbance spectrum of each sample was 

obtained on a Digilab model FTS-60 spectrometer equip- 
ped with a mercury-cadmium-telluride detector. The 
CaF2 window was placed in a standard transmission cell 
for measurement. Spectra were acquired at a resolution 
of 4 cm-  1 by coaddition of 512 scans. Interferograms 
were processed using triangular apodization and one level 
of zero filling. After thorough cleaning and drying, a spec- 
trum of the window was obtained to serve as the reference 
for absorhance calculations. 

Data processing 
The strain specificity of bacterial spectra can poten- 

tially be degraded by sources of noise. Baseline variation 
is a common source of (low-frequency) noise in biological 
FT-IR spectroscopy. We assumed that over the spectral 
region of interest (see below) the baseline variation is 
linear and we applied to each of the spectra a recently 
developed filtering method that compensates for linear 



variation in the baseline [9]. In order to compare the 
spectra quantitatively, a measure of the similarity 
between two spectra must be defined. The measure used 
in this study regards the (filtered) spectra as vectors and 
takes the cosine of the angle between the vectors as their 
similarity [ 1]. Thus, the similarity between spectra A m and 
A n is 

Stun = Am 'AJ[AmllAnr (1) 

Because it is an angular measure, this similarity is 
invariant to changes in the magnitudes of the spectral 
vectors. Thus, this measure automatically compensates 
for proportional absorbance differences arising from un- 
avoidable fluctuations in the number of cells in each 
sample of bacterial film. Since all of the bacterial spectra 
are very much alike in terms of their basic 'waveform', 
their similarity usually falls between 0.9 and 1.0, which is 
the maximum value of this measure. 

RESULTS AND DISCUSSION 

A spectral region that is highly variable among bacteria 
is the region just below 1200 cm-1. This part of the IR 
spectrum has been examined before as a possible finger- 
print for bacteria [5,12]. Several of the FT-IR spectra in 
the database compiled for this study are shown in Fig. 1 
over the region used in this work, 980 to 1190 c m -  1. The 
vibrational modes of several common groups contribute 
to this region. The most significant of these groups in 
biological systems are P =  O and C-O. These groups 
appear in many different molecular structures in virtually 
all of the constituents of a bacterium, though it has been 
proposed that polysaccharides associated with the bac- 
terial cell wall make the dominant contribution in this 
region [5]. A conventional assignment of a bacterial spec- 
trum carmot be made in detail, but this is unimportant 
since assignment is unnecessary in using these spectra for 
identification purposes. 

The database of bacterial spectra was analyzed in two 
ways. The first analysis was designed to be a 'control', 
which would avoid the problem of long-term repro- 
ducibility but address the reproducibility between spectra 
of cells grown at the same time. Each pair of spectra 
obtained for every strain from cells grown in flask 1 was 
put into a library, while each pair of spectra obtained from 
cells grown in flask 2 was put into a test set. Since flasks 1 
and 2 we, re grown at the same time, variations in cell 
cultivation and sample preparation procedures within 
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Fig. 1 FT-IR spectra of several bacteria in the region 
980-1 190 cm- l (a) E. cloacae, (b) P. fluorescens, (c) A. sim- 
plex, (d) B. subtilis. The spectra are offset and normalized for 

clarity. 

each strain should be minimal between the two groups. 
The test set was then used to challenge the library. For 
each strain, the two spectra in the test set were compared 
with the two spectra for every strain in the library. The 
four similarity values between the two test spectra and the 
two library spectra were calculated, and the  highest of 
these four values was retained as a measure of the match 
between those test and library strains. 

The best matches for each test strain are given in 
Table 2 (analysis A). To make the presentation easier, 
each value S in Table 2 is represented in scaled form: 
104x S-9000.  These results show that for each test 
strain the best match (highest similarity) is correct; i.e. the 
matching strain in the library is the same as the test strain. 
Thus, when there is a minimum of procedural variation 
within each strain, the FT-IR spectra of the particular 
strains studied do indeed act like unique fingerprints. This 
suggests that if appropriate reference strains were grown 
at the same time as the unknown strains, reliable identifi- 
cation by spectrum matching might be generally feasible. 

In the second analysis of the database, the long-term 
reproducibility of the bacterial spectra was examined in 
terms of its effect on their fingerprinting ability. All of the 
spectra obtained from flasks 1 and 2 were put into a new 
library, and all the spectra obtained from flasks 3 and 4 
grown several months later were put into a new test set. 
As before, the test set was used to challenge the library. 
For each strain, the four spectra in the test set were 
compared with the four spectra for every strain in the 
library. In each such comparison, all of the 16 similarity 
values were calculated, and the highest was retained. 

The best matches for each test strain are shown in 
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TABLE 2 

Similarity matching of bacterial FT-IR spectra 

Test strain b Best matches a 

A: Library = Flask 1 B: Library = Flasks 1 and 2 
Test set = Flask 2 Test set = Flasks 3 and 4 

Gram-negative 
1. E. cloacae 997 (1) 974 (9) 962 (6) 962 (4) 976 (1) 936 (4) 932 (9) 925 (6) 
2. E. coli(11775) 997 (2) 995 (9) 986 (4) 973 (1) 974 (2) 968 (4) 959 (9) 958 (1) 
3. E. coli(23545) 996 (3) 984 (4) 975 (2) 949 (8) 930(13) 920 (4) 920 (3) 886 (5) 
4. E. coli(25922) 996 (4) 990 (3) 979 (2) 966 (8) 996 (4) 979 (2) 978 (3) 966 (8) 
5. E. coli(31616) 999 (5) 924(13) 844 (3) 795 (4) 948 (5) 939 (13) 863 (6) 763 (4) 
6. K. pneumoniae 995 (6) 920 (1) 893 (2) 890 (13) 978 (6) 962 (1) 925 (2) 923 (9) 
7. P. vulgaris 1000 (7) 971 (9) 970 (8) 964(10) 977 (4) 954 (2) 952 (3) 948 (1) 
8. P. aeruginosa 997 (8) 982 (4) 979 (9) 973 (2) 991 (8) 987 (9) 986 (7) 980 (10) 
9. P. fluorescens 998 (9) 978 (8) 975 (2) 973 (7) 993 (9) 985 (2) 974 (1) 967 (4) 

10. S. marcescens 998 (10) 977 (7) 972 (1) 967 (9) 992(10) 987 (1) 977 (9) 976 (7) 

Gram-positive 
11. A. crystallopoietes 994(11) 949 (8) 940 (4) 937(14) 903(13) 804 (6) 791 (3) 778 (5) 
12. A. simplex 995 (12) 981 (14) 960 (8) 953 (7) 981 (14) 971 (8) 967 (10) 959 (11) 
13. B. subtilis 998(13) 924 (5) 829 (3) 813 (6) 994(13) 911 (5) 874 (6) 831 (4) 
14. R. erythropolis 999 (14) 979 (8) 968 (12) 946 (9) 991 (14) 982 (12) 970 (8) 961 (11) 
15. R. rhodochrous 995 (15) 903 (12) 789 (14) 763 (7) 972 (11) 962 (14) 935 (8) 915 (12) 
16. S. epidermidis 997 (16) 851 (10) 841 (1) 809 (6) 934 (6) 925 (13) 923 (2) 921 (1) 

a The four highest similarity values are shown for each of the two analyses, A and B. Similarities are scaled as described in text. For 
each similarity value, the identification number of the corresponding library strain is given in parenthesis (same numbering as in 
column 1). 

b Different E. coli strains are distinguished by their ATCC numbers. 

Table 2 (analysis B). For six of  the strains (numbers 3, 7, 
11, 12, 15, and 16) the best match is incorrect. These 
incorrect matches are not evenly distributed with regard 
to Gram stain classification: there are two among the ten 
Gram-negative strains, but four among the six Gram-  
positive strains. For the strains most  closely related by 
conventional taxonomy, i.e. the four E. coli strains, one 
(ATCC 23545) is incorrectly matched;  this is the only one 
of the six incorrectly matched strains in which the correct 
match is found among the four best matches. 

The preponderance of incorrect matches among the 
Gram-posit ive strains appears to be significant: if six 
errors were distributed among the 16 strains at random, 
four or more would fall among the six Gram-posit ive 
strains only 9 ~o of the time. The specific causes of  this 
apparent correlation of spectral reproducibility with 
G r a m  stain classification are unclear. It  may originate in 
the major differences between the chemical composition 

of Gram-posit ive and-negat ive  cell walls, e.g. the higher 
lipid content of the latter. 

The problems with spectral reproducibility can be 
illustrated by comparing a strain that was correctly 
matched with one that  was incorrectly matched. In Fig. 2 
are shown the most  similar pairs of  library and test spectra 
for S. marcescens (correctly matched) and P. vulgaris (in- 
correctly matched). Examination of the P. vulgaris spectra, 
as well as other pairs of incorrect matches,  does not 
indicate the physical reasons for these failures of repro- 
ducibility. Since the microbial cultures were stored 
between tests on agar slants, it is possible that in some 
cases natural genetic drift has taken place and resulted in 
slightly different biochemical characteristics. However,  
we believe that this type of handling procedure reflects the 
most  typical use. It  may be that  freeze-drying the cultures 
between tests would have provided greater stability in the 
population. 
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Fig. 2 Illustration of spectral reproducibility. (a)Library 
spectrum (solid curve) and test spectrum (dashed curve) of 
S. marceseens; (b)Library spectrum (solid) and test spec- 
trum (dashed) ofP. vulgaris. All spectra are baseline filtered 
and normalized [9]; the top pair is shown offset for 

clarity. 

The :fact that the number of  incorrect matches made in 
this study was relatively high suggests that the develop- 
ment of  FT-IR spectroscopy as a general method for rapid 
bacterial identification has some potential difficulties and 
possible limitations. These incorrect matches occurred 
despite what we thought were reasonable efforts to pro- 
vide ide, ntical conditions for cell cultivation and sample 
preparation for both the library and test set. This work 
makes clear that the reproducibility of bacterial FT-IR 
spectra cannot be taken for granted and must be ad- 
dressed by any attempts to develop FT-IR spectroscopy 
as a microbial identification method. 
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