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tion of metabolic end-products derived from anaerobic bacteria. A brief survey of the
HPLC monitoring of bacterial fermentations for the food industry is also given. The
analysis of the structural components of the bacterial cell will be dealt with in the
second part of the review.

1.1. Bacterial identification

An important area of microbiological studies is the taxonomic arrangement of
the various bacterial species considered pathogenic for humans. Their classification is
a preliminary step, which is strictly related to the problem of microorganism
identification. In clinical specimens, the correct identification of the bacterial species
responsible for infective processes in various areas of the human body is necessary to
formulate correctly the aetiological diagnosis of infection. Therefore, identification is
the central step of a triad (classification, identification and diagnosis) whose mutual
relationships must be kept in mind when dealing with clinical microbiological
problems.

1.2. Chemotaxonomy

Chemotaxonomy has been defined as the study of chemical variations in living
organisms and the use of chemical characters in classification and identification®.

As the morphological and physiological characteristics appeared to be in-
sufficient to classify correctly some bacterial species, particularly anaerobes, attention
has increasingly been directed to chemical methods capable of providing reliable
characters in bacterial classification.

The application of chemotaxonomic techniques may bring more objectivity into
the field of bacterial identification. The discovery of specific chemical markers can
make bacterial identification more practical. Demonstration of specific markers may
also reduce the variability of the results obtained from different laboratories
performing physiological and biochemical identification tests. The chemotaxonomic
approach can provide a better classification of bacteria, facilitating the identification
of clinically important microorganisms?—*°.

Knowledge of the taxonomic characters of anaerobic bacteria has included the
main structural components of the bacterial cell and the metabolites produced or
utilized by these microorganisms. In fact, the chemotaxonomic approach has involved
the elucidation of the cell wall structure, the determination of cellular fatty acids and
DNA base composition and, more frequently, the qualitative and quantitative profile
of exocellular short-chain acids'!'!2. Major applications include the analysis of some
important macromolecules (peptidoglycan, lipopolysaccharide, DNA)'* and the
determination of relatively simple molecules (carboxylic acids, monosaccharides,
amino acids, amines).

2. DETERMINATION OF EXOCELLULAR METABOLITES

The application of instrumental methods to the identification of anaerobic
bacteria has involved mainly gas chromatography (GC)'*, a very sensitive and rapid
technique which has proved useful for the diagnosis of infectious diseases’>~'”. The
term GC—chemotaxonomy'® has been used to describe the application of GC methods
to the determination of metabolic products for the identification of a microorganism
on the basis of chromatographic profiles of carboxylic acids, alcohols and amines.
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In recent years, the use of HPLC to determine bacterial metabolites, especially
short-chain acids including keto acids, hydroxy acids and phenolic acids, has become
increasingly popular!®-2°,

2.1. Short-chain acids

As the metabolism of anaerobic bacteria is characterized by a profile of acid
end-products which is typical for each species, the determination of short-chain acids
in culture media after growth of anaerobic bacteria is useful for the identification of
these microorganisms. Also, the GC determination of short-chain acids in clinical
specimens has been used for the presumptive identification of anaerobic infections?®!.
GC procedures require separate treatment of samples for different classes of acids:
volatile fatty acids can be chromatographed directly from the acidified cultural
medium or after extraction with organic solvents, whereas non-volatile fatty acids
require simple derivatization to methyl esters prior to GC analysis. On the other hand,
GC often appears to have greater resolution, specificity and sensitivity than HPLC.
Moreover, the continuous advances made in GC technology are not usually utilized in
routine anaerobic analyses.

Technological improvements in HPLC instrumentation, especially of column
selectivity and detector sensitivity, have shown that the HPLC determination of acidic
metabolites is a suitable alternative to the GC method*®2°. The flexibility of HPLC
techniques in acidic metabolite analysis is evidenced by the following examples. In
particular, the analytical possibilities deriving from the selection of a suitable column
and especially from modification of the physico-chemical characteristics of the mobile
phase are illustrated. Different modes of separation for the HPLC determination of
carboxylic acids, including ion-pair chromatography, solvophobic chromatography
and ion-exchange chromatography, were reviewed by Schwarzenbach?2. Short-chain
aliphatic acids are separated as such (without prior derivatization)**?* or as their
phenacyl derivatives?> on reversed phases. In the ion-pair chromatographic separation
of dihydroxybenzoic acids on LiChrosorb RP-18 with 0.05 M phosphoric acid-
methanol (7:3) + 0.005 M hexylamine, the pH is a very important parameter as it
determines the concentration of the ionic form of the solutes. Quaternary ammonium
salts dissolved in buffered water-methanol (as mobile phase) have also been used?®. In
solvophobic chromatography, the addition of acids or acidic buffers to the mobile
phase lowers the pH and suppresses the ionization of the acidic functional groups of
the solutes. Retention is the result of hydrophobic interactions between the hydro-
carbon moiety of the solute and the octadecyl chains of the stationary phase.
Separations are based on the hydrophobic properties of the solutes. The capacity
factor of a solute is determined by the concentration of the organic modifier in the
mobile phase. The separation selectivity can be affected by either the pH of the mobile
phase or the nature of the organic modifier. To suppress the ionization of dicarboxylic
acids, the addition of acidic buffers, such as sodium or potassium phosphate, sodium
hydrogensulphate or sodium chlorate, has also been successfully used?”-2%.

Ion-exchange materials have been used in many applications as stationary
phases for the liquid chromatography of carboxylic acids. Owing to the development
of new ion-exchange materials of small particle size and narrow size range, which are
stable at higher pressures, improvements in the column efficiency and reductions in
retention times were possible. Therefore, prepacked columns filled with efficient
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ion-exchange materials became commercially available and columns of the HPX series
(Bio-Rad Labs.) were used for organic acid separations?°*°, When subjected to
ion-moderated partition chromatography3!, the acids of the citric acid cycle elute
according to their increasing pK,values. Partition chromatographic separations on
ion-exchange resins of aromatic carboxylic acids have also been described?2.
Separations of carboxylic acids on cation-exchange resin columns adopted ion-
exclusion chromatography coupled with ultraviolet monitoring of the effluent®3-3# or
with conductimetric detection®’. Dilute mineral acids®*® or dilute mineral acids
modified with acetonitrile®” were used as mobile phases for ion-exclusion chroma-
tography.

A comparison between the GC and HPLC determination of acidic metabolism
indicates that both techniques present some advantages and disadvantages, whose
relative importance depends on the specific application. When simple analysis of
volatile acids is required, the superior sensitivity of capillary GC with a flame
ionization detector indicates that the use of this technique is preferable. When, on the
other hand, the analysis of ionic, non-volatile or thermally labile compounds is
necessary, HPLC has the following advantages: no need for methylation of non-
volatile acids, the possibility of determining both volatile and non-volatile acids in
a single chromatographic run and high sensitivity for aromatic acid determination.

2.1.1. Applications. One of the first applications of HPLC to bacterial
metabolites concerned the fermentation products of several Clostridium species>®.
Sample preparation for HPLC analysis required only membrane filtration. Separation
was performed on an Aminex column with 6.5 - 10~ M sulphuric acid. The effects of
eluent concentration and column temperature on the retention times of various
organic compounds were described. Effluents were monitored with refractive index
(RI)and ultraviolet (UV) detectors. Alcohols absorb very little UV light above 200 nm.
As pyruvic and fumaric acids absorb strongly at 210 nm, UV absorbance is suitable for
detecting these compounds. The other organic acids yielded moderate UV and RI
responses. HPLC traces of peptone-yeast extract-glucose cultures of Clostridium
species were shown.

The acid metabolites present in cultures of a group of clinically significant
anaerobic bacteria, including Peptostreptococcus anaerobius, Bacteroides fragilis and
Clostridium difficile, have been successfully determined®’. This method involved
organic acid extraction with diethyl ether—sodium hydroxide from bacterial culture
supernatants. The double extraction improved the reliability of the procedure by
selectively removing the acids from potentially interfering compounds. Separation was
performed on an Aminex HPX-87H column using 3.5 - 10~ M sulphuric acid-10.8%
acetonitrile as the mobile phase, and effluents were monitored at 210 nm. B. fragilis
and C. difficile cultures contained acids which had not been detected by commonly
employed GC procedures. In fact, a-ketoglutaric, p-hydroxyphenylacetic and phenyl-
acetic acids were determined in the extracts of B. fragilis, and p-hydroxyphenyl acetic,
phenylacetic, 3-phenylpropionic and indoleacetic acids together with p-cresol in those
of C. difficile.

Adams et al.*® presented the results of the application of the HPLC procedure of
Guerrant et al.3” to the analysis of acid products from cultures of Clostridia,
Salmonellae and Lactobacilli. Chromatograms of culture extracts of Clostridium
perfringens, Clostridium difficile grown in cooked-meat medium, Salmonella sofia,
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Salmonella infantis, Salmonella typhimurium, Lactobacillus casei and Lactobacillus
SJermentum grown anaerobically in peptone-yeast extract-glucose medium were
shown. The acid profiles of bacterial cultures showed that considerable differences
existed among the genera and among the species tested. The procedure has the greatest
value when used qualitatively, as in the development of profiles of microbial
metabolites for quality control purposes, and when used semi-quantitatively as an aid
to bacterial identification.

Another example of the applicability of HPLC to the determination of
exocellular acid metabolites has involved black-pigmented Bacteroides. The organic
acids produced by eight oral Bacteroides species were determined by HPLC, after
extraction with diethyl ether-sodium hydroxide®®. The chromatographic profiles were
typical of the individual species examined: Bacteroides gingivalis produced phenyl-
acetic and p-hydroxyphenylacetic acids, Bacteroides intermedius produced major
amounts of succinic and formic acids. These results indicate that the application of
HPLC to the determination of the organic acids produced by oral Bacteroides is very
useful for classifying these bacteria. The capacity factors of the carboxylic acids of
a standard mixture under the same chromatographic conditions as described in ref. 39
are reported in Table 1. The chromatographic profiles of acidic end-products from two
Bacteroides species are shown in Fig. 1.

The production of volatile and non-volatile fatty acids has been revealed with an
Aminex column, for the rapid identification of Clostridium, Bacteroides, Fusobac-
terium, Peptostreptococcus, Peptococcus, Veillonella and Propionibacterium species*®.
The results illustrated the usefulness of HPLC in determining acidic end-products as
an additional means for rapid differentiation between closely related anaerobic
bacterial species. Pyruvic and malonic acids were found in some species of all the
genera with the exception of Fusobacterium. Butyric acid was produced by all the
species of Clostridium, Fusobacterium, Peptococcus, Peptostreptococcus and Veil-
lonella. Butyric acid was most often detected when Clostridium or Fusobacterium

TABLE 1|

CAPACITY FACTORS OF CARBOXYLIC ACIDS IN THE HPLC ANALYSIS OF A STANDARD
MIXTURE

Chromatographic conditions: column, Aminex HPX-87H (30 cm x 7.8 mm 1.D.); mobile phase, 3.5 1073
M sulphuric acid—10.8% acetonitrile; flow-rate, 0.4 ml/min; detector, spectrophotometer at 210 nm and 0.08
a.ufs.

Carboxylic acid kK Carboxylic acid k'

Oxalic 0.122 Propionic 1.677
a-Ketoglutaric 0.433 Isobutyric 1.933
Pyruvic 0.555 Butyric 2.111
Malonic 0.622 Isovaleric 2411
Methylmalonic 0.755 Valeric 3.000
Succinic 0.788 p-Hydroxyphenylacetic 3.222
Lactic 1.000 Isocaproic 3455
Fumaric 1.233 Caproic 4.422
Formic 1.288 Phenylacetic 5.011

Acetic 1.366
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Fig. 1. HPLC of short-chain acids produced by (a) Bacteroides gingivalis and (b) Bacteroides endodontalis.
X = solvent and non-adsorbed components. Acids: Py = pyruvic; S = succinic; L = lactic; Fu = fumaric;
A = acetic; P = propionic; iB = isobutyric; B = butyric; iV = isovaleric; HPA = p-hydroxyphenylacetic;
PA = phenylacetic. U = unidentified components.

species were present in blood cultures*'. Large amounts of phenylacetic acid were
produced by 75% of Bacteroides species; phenylacetic acid was produced also by a few
species of Clostridium and Fusobacterium. Large amounts of caprylic acid were
detected only in Clostridium tetani cultures. The detection of 4-methylvaleric acid in
stool specimens was proposed as a screening test to reveal Clostridium difficile
involvement in diarrhoeal disease*?*3. Although the presence of isocaproic acid is, in
principle, not sufficient to distinguish in vitro C. difficile from other Clostridia species
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which also produced this acid, the detection of isocaproic acid in vivo in patients
suffering from diarrhoeal disease can be considered a specific marker of the presence of
C.difficile.

Bacterial growth conditions, treatment of culture supernatants and operating
conditions employed by several workers®*®=40-4445 in the HPLC determination of
carboxylic acids from different bacteria are summarized in Table 2. Very important
factors are composition of the medium and incubation time. As these factors
significantly affect short-chain acid production by microorganisms*®48 it is difficult
to compare the results obtained by different workers. There is no universally accepted
ideal growth medium for microorganisms, which differ widely in their individual
growth requirements. For qualitative analysis the choice of a growth medium may be
important. As the proportions of individual products vary considerably during
growth, standard incubation times should be adhered to. Krausse and Ullmann*> used
a 48-72-h incubation time for anaerobes in Schaedler broth, while other workers used
24-48-h incubation in peptone-yeast extract-glucose broth®®:37. The use of a defined
medium can often solve the problem of media variability, but this is almost a “mirage”
in the case of fastidious microorganisms!®. Unfortunately, a synthetic medium with
a defined chemical composition for cultivating most anaerobic bacteria has not yet
been formulated by microbiologists. This drawback constitutes a limit to the whole
subsequent analytical procedure, including treatment of culture supernatant and
HPLC analysis. In our experience, the utilization of a synthetic medium originally
developed by Socransky et al.*® to cultivate Bacteroides gingivalis appears to be very
promising: chromatograms of spent cultures obtained on a yearly basis proved to be
virtually identical, as the relative standard deviation of individual acids ranged from
2 to 5% (unpublished results). Preliminary experiments with this type of medium
indicate that it can be successfully utilized to analyse other species of anaerobic
bacteria. From these considerations it appears that most of the efforts to standardize
growth conditions for HPLC experiments should be directed to the development of
a new synthetic medium capable of allowing the satisfactory growth of all anaerobic
species of clinical interest. Treatments of the culture supernatants prior to the HPLC
analysis differ from one another: single or double extraction procedures provide
different recoveries of the carboxylic acids and affect the final quantitative data. The
recoveries of selected acids in water extracted with diethyl ether were determined by
Adams er al.*®. The values ranged from 22% for pyruvic acid to 72% for isovaleric
acid. The recoveries of known concentrations of acids after double extraction with
diethyl ether-sodium hydroxide from water were determined by Corio et al.’°: the
values for volatile fatty acids decreased with increasing carbon chain length (from 40%
for acetic acid to 12% for isovaleric acid). This behaviour was opposite to that
mentioned above involving extraction with diethyl ether alone. These data indicate
that different extraction procedures can give rise to different results. The values for
non-volatile acids were in the range 32-36%, with the exception of succinic acid (15%).
As the yields for some acids were too low, it would be useful to examine alternative
methods, e.g., solid-phase extraction, for the sample treatment prior to HPLC
analysis.

The addition of acetonitrile to the mobile phase as an organic modifier
differentiates some HPLC procedures®’3° from the other methods listed. Changes in
acetonitrile concentration cause a shift in the retention time of some compounds. For
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example as the concentration of acetonitrile was decreased from 10.8 to 5%, as
described by Guerrant et al.®’, the retention times of fumaric and p-hydroxyphenyl
acetic acids increased more than those of other acids, facilitating the identification of
the former acids. Separation of the acids was optimized by adjusting the concen-
trations of sulphuric acid and acetonitrile in the eluent. The separation of some acids
which elute close together with 6.5 - 1072 M sulphuric acid alone (succinic-lactic,
fumaric-formic-acetic, p-hydroxyphenylacetic-2-methylvaleric, caprylic-phenyl-
acetic)*® could be optimized by manipulating the eluent pH, by adjusting the organic
modifier concentration and by changing the column temperature. The values of
column temperature and flow-rate employed by several workers cover wide ranges. It
is important to point out that it will be useful in the future to select optimum conditions
for each chromatographic variable. Standardization of the chromatographic con-
ditions will make it possible to compare the qualitative and quantitative data obtained
by different laboratories.

2.2. Substrates utilized by bacteria

A new approach that has proved useful for taxonomic and identification
purposes in clinical laboratories is based on establishing the utilization of a complex
mixture of defined substrates by bacteria.

2.2.1. Carbohydrates. An improved procedure for determining carbohydrates,
alcohols and organic acids in fermentation mixtures metabolized by intestinal
microflora has been described®!. A fermentation mixture containing four carbo-
hydrates was incubated at 37°C for 24 h. The compounds were separated on an
Aminex HPX-87H column with 0.028 M sulphuric acid. Effluents were monitored
with UV and RI detectors in series. The metabolic profiles for the fermentation of
glucose, fructose, lactose and sucrose by several intestinal microorganisms (Escheri-
chia coli, Klebsiella pneumoniae and Streptococcus faecalis) were characterized and
compared. The fermentation patterns indicated that all three microorganisms
produced acetic acid from the four sugars studied. Additionally, levulinic acid was
formed by E. coli and formic acid by S. faecalis. The sucrose fermentation pattern of E.
coli was different from those of the other three sugars. The concentrations of both the
sugarsmetabolized and theanalytes produced werecalculated. Allthreemicroorganisms
metabolized glucose to a higher degree than did the other three sugars.

The chromatograms for the fermentation of lactose by E. coli using RI or UV
detection were shown. When the 0- and 24-h samples were compared, a decrease in the
amount of lactose and an increase in the amounts of lactic, acetic, levulinic, isobutyric,
butyric and isovaleric acids were found.

The applicability of HPLC to the rapid identification of Bacteroides species has
been evaluated by analysing the effects of their glycosidase patterns on the
composition of a defined chemical medium after aerobic incubation’2. The defined
chemical medium contained six carbohydrates and lyxose was added as an internal
standard. Each Bacteroides isolate was inoculated into the medium and incubated at
37°C for 1 h. After centrifugation, the supernatants were injected into an Aminex
HPX-87H column to determine carbohydrates and acid metabolic products. Bac-
teroides fragilis metabolized some carbohydrates (raffinose, lactose, glucose) and
produced seven new peaks (B-H). Peaks B and C were identified as succinic and lactic
acid, respectively. The production of peak H was a metabolic feature of B. fragilis,
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TABLE 3

CAPACITY FACTORS OF CARBOHYDRATES SELECTED FOR THE PREPARATION OF
CONTROL MEDIUM

Chromatographic conditions: column, Aminex HPX-87H (30 cm x 7.8 mm 1.D.); mobile phase, 3.5 10~3
M sulphuric acid; flow-rate, 0.4 ml/min; detector, spectrophotometer at 196 nm and 0.04 a.u.f.s.

Carbohydrate k' Carbohydrate k'
Raffinose 0.088 Galactose 0.544
Cellobiose 0.188 Xylose 0.555
Trehalose 0.188 Rhamnose 0.588
Maltose 0.200 Lyxose 0.622
Lactose 0.222 Arabinose 0.733
Glucose 0.422 Salicin 1.655
Mannose 0.522

which could be distinguished from the other Bacteroides species. The capacity factors
of carbohydrates to be selected for the preparation of control medium under the same
chromatographic conditions as described in ref. 52 are reported in Table 3. The HPLC
profiles of both the defined chemical medium and Bacteroides thetaiotaomicron
supernatant after aerobic incubation are shown in Fig. 2.

Polystyrene-divinylbenzene cation-exchange resins with a metallic counter ion
and water as the eluent proved useful for the separation of carbohydrates, whereas the
hydrogen form with an acidic eluent was employed for carbohydrate®33% and organic
acid analysis®”->®, HPLC separation of carbohydrates, alcohols, aldehydes, ketones
and carboxylic acids on a cation-exchange resin in the hydrogen form was described by
Pecina et al.>®. The chromatographic behaviour of 63 substances of the above classes
on an HPX-87H column was investigated. The effects of column temperature on the
capacity factors of the examined compounds were described. The column temperature
appeared to be a very important parameter for optimizing the separation of these
substances. Optimized separations of carbohydrates, acids, aldehydes, ketones and
alcohols were described. Operating conditions for the HPLC separation of monosac-
charides and disaccharides were reviewed by Robards and Whitelaw°.

2.2.2. Amino acids. In a study of numerous species of Clostridium®!, the isolated
strains were inoculated into a chemically defined medium, containing primarily ten
amino acids, and incubated aerobically at 37°C for 1 h. After centrifugation, the
supernatants were derivatized with o-phthalaldehyde for 1 min in the presence of
saturated boric acid. Samples were injected into an Ultrasphere-ODS column and
effluents were monitored at 340 nm by spectrophotometry. Elution was performed
with 30 mM sodium phosphate (pH 6.5), programming a 25-70% methanol gradient.
The total time required for chromatographic analysis was ca. 50 min. A chromatogram
of the medium after incubation with Clostridium sordelii showed that this micro-
organism metabolized many of the components of the control medium and produced
seven new peaks (A-G). The chromatographic profile showed both the utilization of
defined substrates (as demonstrated by the elimination of the peak corresponding to
an amino acid) and the appearance of new peaks corresponding to compounds
produced by the metabolism of the amino acids contained in the medium. Multiple
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Fig. 2. HPLC profile of (a) the defined chemical medium and (b) Bacteroides thetaiotaomicron supernatant
after aerobic incubation. Raf = Raffinose; Lac = lactose; Glc = glucose; Man = mannose; Ara =

arabinose; Sal = salicin; internal standard (I.S.) = lyxose; peak C = latic; D = acetic; F = isobutyric;
G = butyric.

isolates of various Clostridium species gave consistent patterns of medium utilization
that could be used for identification. Clostridium sordelii was the only indole-positive
tClostridium species that produced peak D and also a very large peak E. These features
can be used for distinguishing Clostridium sordelii from the other clostridial species.
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Harpold and Wasilauskas®? evaluated HPLC for the rapid identification of
obligately anaerobic Gram-positive cocci by using the same method as described
above. Chromatograms of a derivatized P. anaerobius supernatant and of a derivatized
G. anaerobia supernatant after 1 h of incubation were shown. Medium utilization
indices for Peptostreptococcus species (micros, magnus, anaerobius asaccharolyticus,
prevotii) and Staphylococcus saccharolyticus were calculated. P. magnus utilized only
serylleucine. P. anaerobius utilized serine, alanine, serylleucine, phenylalanine and
leucine. A scheme for identifying Gram-positive anaerobic cocci was proposed on the
basis of the differential utilization of some amino acids (phenylalanine, histidine,
serine).

These positive experiments prompted Radin et al. ®3 to apply this method to
Bacteroides species. Some profiles representative of the most significant species,
belonging to the B. fragilis group were shown. Even if the metabolic activities involved
in the amino acid utilization appear to be much more reduced for Bacteroides than
Clostridium, it was possible to propose a scheme which affords the correct identifi-
cation of the examined microorganism within about 2 h. It is important to emphasize
that, for the species belonging to the B.fragilis group, incubation can occur in
aerobiosis and the time of incubation can be reduced to 30 min. In conclusion, one can
say that this identification approach is rapid and reliable. The capacity factors of
amino acids under the same chromatographic conditions as described in ref. 63 are
reported in Table 4.

The operating conditions employed in the HPLC determination of different
substrates (carbohydrates and amino acids) and their metabolic end-products by
several bacterial species are summarized in Table 5.

2.3. Perspectives of HPLC in diagnostic bacteriology

The application of instrumental chromatographic techniques for diagnostic
purposes has extensively involved the GC analysis of biological fluids from different
areas of the human body. A chromatographic profile might be valuable if it
demonstrated that the disease process was originally infectious or non-infectious.
Brooks!® pointed out that the direct analysis of biological fluids is the ultimate goal in

TABLE 4

CAPACITY FACTORS OF AMINO ACIDS IN THE HPLC ANALYSIS OF DERIVATIZED
UNINOCULATED CONTROL MEDIUM

Chromatographic conditions: column, Ultrasphere-ODS (15 cm x 4.6 mm 1.D.); mobile phase, gradient
from 25 to 70% methanol in 30 mAM sodium phosphate (pH 6.5); flow-rate, | ml/min; detector,
spectrophotometer at 340 nm,

Amino acid k' Amino acid k'

Asparagine 3.391 Alanine 11.43
Serine 4913 Tryptophan 14.73
Glutamine 6.043 Valine 15.30
Histidine 6.304 Phenylalanine 15.73
Glycine 8.695 Leucine 17.39

Arginine 9.130 Lysine 19.26
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the GC identification of a specific infectious disease. Many pathogenic micro-
organisms that grow slowly or with difficuity might be identified so that a more
appropriate therapy could be started much earlier.

The use of HPLC for the analysis of clinical specimens presents some technical
drawbacks in comparison with GC. There is a pitfall in the direct injection of biological
samples, owing to the possibility of clogging the capillary which connects the injector
to the analytical column. In contrast, samples subjected to filtration, extraction with
organic solvents or concentration by solid-phase extraction are suitable for HPLC
analysis.

The identification of components present in biological fluids is a much more
demanding task than identifying metabolites produced by microorganisms in spent
culture media. In fact, clinical specimens, in most instances, are difficult to obtain,
whereas the amount of spent culture media is usually unlimited. The types of
components found in pathological body fluids are often less predictable than
metabolites produced by bacteria in spent culture media. The components detected in
biological fluids may derive not only from the metabolism of the infecting micro-
organism but also from the host response to infection. Determining reproducible
HPLC profiles from various sources will provide specific information that will help in
identifying a particular disease.

While many reports have dealt with the use of GC for diagnostic purposes,
application of HPLC to the analysis of clinical specimens are limited to only a few
specific cases.

HPLC has been used for the determination of histamine and other biological
amines in sputum samples from patients with asthma, pneumonia, chronic bronchitis
and cystic fibrosis®*®3. Separation was performed on a Spherisorb 3 ODS column
with 0.2 M sodium acetate and tetrahydrofuran (75:25), adjusted to pH 5.1 with
hydrochloric acid. Detection of the o-phthalaldehyde-derivatized amines was achieved
using a fluorescence spectrometer (emission at 430 nm and excitation at 350 nm). The
results of HPLC analysis strongly supported the hypothesis that bacteria might
contribute to the presence of histamine in sputum from patients with infective lung
disease. Sputum bacteriology for both chronic bronchitis and cystic fibrosis samples
revealed the presence of Pseudomonas aeruginosa, Haemophilus influenzae and
Staphylococcus aureus, together with anaerobic species in the former disease and H.
influenzae in the latter®>.

Another very interesting application of HPLC in clinical bacteriology is in the
analysis of gingival crevicular fluid, which is considered a promising medium for the
detection of chemical markers of periodontal disease activity®®. Gingival crevicular
fluid contains a large number of components derived not only from the host tissues but
also from the sub-gingival bacterial plaque; hence a wide range of molecules may be
evaluated as potential markers. The metabolism of sugars and amino acids by the
microbial community in periodontal pockets produces an array of both acidic and
basic end-products. The concentration of acidic metabolites in sub-gingival plaque has
been evaluated to be in the millimolar range. The aim of this approach was to provide
the clinician with a rapid and sensitive means of diagnosis of active periodontal
breakdown. The detection of a characteristic end-product profile and/or of a specific
marker in clinical samples can be utilized to indicate the presence of both a quiescent or
active microflora in the infected site. The limitation of this approach is that only



C. LUCARELLI et af

428

79 wu gy ‘AN I — [ouBylaUW % 0.L-$T SAoO-amydsen|n SpIoe outuy sn220203daaisordog
19 wa ope ‘AN I - [ouByIdW %0L-ST SAo-a1aydsenin Spioe ouury WnIpLIsoLy
43 wu 961 ‘Af £0 07 YOSH W ¢-01 -$'€ HL8-XdH xoumuy  sajeiplyoqre) Sipdvif g
sypravf S

IS ™+ AN 14 YOS™H A 8200  HL8-XdH Xoulwy  sajerpAyoqie)) ‘ovuownoud -y ‘1102 g
65 &1 Lo 0L YOS*H WS000  HL8-XdH Xounuy - -

(unafpu) D)
Joy 140112212 21D4-M0, anjpaadiua asoyd aj1qo uwnjo, aipaisqn D14210D,

d 14 L Ya ojiqo W 10D qns q

SAIDddS TVIYALOVE TVIIATS 04 SALVILSENS 40 NOILVNIWYTI LA O1dH dHL NI SNOILIANOD DIHdVIDOLVINOYHO

S dT1dVL



HPLC IN BACTERIOLOGY. L. 429

(sub)microlitre amounts of gingival fluid can be retrieved; this means that analytical
techniques requiring both minimum sample handling and detection of these metab-
olites in a single run, must be used. Detection methods have been developed, using
HPLC®’, luciferase-linked enzyme assays®®, GC®° and isotachophoresis’®. The use of
HPLC is attractive as different classes of acids, including phenolic acids, can be
determined in a single analysis. However, the detection methods for bacterial
end-products, such as hydroxy acids, dicarboxylic acids and amines, at concentrations
present in gingival crevicular fluid, require considerable modification in order to be
useful in diagnostic laboratories. We are currently evaluating the potential of HPLC in
this area where detection of millimolar concentrations in sub-microlitre volumes is
necessary. Further improvements in HPLC technology will be necessary to determine
picomole amounts of most of these molecules. At present, electron-capture GC seems
capable of offering some advantages over the available HPLC procedures.

One of the features of HPLC is that, whereas selectivity is achieved in the
separation step on the analytical column, sensitivity and improved selectivity can be
achieved in the detection step. When comparing HPLC and GC analysis, the inherent
differences between the two methods affect the selectivity of the separation and of the
detection system. As far as the separation in GC is concerned, it is the volatility of the
compounds that determines the selectivity of the chromatographic procedure; on the
other hand, solubility of chemical compounds in the mobile phase is the major
determinant in HPLC. It should be noted that in HPLC the mobile phase can be
selected in such a way as to improve the solubility of the substances under study and
therefore to increase selectivity. A similar flexibility is achieved in GC by selecting
a polar or non-polar stationary phase from a wider array of commercially available
types. In terms of detectors, both GC and HPLC present the possibility of using
different detection systems. Mass spectrometric, photodiode-array, fluorescence,
electrochemical and electron-capture detectors all improve selectivity, facilitating peak
identification; when applying these techniques, peak identification is not based solely
on retention times.

The type of detector to be used should be selected according to the amounts of
the substances to be analysed and the nature of the compounds to be determined. In
general, UV and fluorescence methods are suitable for the more sensitive detection of
substances, e.g., from nanomoles to 10 pmol. As not all substances show UV or
fluorescence properties, chemical derivatization can be used to obtain these properties
to increase the sensitivity”!~77. An example is most aliphatic acids, which are normally
detected at the millimole level only, whereas their detection limit can reach the
nanomole level when they are derivatized. Labelling of substances with reagents that
afford structures with UV bands is the most popular means of derivatization. Phenyl,
p-bromophenacyl bromide, 2-naphthacyl bromide and other types of reagents for
precolumn labelling of carboxylic acids have been reported’8:7°.

The application of labelling procedures to bacterial metabolites could improve
the HPLC analysis of biological fluids from different sources, as suggested by the
results of Tsuchiya er al.®°. They determined the fatty acid composition of
phospholipids from several oral Streptococci, following derivatization with a fluo-
rescent reagent (4-bromomethyl-7-acetoxycoumarin). These results showed that the
HPLC method was at least 500 times more sensitive than GC with flame ionization
detection but less sensitive (50%) than GC with electron-capture detection. By
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analogy, the application of similar labelling procedures to the HPLC analysis of
bacterial metabolites in biological fluids could provide sensitivity comparable to GC
with frequency pulse-modulated electron-capture detection as proposed by Edman
and Brooks* for the diagnosis of infectious diseases. All these considerations suggest
that HPLC is potentially useful in bacteriological laboratories, especially for the
diagnosis of anaerobic infections.

3. BACTERIAL FERMENTATIONS

An important application of HPLC procedures is the monitoring of bacterial
fermentations during the industrial preparation of various food products (beer, wine,
cheese, yogurt, sauces). Qualitative data are often sufficient for these applications;
however, HPLC analysis carried out under controlled conditions can provide excellent
quantitative data.

The chromatographic profile of a sample of soya sauce obtained from a mixed
fermentation, including Lactobacilli, yeasts and fungi, was considered a useful
indicator of product integrity and stability. A peak present in the final part of the
chromatogram was assigned to benzoic acid, an additive commonly employed for the
storage of some food products®®.

4. METABOLITES ASSOCIATED WITH THE PURINE AND PYRIMIDINE PATHWAYS

The biological importance of purine compounds is emphasized by their
occurrence in nucleic acids and their participation in biosynthetic reactions involving
nucleotides. A number of methods for the HPLC analysis of free bases, nucleosides
and nucleotides has been published. Isocratic separations on ion-exchange columns®*
have proved to be more time consuming than analyses performed by reversed-phase
HPLC82:83, Mechanisms of RP-HPLC retention, structure-retention relationhips of
purines and pyrimidines in reversed-phase systems, effects of mobile phase on purine
and pyrimidine retention characteristics and ion-pairing techniques were reviewed by
Scoble and Brown®*. The roles of the mobile phase parameters pH, organic modifier
and ionic strength were examined in reversed-phase chromatographic systems®>.

As the retention times of purines are highly affected by changes in pH using
reversed-phase systems®®, various pH values of potassium phosphate buffers were
tested in an HPLC separation of purines (adenine, 6,8-dihydroxypurine, 2-hydroxy-
purine, hypoxanthine, purine, uric acid, xanthine) and their anaerobic and aerobic
degradation products (4-ureido-5-imidazolecarboxylic acid, 4-amino-5-imidazolecar-
boxylic acid, 4-aminoimidazole, formiminoglycine, allantoin, ureidoglycolate) using
UV detection at 205 nm8’. The best resolution of purines and their anaerobic
degradation products was achieved at pH 3.7, whereas the separation of uric acid and
its aerobic degradation products was achieved at pH 3.1.

Interesting applications have involved the determination of the pathway of
purine degradation by Clostridium purinolyticum®”-®8, the study of the metabolism of
a xanthine drug by microorganisms®® and the determination of ribonucleoside
triphosphates in Escherichia coli®®. The degradation of purines by aerobic micro-
organisms starts from uric acid by a pathway yielding allantoin, allantoic acid,
ureidoglycolate and finally urea and glyoxylate®!. HPLC was used to determine the
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pathway of adenine degradation by Clostridium purinolyticum, a species of obligate
purine-fermenting bacteria®?. The decomposition of adenine by cell-free extracts of C.
purinolyticum, was found to proceed via hypoxanthine, xanthine and imidazole
derivatives. The strict dependance on selenium compounds for the growth of this
anaerobic species was thought to be due to the presence of some selenoenzymes which
have key functions in the catabolic breakdown of purines and energy generation®3,
The possibility of a purine ring cleavage in the imidazole moiety yielding pyrimidine
derivatives has been investigated®®. C. purinolyticum decomposed uric acid via
pyrimidine derivatives under selenium starvation conditions, producing acetate,
formate, glycine, ammonia and carbon dioxide. The results of the HPLC deter-
mination of uric acid, 4,5-diaminouracil and 6,7-dimethyllumazine®® showed that
under selenium starvation conditions an alternative pathway is used for uric acid
decomposition. The discovery of the new pathway led to the speculation that some sort
of diabetes, induced by the pyrimidine alloxan®*, might be due to a microbiological
origin of this compound.

An HPLC method has been developed for the determination of pentoxifylline
and its major metabolites in microbial extracts®®. Pentoxifylline is widely used in the
treatment of patients with cerebrovascular and peripheral vascular diseases®>. Seven
metabolites of pentoxifylline have been identified in mammals, including man®®; the
major metabolites are a secondary alcohol and two carboxylic acids®”. The strategy of
microbial models of mammalian metabolism®® was planned to seek microorganisms
that metabolize pentoxifylline in a manner similar to mammals. The developed
procedure was used for investigating the metabolism of pentoxifylline by Nocardia
corallina. Initial extraction of acidified media with dichloromethane-2-propanol (4:1)
was required. HPLC with a methanol-0.02 M phosphoric acid (pH 5.0) (3:7) mobile
phase and UV detection at 275 nm permitted detection of ug/ml concentrations of the
xanthine compounds. This technique was previously used to determine pentoxifylline
and secondary alcohol metabolite in plasma®® and carboxylic acid metabolites in
urine!°°,

A correlation between the accumulation of pyrophosphate and the increased
level of ribonucleoside triphosphates in Escherichia coli in the presence of some
inhibitors (6-azauracil, 6-mercaptopurine, 5-fluorouracil and hydroxyurea) of nucleic
acid synthesis was demonstrated by Kukko and Kallio®°. Ribonucleoside triphos-
phate concentrations were determined by HPLC using isocratic elution with 0.2
M sodium phosphate (pH 6.0)-0.025 M tetrabutylammonium hydroxide-10%
methanol and detection at 260 nm.

The results obtained in the applications mentioned above indicate that
reversed-phase HPLC can be useful not only for monitoring the activities of
purine-metabolizing enzymes but also for studying the metabolism of purine drugs.
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6. ABSTRACT

The chemotaxonomic approach to the identification of pathogenic bacteria for
clinical purposes is surveyed. Primary interest is focused on the applications of HPLC
to the determination of metabolic products from anaerobic bacteria. The use of HPLC
is attractive as different classes of short-chain acids can be determined in a single
analysis. Chromatographic conditions are extensively described, emphasizing the
effects of changing variables on the HPLC profiles of analytes. The application of
labelling procedures to bacterial metabolites can markedly increase the sensitivity of
the analysis of pathological fluids. HPLC appears to be potentially useful in clinical
bacteriology for the diagnosis of anaerobic infections.
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