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Exopolymers from a diverse collection of marine and freshwater bacteria were characterized by pyrolysis-
mass spectrometry (Py-MS). Py-MS provides spectra of pyrolysis fragments that are characteristic of the
original material. Analysis of the spectra by multivariate statistical techniques (principal component and
canonical variate analysis) separated these exopolymers into distinct groups. Py-MS clearly distinguished
characteristic fragments, which may be derived from components responsible for functional differences
between polymers. The importance of these distinctions and the relevance of pyrolysis information to
exopolysaccharide function in aquatic bacteria is discussed.

Bacterial exopolymers are important in the interaction
between bacteria and their environment. The ecological role
of these exopolymers is related to their chemical structure,
about which there is inadequate knowledge. In the limited
number of bacterial exopolymers that have been character-
ized, the most common sugar residues are the hexoses with
O-acetyl or pyruvate ketal groups as common substituents
(39). In addition, some exopolymers also contain amino
sugars (e.g., D-glucosamine), sugar acids (e.g., D-glucuronic
acid), or sugar phosphates (39). Phosphate, carboxyl, car-
boxylic acid, and cis-hydroxyl residues interact readily with
both inorganic and organic compounds. For example, there
is an extensive literature describing the complexation of
bacterial exopolymers with metals (recently summarized by
Geesey and Jang [21]).

Exopolymers from a number of environmental isolates
have been partially characterized, e.g., activated sludge
bacteria (15, 40), marine bacteria (8, 45), soil bacteria (3, 13),
and a freshwater sediment bacterium (34). The picture that
has emerged is that exopolymers from environmental iso-
lates are chemically diverse. Furthermore, it is known that
culture conditions and growth phase directly affect compo-
sition (12, 41, 45) as well as quantity of exopolymer pro-
duced (38, 43).

As a result of this chemical complexity, bacterial exopoly-
mers from environmental isolates are inadequately charac-
terized despite the fact that they are central to many aquatic
processes. They form the structural component of microbial
films and mediate in aggregate formation. We have previ-
ously studied the interaction between bacterial exopolymers
and metals, primarily in the area of biocorrosion (17-19).
Further elucidation of this relationship would be aided by
application of rapid simple characterization methods for the
exopolymers. This paper describes the use of pyrolysis-mass
spectrometry (Py-MS) in this way in the study of bacterial
exopolymers. This technique has previously been used to
characterize whole-cell preparations of several bacteria.
These include investigations of Bacillus spp. (5, 36), Esche-
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richia coli (24, 44), Neisseria gonorrhoeae (7), and a number
of mycobacteria (31, 42). Py-MS information on environ-
mental isolates is, however, extremely scarce. Donnison et
al. (14) have used Py-MS to characterize 44 Thermus strains.
Py-MS has seldom been applied to bacterial products. The
exceptions include characterization of the capsular polysac-
charide of Neisseria meningitidis (28), cell walls and isolated
cell wall polymers from Bacillus subtilis (5), and metabolites
from a culture of Bacteroides gingivalis (6). In this study, we
describe the Py-MS characterization of exopolymers from a
diverse collection of aquatic bacteria isolated from marine
and freshwater habitats.

MATERIALS AND METHODS

Bacteria and growth media. Our choice of bacterial cul-
tures was based on previous research that has shown that
exopolymers of closely related bacteria may be functionally
very different (17, 18). We have chosen bacteria that produce
exopolymers previously shown to be important in bacteri-
um-metal ion interactions (18). Thermus aquaticus (ATCC
25104) and Deleya marina (ATCC 25374) were obtained from
the American Type Culture Collection (Rockville, Md.). 7.
aquaticus was grown at 65°C in dilute Castenholtz medium
(10) containing 0.025% yeast extract and 0.025% tryptone.
D. marina was grown in defined minimal medium with
glucose as the carbon source (1). In addition, a bacterium
isolated from hot shower water, tentatively identified as a
Thermus sp. (20), was also grown on the dilute Castenholtz
medium.

As part of a large project on metal transformation and
cycling, a number of bacterial isolates have been obtained
from a large lake in Mexico (Lake Chapala). This lake is
unique because of physical characteristics that promote
continual suspension of clay-microbe aggregates (29). It is
thought that microbial exopolymers in these aggregates are
important sorbents for toxic metals. These isolates have
been grown and maintained in a medium containing 1 liter of
H,O0, 1 g of peptone, 0.5 g of yeast extract, 0.1 g of glucose,
0.1 g of K,HPO,, 0.25 g of CaCl,-2H,0, 0.2 g of
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MgSO, - 7H,0, 0.1 g of CaCO,, 0.1 g of NH,NO;, and 0.12
g of Tris buffer (pH adjusted with NaOH to 8.7).

Preparation of exopolymers. Media for exopolymer harvest
cultures were prefiltered through a ca. 5,000-molecular-
weight filter in a stirred ultrafiltration cell (Amicon, Danvers,
Mass.) to remove potential high-molecular-weight contami-
nants. Batch cultures that had reached stationary phase (and
during exponential phase for D. marina culture B) were
centrifuged (20,000 x g for 20 min) to separate cells from
extracellular material, followed by filtration of the superna-
tant through sterile 0.2-pm-pore-size filters (25). The super-
natant was then precipitated with 3 volumes of 95% ethanol
at 4°C for 24 h. The precipitate was collected through
centrifugation and, after the ethanol was decanted, was
dissolved in 18 Mohm ultrapure water (Millipore Milli-Q
system) and dialyzed extensively (12,000- to 14,000-molecu-
lar-weight-cutoff Spectrapor cellulose dialysis tubing)
against 18 Mohm water to remove any remaining ethanol.
The solution containing the exopolymer was then lyophi-
lized.

Chemical analysis. Lyophilized exopolymer was dissolved
in ultrapure water (0.1 mg/ml) for chemical analyses. Ex-
opolymers were assayed for protein with Coomassie blue
(9), hexose sugars were assayed by the anthrone method
(27), uronic acids were assayed by the m-hydroxydiphenyl
method (4), and cell wall components were assayed by the
thiobarbituric acid method for 2-keto-3-deoxyoctonoate (33).
The extent of intracellular contamination of the exopolymers
was estimated by the diphenylamine method for DNA (23).

Py-MS. Pyrolysis of bacterial exopolymers was carried out
as described by Goodacre and Berkeley (24) with an Horizon
PYMS 200X Pyrolysis Mass Spectrometer. Pyrolysis condi-
tions were as follows: curie point pyrolysis at 530°C for 4 s in
a vacuum; expansion chamber, valve, and collimating tube
at 150°C; ionization at 30 eV; separation in a quadrupole
mass spectrometer with a scan rate of 160 times at 0.35 s per
scan from initiation of pyrolysis. Four replicates of each
exopolymer were analyzed, and integrated ion counts at unit
mass intervals from 51 to 200 were recorded. In addition to
the bacterial exopolymers, commercially available polysac-
charides (starch, amylopectin, blue dextran, and glycogen)
were included for comparison. Sheep serum and a freeze-
dried Bacillus culture were also included as reference bio-
logical materials (36, 44).

Data analysis. Spectral information was subjected to prin-
cipal component and canonical variate analyses using GEN
STAT as previously described (24, 36). Data were initially
normalized to remove the effect of sample size difference,
followed by reduction to 50 characteristic masses. Principal
component analysis was then applied to assess reproducibil-
ity and clustering tendency and to reduce data for canonical
variate analysis. Canonical variate analysis further defines
distances between groups and is a form of discriminant
analysis based on imposition of an a priori group structure
(i.e., replicates) (24, 36).

To compare exopolymer chemistry in terms of fragment
ion peaks, cumulative percentages of carbohydrate, aliphatic
hydrocarbon, and protein fragments were calculated for
each exopolymer. The fragments chosen were as follows and
are taken from a compilation by Moers et al. (32) that was
based on previous work (22, 30, 35): carbohydrate fragments
at mi/z 57, 60, 73, 85, 86, 114, 126, 128, 144; aliphatic
hydrocarbon fragments at m/z 57, 69, 71, 83, 85, 97, 99, 111,
113; protein fragments at m/z 56, 64, 69, 80, 81, 83, 92, 97,
100, 117. Information on specific fragments is given in the
above references; for example, m/z 64 is indicative of sulfur
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TABLE 1. Chemical composition of the exoploymers from seven
bacterial isolates from Lake Chapala, Mexico

Concn (pg/mg [dry wt])?

Isolate
DNA  Carbohydrates  Uronic acids KDO  Protein

Chapala

1 BD 385 BD BD BD

2 BD 345 BD BD 20

3 BD 275 BD BD 10

4 BD 450 BD BD 21.5

5 BD 320 BD BD 11.4

6 BD 325 BD BD BD

7 BD 290 BD BD 13
T. aquaticus  BD 121 30 BD BD
Thermus sp. BD 621 20° BD BD
D. marina

A BD 29° 215 BD 18.3

B BD 14 26 BD BD

4 In all cases, exopolymer concentrations are 0.1 mg/ml. Detection limits:
DNA, 5 pg/ml; carbohydrate, 10 pug/ml; uronic acids, 2.5 pg/ml; KDO, 20
pg/ml; protein, 1 pg/ml. BD, below detection. ’

b Below accurate detection limit.

compounds and m/z 126 and 144 are indicative of hexose
sugars (32). It is important to stress that this analysis is
exploratory, as assignment of fragments must be tentative;
spectra may be derived from a number of different sources
(32). In addition, comparison of fragments is not a quantita-
tive measure of the precursor, as many other unassigned
fragments may be derived from that precursor. The compar-
ison is used to estimate relative differences between ex-
opolymers.

RESULTS AND DISCUSSION

Chemical analyses of the bacterial exopolymers show
gross differences in composition for some components.
However, these methods are too insensitive to provide
quantitative data, with considerable variation in percent
exopolymer composition being accounted for by the compo-
nents evaluated (4 to 64%; Table 1). For example, carbohy-
drate content of exopolymers from the Lake Chapala iso-
lates ranged from 27.5 to 45% of the material and protein
ranged from 0 to 0.22%. Uronic acids, KDO, and DNA
concentrations were below detection limits. The lack of
detectable DNA suggests an absence of contamination of the
exopolymer with intracellular components of the bacteria.
Uronic acid concentrations in D. marina and Thermus
exopolymers were close to the detection limit. Fazio et al.
(16) have previously shown that exopolymer from the marine
bacterium contains high quantities of galacturonic acid.
Representative pyrolysis mass spectra for the bacterial iso-
lates are shown in Fig. 1. The mass spectra provide signa-
tures for specific polymers that reflect their chemical com-
position. Mass fragments can be attributed to various
precursors (26, 30), keeping in mind that patterns of precur-
sors are not unambiguous since spectra can be derived from
more than one source (32). Patterns of precursors that are of
interest when examining bacterial exopolymers are carbohy-
drates, proteins, and aliphatic hydrocarbons. Specific mark-
ers for functional groups are also of interest. For example,
acetic acid (m/z 60), is thought to be the pyrolysis product of
acetyl groups (26).

Figure 2 shows a graphic representation of the first three
principal components of the exopolymer spectra. In this
analysis, we have included the D. marina and Thermus
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FIG. 1. Representative spectra from exopolymers of stationary-phase D. marina culture (culture A; A), T. aquaticus (B), and one Lake

Chapala isolate (isolate 4; C).
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FIG. 2. Principal component (PC) analysis of the mass spectra of a wide range of polysaccharides. X, D. marina (stationary); O, D. marina
(exponential); O . T. aquaticus: A, Thermus sp.; +, . % . V, O, Lake Chapala isolates (1 through 5); * O . starch; *A, amylopectin; *+,
blue dextran; *O, glycogen; * 3 . sheep serum; *V, freeze-dried Bacillus spp.

exopolymers, the first five Lake Chapala isolate exopoly-
mers, and the defined polysaccharides, together with refer-
ence materials. This analysis illustrates the degree of simi-
larity between the different exopolymers and shows
excellent reproducibility between replicates. Principal com-
ponents for the defined simple polysaccharides (starch,
amylopectin, blue dextran, and glycogen) are all relatively
closely grouped. In contrast, principal components of ex-
opolymers from marine and freshwater bacteria are widely
dispersed, reflecting their chemical diversity and complex-
ity.

Canonical variates were calculated for the seven Lake
Chapala isolates alone in order to compare the spectra of a
specific group of exopolymers (Fig. 3). This includes dif-
ferent preparations of the same exopolymers (a and b for
Chapala isolates 1, 2, 3, 4, and 5). Isolates 1, 2, and 7 showed
the closest chemical similarity. The first canonical variate
accounts for most of the variation between Chapala isolate 6
and the other isolates, whereas the third canonical variate
separates isolate 3 from the other isolates. Maximum disper-
sion of all the Lake Chapala isolates occurred along the
second canonical variate. The first canonical variate may be
explained primarily by differences in carbohydrate and ali-
phatic hydrocarbon fragments (Table 2). The total percent-
age of carbohydrate markers in Chapala isolate 6 exopoly-
mer was lower (13.6%) than for the other isolates (16.9 to
22.95%). The percentage of protein markers was approxi-
mately the same. However, the percentage of aliphatic
hydrocarbon markers was higher in isolate 6 exopolymer
(18.8% versus 14.3 to 16.6%). Considerable chemical differ-
ences therefore exist between exopolymers from bacteria
isolated from a relatively specific environmental system
(e.g., pH 8.9; 28). This lake has exceptionally high turbidity

(29), consisting of clay-microbe aggregates. These aggre-
gates may be important in binding and cycling toxic metals,
as has been shown in other systems (37). Bacterial exopoly-
mers show high specificity for particular metals (19). A more
complete understanding of the exopolymer chemistry from
Lake Chapala isolates may allow predictions for fate and
transport of specific metals in this system.

This technique allows us to clearly and reproducibly
distinguish chemical differences between exopolymers that
are indistinguishable by more conventional techniques.
Chemical techniques were found to be too insensitive, and
no obvious distinctions could be found when a number of
these exopolymers were evaluated with proton magnetic
resonance spectroscopy (13a).

Figure 4 shows difference spectra for the two paired
samples, the two thermophiles, and the exopolymers from
different growth stages of D. marina. Clearly, there are
considerable qualitative differences between the exopoly-
mers. Most noticeable for the two thermophiles is that T.
aquaticus exopolymer has consistently more pyrolysis frag-
ments of high mass number than Thermus sp. exopolymer.
For D. marina, exponential-phase exopolymer yielded more
pyrolysis fragments of high mass number. These results are
not surprising since differences in the pyrolysis spectra of
whole-cell cultures at different growth stages have been
reported (36) and chemical differences have been seen in
exopolymers from different growth stages (12, 41, 45). The
difference in percentage of both carbohydrate and protein
marker fragments was greatest between the two D. marina
exopolymers (Table 2). Apparently, there is a greater per-
centage of carbohydrate and protein in exponential-phase
exopolymer. These differences were not apparent in our
chemical analyses (Table 1). Carbohydrate was measured at
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FIG. 3. Canonical variate (CV) analysis of exopolymers from Lake Chapala isolates 1 to 7 (x, 0. Q. A, +, O, % . respectively).

close to the detection limit for both stationary- and exponen-
tial-phase exopolymers. However, this may be due to the
fact that polymers containing uronic acid are resistant to
quantitative hydrolysis (16).

Py-MS should prove a useful characterization tool for
bacterial exopolymers, providing an extremely specific and
reproducible fingerprint. The technique is extremely sensi-
tive, requiring only microgram amounts of material for
analysis. This is in contrast to techniques that are more
traditionally used to analyze complex organic materials,
such as proton magnetic resonance spectroscopy, which
requires several milligrams of sample (2, 11). In this study,
we have detected qualitative differences in exopolymer that
are not detected by proton magnetic resonance spectros-

TABLE 2. Cumulative percentage of carbohydrate, aliphatic
hydrocarbon, and protein markers for bacterial polysaccharides

% of markers?®

Isolate

Carbohydrate Hydrocarbon Protein
Chapala

1 17.62 19.55 16.57
2 22.95 19.47 14.43
3 17.92 18.43 16.44
4 19.70 19.36 15.23
5 16.85 19.94 16.43
6 13.60 19.31 18.79
7 19.94 18.64 14.89
T. aquaticus 15.99 19.28 18.04
Thermus sp. 19.15 17.12 15.59

D. marina
A 12.85 8.00 10.14
B 25.04 8.13 17.75

2 See text for markers chosen for analysis.

copy. Isolation of small quantities of this material is rela-
tively straightforward, allowing Py-MS to be used to char-
acterize unknown bacteria by their exopolymers. Attribution
of specific mass fragments to particular precursors requires
considerably more work. However, a data base for environ-
mental isolates from a given ecological system (e.g., Lake
Chapala) could readily be established, allowing for rapid
identification. Gutteridge (26) points out that there are tech-
nical difficulties involved in keeping a mass spectrometer
stable over a long time period. Because of this instability, it
is not possible to match exopolymer spectra with those in a
library. Identification of bacterial exopolymers by ‘‘opera-
tional fingerprints’’ using appropriate reference materials is,
however, possible.

Implications of Py-MS characterization for exopolymer
function are difficult to evaluate. Our research interest is in
the interactions between metal ions and bacterial exopoly-
mers. Certain functional groups such as acetyl (indirectly)
and pyruvate ketal groups (directly) are associated with
metal-binding function (17), and marker fragments have been
associated with these groups. Acetic acid (m/z 60) is found as
a pyrolysis product of acetyl groups (26). This marker
fragment is present in the exopolymers from all the Chapala
isolates and thermophiles. However, it is greatly reduced in
the exponential-phase D. marina exopolymer. Using an
equilibrium dialysis binding assay, Black et al. (unpublished
data) found significant binding of manganese to stationary-
phase exopolymer from D. marina but no binding to expo-
nential-phase exopolymer. A comparison has also been
made between the pyrolysis mass spectrum of pyruvic acid
and the D. marina spectra (17). In this work, we found that
pyruvic acid spectra correlated more closely with spectra
from stationary-phase exopolymer (Spearman-Rank correla-
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FIG. 4. Difference spectra between exopolymers from stationary- and exponential-phase D. marina (A), and T. aquaticus and an

unidentified Thermus sp. (B).

tion coefficient [r] = 0.70) than with those from exponential-
phase exopolymer (r = 0.27).
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