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Bacteria Are Not What They Eat: That Is Why They Are
So Diversetf
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Microorganisms in the environment encounter a varied and
not invariably benign diet. The primary suppliers of nutrients
for microorganisms are plants. Consumers such as fungi and
bacteria do not act singly and often offer plants a return on
their investment. Fixed nitrogen and scavenged minerals are
examples of specific contributions that microorganisms provide
plants as a payback for nutritional supply. Such relationships
require chemical specificity because microbial interlopers are
prepared to accept the reward without providing the return.
Chemicals or mixtures of chemicals can be produced by organ-
isms as either inducements or deterrents, and microorganisms
will vary in their response. So successful adaptation requires
ongoing shifts in chemical communication among plants and
microorganisms. As is true in the rest of biology, the illusion of
constancy is achieved at the cost of constant change. Evolu-
tionary acquisition must be accompanied by the capacity for
rapid revision of objectives.

Among the first to appreciate the nutritional versatility of
microorganisms was den Dooren de Jong (9) who classified
Pseudomonas isolates largely on the basis of the range of chem-
ical substrates that would support their growth. The capabili-
ties of these organisms were appreciated by biochemists who
saw in them a source of enzymes that challenged the conven-
tions of central metabolism. The swift adaptations of the or-
ganisms were of interest to physiologists who sought to under-
stand mechanisms governing synthesis of specialized enzymes
for catabolic pathways (38, 39). One of these physiologists,
Roger Stanier, recognized that scientific enthusiasm for the
traits of Pseudomonas in general had clouded appreciation of
the individual organisms that express these traits. If scientists
were to generalize about a trait that they had observed, it was
necessary to have a sense of what kind of organism expressed
the trait. The general capabilities of Pseudomonas are great,
but one organism, limited by its size and genetic information,
is obliged to be a specialist. Collections of specialists with
shared traits form taxa about which accurate predictions can be
made. By returning to taxonomy, the art of prediction of many
biological traits by observation of a few, Stanier saw the op-
portunity to define the individual subsets that form the collec-
tive whole of Pseudomonas and, as it turned out, beyond.

The landmark investigation of Stanier, Palleroni, and Dou-
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doroff (40) built upon the foundations established by den
Dooren de Jong and demonstrated more or less sharply de-
fined taxa. In retrospect, it is evident that taxonomy is a snap-
shot of evolution. Organisms build upon what went before, and
shaped by common ancestry and overlapping selective pres-
sures, groups of organisms formed taxonomic constellations
within the genus then known as Pseudomonas. Indeed, some of
the groups were sufficiently distinctive to warrant their subse-
quent assignment to separate genera such as Burkholderia and
Comomonas.

Among the bacterial strains in the original Stanier collection
were some that did not fit the morphological description of
Pseudomonas: these bacteria tended to be paired nonmotile
cocci, rather than the typical monoflagellate rods. This trait
alone warranted separate generic status, and Baumann was
able to classify the organisms in the genus Moraxella, now
known as Acinetobacter (3). The nutritional versatility of Acin-
etobacter matches but does not mirror that of Pseudomonas,
and Baumann was able to design procedures for specific selec-
tion of Acinetobacter strains from the environment. He showed
that the minimum population of these organisms in soil or
water samples is 10° viable cells/g, a demonstration of the
ubiquity of Acinetobacter in nature (2).

Molecular evidence, particularly 16S RNA nucleotide se-
quences, were in accord with separate generic assignments for
many of the organisms in the genus formerly known as Pseudo-
monas and revealed a startling paradox. Remaining members
of Pseudomonas, centered upon members of the fluorescent
group, contain 16S RNA quite similar to that of Acinetobacter,
and the latter organisms are placed in the Pseudomonas group
in the gamma subdivision of proteobacteria in the National
Center for Biotechnology Information taxonomy homepage.
Ribosomes aside, Pseudomonas and Acinetobacter are quite
different in morphology, motility, the G+C content of their
DNA, chromosomal organization, and as described below,
ecology.

In order to explore the discontinuities that separate bacterial
taxa, we have focused attention upon a single metabolic sys-
tem, the B-ketoadipate pathway. The pathway is widespread
among terrestrial microorganisms because it allows utilization
of growth substrates, such as aromatic and hydroaromatic com-
pounds, that are produced abundantly by plants. Central reac-
tions of the protocatechuate branch of the B-ketoadipate path-
way are shown in Fig. 1. The most thorough understanding of
the pathway in Pseudomonas and Acinetobacter has been ob-
tained with one representative from each group. Pseudomonas
putida PRS1, the type strain for the species, was used by Sta-
nier’s group to establish the biochemical outlines of the B-ke-
toadipate pathway (29) which subsequently has been the target
of numerous physiological and genetic investigations (21, 32).
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FIG. 1. Central reactions of the protocatechuate branch of the B-ketoadipate pathway in bacteria. Metabolic steps or sequences are represented by designations
for the associated genes. Plant products such as quinate and phenylpropenoid compounds (ferulate, caffeate, and coumarate) are metabolized to protocatechuate (in
the box with the thin black border). Enzymes encoded by the pca genes convert protocatechuate to common metabolites. The intermediate carboxymuconate (in the
box with the thick black border) is very toxic, and cells lacking a functional pcaB fail to grow when protocatechuate or metabolic precursors of this compound are added
to growth media. Secondary mutations preventing formation of carboxymuconate from aromatic compounds can be selected, which has facilitated genetic analysis of
vanAB, pobA, and pcaHG. Exposure of cells to high concentrations of protocatechuate also impedes growth, and characterization of strains resisting this toxicity led
to discovery of functions associated with the transporters VanK and PcaK in Acinetobacter. The B-ketoadipate transporter encoded by pcaT is found in fluorescent
Pseudomonas species and has no known counterpart in Acinetobacter.

Acinetobacter strain ADP1 (BD413) thus far has resisted sub-
classification within this taxonomically turbulent genus. Origi-
nally isolated by Juni, it was shown by him to be highly com-
petent for natural transformation (23), and further, he showed
that transformation of a #pE mutant of this strain yielded
prototrophs when any other member of the genus served as a
donor (22).

The genetic system developed by Juni has been of great

assistance in analysis of the B-ketoadipate pathway, and fur-
ther convenience has been provided by the evident toxicity of
carboxymuconate, the product of protocatechuate oxygenase
(Fig. 1). Mutations knocking out PcaB, the enzyme that acts
upon carboxymuconate, prevent the growth of cells with suc-
cinate if either protocatechuate or p-hydroxybenzoate (Fig. 1)
is added to the growth medium (17). Secondary mutations
blocking metabolism of these compounds allow growth with
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FIG. 2. Organization of genes for protocatechuate catabolism in P. putida and Acinetobacter. The structures of inducing metabolites are shown. Arrows indicate the
transcriptional activator genes pcaR and pcaU. They encode proteins that are similar in sequence and bind to similar operators, but the proteins respond to different

inducers.

another carbon source in their presence. Thus, strains lacking
PcaB have opened opportunities for analysis of mutants defec-
tive in catabolism of protocatechuate (8, 14), p-hydroxybenzo-
ate (10, 13), and their metabolic precursors (37; M. A. Smith,
G. Huang, D. M. Young, and L. N. Ornston, Abstr. 98th Gen.
Meet. Am. Soc. Microbiol. abstr. K-148, p. 350, 1998).

It is clear that Acinetobacter and Pseudomonas called upon
the same pool for genes for the B-ketoadipate pathway. Iso-
functional proteins from the two genera usually share amino
acid sequence identities of about 50% despite the fact that the
genes for these enzymes usually have diverged by more than
12% in the G+C content of their DNA. It is also clear that the
chromosomal organization of the respective sets of genes is
entirely different. Comparison of the pca gene order (Fig. 2)
shows that only three pairs of genes (pcall, pcaBD, and
pcaHG) retain the same configuration, and two of the pairs
(pcall and pcaHG) encode separate subunits of a single en-
zyme. Shuffling of the genes has been nearly maximized, al-
though their overall clustering is largely preserved. The selec-
tive benefit of the shuffling is unknown but would minimize
opportunities for recombination between homologous sets of
genes (16). It is possible that shuffling is favored at a point in
evolutionary divergence where the benefits of recombination
are outweighed by the detriments (24).

Acinetobacter and P. putida are also distinguished by the
metabolites they use to govern expression of the pca genes (5).

In Acinetobacter, all of the pca structural genes are in a single
operon that is expressed in response to protocatechuate (Fig.
2). Insofar as is known, the only P. putida genes expressed in
response to protocatechuate are pcaHG, the structural genes
for protocatechuate oxygenase. In contrast to Acinetobacter, P.
putida employs B-ketoadipate as a regulatory metabolite that
induces all of the enzymes in the protocatechuate pathway
except the oxygenase.

Among the P. putida genes is pcaT which has no known
counterpart in Acinetobacter. The function of pcaT is subtle,
and discovery of its activity emerged from a false premise
about the organization of the pca genes. The regulatory func-
tions of B-ketoadipate were known, and it seemed likely that
all of the pca genes save pcaHG formed a regulon that might
be expressed collectively in a constitutive mutant. B-Ketoadi-
pate was available, so it was possible to select for strains that
grew with the compound without an induction lag after trans-
fer from growth medium containing succinate. Demand for
growth with B-ketoadipate was unusual because Stanier (38,
39) had demonstrated that it did not readily permeate the cell
membrane. Slow growth with B-ketoadipate occurred, so it was
possible to select strains with the desired phenotype (33).

The presumed targets of the selection were pcall, genes for
the coenzyme A transferase that acts upon B-ketoadipate, and
the presumption was that shared regulation would cause con-
stitutive expression of pcaB, pcaC, and pcaD. Indeed these
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FIG. 3. Compartmentation of quinate catabolism in Acinetobacter. Mutations blocking both pcaK and vanK impede growth with quinate, and cells containing these
mutations accumulate protocatechuate in the growth medium. Thus, in accord with earlier suggestions, the initial steps in quinate utilization appear to take place on
the outer surface of the inner cell membrane. Not shown in the figure is shikimate which is catabolized directly to dehydroshikimate by QuiA. Compartmentation keeps
catabolic enzymes that act upon shikimate and dehydroshikimate physically separate from enzymes that must supply these compounds as biosynthetic intermediates

under all growth conditions.

three genes were expressed constitutively in the selected
strains, but mysteriously, pcall were not. What was the target
of the selection for rapid adaptation to B-ketoadipate as a
growth substrate? After some brooding, we entertained the
possibility that we had selected for constitutive expression of a
B-ketoadipate transport system, now known to be the product
of pcaT, and that this gene shared biosynthetic regulation with
pcaB, pcaC, and pcaD. This hypothesis required suspension of
disbelief because of the known permeability barriers to B-ke-
toadipate but was easily tested because adipate, available in
radiochemical form, is not utilized effectively by wild-type P.
putida (33).

Quite remarkably, the constitutive mutant strains, unlike
wild-type cells, rapidly and effectively concentrated radioactive
adipate. B-Ketoadipate was a strong competitive inhibitor of
the process, an observation compatible with the interpretation
that it was the natural substrate of the transport system now
known as PcaT. This conclusion has subsequently been con-
firmed by sequence evidence that pcaT is clustered with
other genes associated with the B-ketoadipate pathway in the
pcaTBDC operon of P. putida (21; G. W. Buck, Z. Guo, and
J. E. Houghton, Abstr. 98th Gen. Meet. Am. Soc. Microbiol.,
abstr. K-158, p. 352). These genes are separated from pcall in
the chromosome (Fig. 2).

A selective benefit from the B-ketoadipate transport system
is indicated by its broad distribution within the genus Pseudo-
monas (27), and we are left with the question of its function.
Permeability barriers preclude utilization of B-ketoadipate as a
robust growth substrate, so what is the contribution of a trans-
port system that concentrates the compound? Clues emerge
from the regulation of PcaT. Constitutive synthesis of the
transport system is strongly repressed by readily utilized
growth substrates such as succinate and acetate, and exposure
of cells to these compounds also inhibits the activity of PcaT
(28). Expression of PcaT in constitutive strains rises as cells go
into stationary phase and remains elevated for weeks in starved
cells. A deleterious consequence is that exposure of such cells
to the nonmetabolizable analog adipate kills them, presumably
as a result of the demand for energy to support gratuitous
transport activity (20).

The observed regulation of the activity of PcaT is consistent
with its function as a scavenging system used by starved cells to
assimilate B-ketoadipate from the environment. Since P. putida
is motile, the compound also may serve as a chemoattractant
for the bacteria. The implication that B-ketoadipate is a nutri-
ent for some bacteria in the environment was fortified by
observation that wild-type Bradyrhizobium spp. constitutively
express a high level chemoattraction system for B-ketoadipate
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FIG. 4. Frequent mutations causing loss or gain of vanK function in Acinetobacter. The gene acquired a homopolymeric G tract during its evolutionary divergence
from related transporters. Evidently slippage during replication can cause loss of a G residue from the tract. This mutation introduces a stop codon directly downstream
from the G tract. The deletion reverts readily, so most populations of the Acinetobacter cell line have a mixture of wild-type cells and cells containing the deletion

mutation.

(35). These slow-growing bacteria also constitutively express
pcall, genes for the enzyme that acts upon p-ketoadipate, at a
level comparable to that found in fully induced cultures of the
rapidly growing P. putida (33). In contrast, the possibility that
B-ketoadipate may serve as the sole nutrient for Acinetobacter
in the environment appears to be precluded by the fact that
growth of these bacteria with the compound as the sole carbon
source requires a mutation leading to constitutive expression
of genes with pcall activity (6).

At first glance, the toxic metabolite carboxymuconate might
seem to be an unlikely nutrient in the environment, but as with
PcaT, analysis of mutant P. putida strains revealed an inducible
transporter for the compound (26). The notion that car-
boxymuconate supports the growth of microorganisms in the
environment is fortified by the observation that members of
the genus Comomonas grow with carboxymuconate which is
not formed by these bacteria during growth with protocat-
echuate (30).

The motility of P. putida yielded the first evidence for a
biological function associated with a member of what has
grown to be a large family of transport proteins associated with
the B-ketoadipate pathway. Mutations blocking attraction of P.
putida to p-hydroxybenzoate were demonstrated to be in pcaKk,
a gene with sequence matching that of known transport pro-
teins. The mutations also reduced transport of p-hydroxyben-
zoate into the cells, although it was necessary to elevate the pH
in order to demonstrate this effect in the laboratory. At lower
pH, the transport system may facilitate growth with low levels
of p-hydroxybenzoate (19).

The sequence of P. putida pcaK closely matches that of an
Acinetobacter gene also designated pcaK, and each gene is
linked to other genes associated with protocatechuate catabo-
lism (Fig. 2). The Acinetobacter gene was blocked fortuitously

by the ApcaBDKI1 deletion designed to cause intracellular ac-
cumulation of carboxymuconate from protocatechuate (17,
18). As indicated in Fig. 1, the mutation prevents growth of
Acinetobacter in the presence of p-hydroxybenzoate or proto-
catechuate and has been useful in analysis of genes required
for the first steps in catabolism of these compounds. A differ-
ent pattern emerged when the mutant cells were exposed to
quinate (Fig. 1) and succinate. Numerous small colonies
emerged on this medium, but contrary to expectation, none of
the mutations in these colonies mapped in the region contain-
ing genes known to be required for quinate catabolism (11).
Upon further investigation, it became evident that the muta-
tions were in a chromosomally distant region containing van
genes associated with demethylation of vanillate to protocat-
echuate (37).

The van genes are unstable. This conclusion emerged from
characterization of Acinetobacter ApcaBDKI secondary mu-
tants which grew with succinate in the presence of protocat-
echuate. As expected, such cells usually were blocked in
pcaHG, the structural genes for protocatechuate oxygenase
(14). Unexpectedly, about 20% of these cells contained addi-
tional mutations preventing conversion of vanillate to proto-
catechuate (37). This fostered the interpretations that proto-
catechuate is somewhat toxic in its own right and that
inactivation of van genes helped to protect cells against pro-
tocatechuate that had been provided in the growth medium.
The premise that the van genes are genetically unstable was
fortified by characterization of the genes from strains that had
acquired spontaneous defects in vanA4B, the structural genes
for vanillate demethylase. The genes proved to be susceptible
to deletions and rearrangements to which two recently char-
acterized mobile elements, 1S71236 and Tn5613, contribute.
Any Acinetobacter population of significant size contains
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strains blocked in vanillate demethylation. Such cells are bio-
reactors that convert the common environmental chemical
ferulate to vanillate (37).

Near vanAB in the Acinetobacter chromosome are two genes
that, on the basis of sequence comparisons, appear to be as-
sociated with transfer of exogenous compounds into the cell.
One of the sequenced genes matches known porins. The other,
directly upstream from the putative porin, is vanK, which is
closely related to pcaK, mucK, and benK, other genes for trans-
porters known to be associated with the B-ketoadipate path-
way. Mutants blocked in the transporters encoded by vanK and
pcakK are severely impeded in their ability to grow with quinate,
and such cells accumulate protocatechuate in the medium
when exposed to quinate. Restoration of wild-type vanK or
pcakK to such cells restores their ability to grow with quinate
().

These findings are consistent with the interpretation that the
first three steps of quinate metabolism, conversion of quinate
to protocatechuate, take place on the outer surface of the inner
cell membrane (Fig. 3). This allows compartmentation of cat-
abolic enzymes that act upon shikimate and dehydroshikimate
so that these biosynthetic intermediates do not trigger their
catabolism in the absence of an exogeneous supply. The cells’
response to protocatechuate also depends upon how it is sup-
plied. Low concentrations of the compound can support vig-
orous growth, and the organism forms two transport systems
(PcaK and VanK) which can move the molecule into the cell
under these circumstances. Transcriptional regulation of pcaK
and pcaHG is unified (Fig. 2), so the transport activity of PcaK
is balanced with the activity of the enzyme that removes pro-
tocatechuate as it enters the cell.

A different kind of balance is achieved with vanK (7). Most
spontaneous mutations inactivating this gene abbreviate a ho-
mopolymeric G tract within vanK by one residue (Fig. 4).
Reversion of such mutants occurs frequently, and any Acineto-
bacter population contains a mixture of cells. Some contain an
active VanK and are prepared to pump protocatechuate into
cells when this growth substrate is available at low concentra-
tions. Other cells lack a functional VanK and therefore can
resist the potentially toxic effect of the compound when it is
provided in high concentrations. Comparison of the vanK nu-
cleotide sequence with those of related transport systems (Fig.
4) shows that the homopolymeric G tract, the basis of genetic
instability, was acquired by vanK during its evolutionary diver-
gence from the other transport genes. It is difficult to escape
the conclusion that the G tract has selective benefit. Intrigu-
ingly, the genetic oscillation of vanK may contribute to the
evolutionary stability of Acinetobacter cell lines that either use
VanK or fail to use VanK depending upon the supply of pro-
tocatechuate.

Adaptation of cells to different concentrations of a poten-
tially toxic growth substrate illustrates a core strategy of catab-
olism: how to obtain compounds that are beneficial without
accumulating compounds that are detrimental. In this context,
it is important to remember that growth substrates are pro-
vided singly only in the laboratory. Even in these cases, the
concentrations of potential growth substrates may exceed the
threshold of toxicity and, by preventing growth, may mask the
ability of organisms to utilize the compounds (34). Additional
challenges may be introduced into the environment by toxic
chemicals with structures mimicking those of established
growth substrates.

Mixtures of compounds are released by plants, and mixtures
of genes are required for microorganisms to respond. This
necessity may help to account for supraoperonic clustering of
some genes for catabolic pathways in bacterial chromosomes.

J. BACTERIOL.

A contributing factor to such clustering may be horizontal
transfer (25), but other selective forces may be at work as well.
One such force is the possibility for coamplification by dupli-
cation of genes that are called into play at the same time (1, 8).

Whatever the selective forces favoring clustering, the Acin-
etobacter pca genes provide part of a rich example. To one side
of the pca operon are genes associated with catabolism of
diverse compounds (11, 12; Smith et al., Abstr. 98th Gen.
Meet. Am. Soc. Microbiol.) such as quinate, shikimate, and
phenylpropenoids (e.g., ferulate), all of which form protocat-
echuate during their metabolism. To the other side of the pca
operon is a cluster of genes associated with catabolism of
dicarboxylic acids (D. Parke, M. A. Garcia, and L. N. Ornston,
Abstr. 99th Gen. Meet. Am. Soc. Microbiol., abstr. K-25a, p.
405). All of these compounds share the property of being
chemically bifunctional in that they can form a vast array of
ether and ester bonds as found, respectively, in the plant prod-
ucts lignin and suberin (4). The importance of lignin is widely
appreciated because there is a lot of it: its ether bonds are
difficult to break. However, a material need not be abundant in
order to be metabolically significant, and turnover of the bio-
chemically accessible suberin in the environment may well
exceed that of lignin.

As characterization of chromosomal clusters of catabolic
genes proceeds, attention will be drawn increasingly to genes
for filters and pumps (porins [15] and transporters [31]) that
often emerge as components of catabolic systems. Additional
components are genes for efflux pumps with an ancient evolu-
tionary history and now notable for their contributions to an-
tibiotic resistance (36). Unravelling the contributions of all of
these biomolecules will be a challenging task because of their
overlapping specificities in the laboratory. The story may be
different in the natural environment where populations of cells
must adapt to a shifting dietary blend. The cell surface is where
the rubber hits the road in bacterial evolution.

As this case study illustrates, questions about metabolism
need not be limited to what it is. We also need to know where
it came from, where it is, and when it is. Someday we may learn
why it is. Some years past, the study of metabolism fell out of
fashion because its fundamental mechanics appeared to have
been understood. The same could have been said of the piano
more than two centuries ago, but the diverse ways in which it
can be played continued to be a source of creativity, fascina-
tion, and delight. So too with metabolism, two centuries hence.

Research in our laboratory has been supported by grants DAAGS5-
98-0232 from the Army Research Office and MCB-9603980 from the
National Science Foundation.
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