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Chapter 1

Where’s the Beef? Looking for Information in
Bacterial Chromosomes

Joun R. RotH

This chapter is a collection of thoughts, questions,
and problems to consider while reading this book. It
is not intended as a comprehensive review or a uni-
fying theory for chromosome structure. In looking at
the structure or sequence of a genome, one sees all
aspects of its information content, regardless of how
they got there or how they are maintained. Many of
these features are difficult to understand as functions
contributing to the fitness of a single cell. Some as-
pects of chromosome structure that are shaped by
selfish behavior with few conventionally maintained
features that may be understandable only at a pop-
ulation level are pointed out. The principles de-
scribed here are well known but are often forgotten
because we are so accustomed to identifying func-
tions genetically (mutations with phenotypes) or
biochemically (proteins with interesting properties).
Genetics is good at revealing genes and other se-
quence elements that affect the phenotype of a single
cell and that are likely to be maintained by conven-
tional selection. Genome sequences reveal all infor-
mation, even that maintained by aspects of population
biology that are unlikely to help us understand
chromosome behavior. Some conserved features may
be positively noxious. The challenge to those trying
to explain chromosome behavior is to identify the
critical sequence elements (i.e., “the beef”).

THE QUESTIONS

1. How do bacteria compact their chromo-
somes?

2. How do bacterial chromosomes move? Do
chromosomal sites, perhaps recognizable as sequence
elements, serve as attachment points for cytoskeletal

motor proteins? Where in the cell are these fibers
attached?

3. How is gene expression and its regulation
integrated with chromosome replication, compac-
tion, and movement?

APPROACHING THE QUESTIONS

An advantage of chromosome work in bacteria
is the large number of complete genome sequences
that are available for comparison. This body of data
should help identify aspects of sequence that are
universal, overrepresented, and perhaps critical for
compaction and movement of chromosomes. How-
ever, in extracting this information, we must learn to
distinguish the critical features from features that are
unlikely to be mechanistically informative but may
be interesting in their own right.

FORCES THAT DICTATE THE SIZE
OF CHROMOSOMES

One might expect that a genome would be under
constant selective pressure to expand, adding new
genes that broaden the capabilities of the organism.
Three aspects of population biology and lifestyle
limit this expansion: mutation rate, population size,
and recombination frequency. These principles were
suggested by Muller (185, 35, 48, 49). First, if all other
factors remain constant, mutation rate limits genome
size; beyond a critical point, the genome can expand
only if the mutation rate drops. This is because more
information can be kept under selection if fewer
mutations occur. (With no mutations, a huge genome
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could be maintained without selection.) Second,
larger populations allow genome expansion (with
other factors constant) because selection is more
effective (drift is less significant) and genes with a
smaller fitness contribution can be maintained. Third,
sexual recombination allows genome expansion by
permitting assembly of intact information sets from
those damaged by mutation. Expressed differently,
selection works better on individual genes if recom-
bination continuously rearranges allele combina-
tions. Together these considerations suggest that (if
other factors are held constant) genome size will be
inversely related to mutation rate and directly related
to population size and recombination frequency (35).
Each organism or population may satisfy these rela-
tionships in different ways, but the values remain
interdependent. (Organisms with a very high muta-
tion rate generally have small genomes and large
population sizes.) While the exact mathematical func-
tion is unknown, these general rules of Muller reflect
the problems of maintaining genes in the face of
continued mutation pressure. However, these forces
may work differently on different genes.

A basic assumption made here is that each gene
is individually subject to loss by mutation and can
counteract that loss by individual strategies. That is,
different genes compete with each other for mainte-
nance in a chromosome (35). A gene remains in the
chromosome (and avoids loss by mutation and drift)
conventionally if its function enhances fitness; mu-
tations that impair such a function reduce fitness and
are removed from the population by selection. Some
genes enhance their ability to compete with other
genes by private (selfish) strategies that do not en-
hance fitness and may actually be detrimental to the
organism.

INTRODUCTION TO SELFISH BEHAVIOR

Much of sequence analysis is based on the
expectation that conservation implies a selectively
valuable function that can be unraveled and ex-
plained. Most chromosome features do contribute to
cell fitness and provide a conventionally selectable
phenotype; these are likely to be reliable clues to
mechanism. However, other sequence features may
provide no increase in fitness to the organism or may
actually be deleterious, but are conserved by private
(selfish) selection schemes.

Selfish features can be “addictive”—they do little
or nothing when present, but cause a fitness loss when
removed by mutation. Other selfish features are “in-
fectious™; that is, they spread (by replication or hor-
izontal transfer) faster than they can be removed from

the genome (and population) by counterselection or
simple mutation and drift. It is suggested below that
high copy number may be an additional distinct form
of selfish behavior. Distinguishing selfish from con-
ventional sequence elements can be difficult because
elements can be maintained by a combination of con-
ventional and selfish selective forces. Some conven-
tional genes may enhance their ability to stay in the
chromosome by minor use of a selfish mechanism.
Some primarily selfish elements may enhance their
survival by modestly enhancing cell fitness. In extreme
cases, elements may be maintained by selfish mecha-
nisms alone.

A point to keep in mind is that selfish behavior
improves a gene’s ability to compete with others fora
position in the genome, but it does not make that
gene more beneficial. Genes maintained by selfish
behavior still impose a cost on aggregate fitness of
the organism. Selfish behavior allows a gene to re-
main despite its inadequate or even negative contri-
butions to fitness. Selfish elements take a free ride,
but ultimately their fare has to be paid by conven-
tional genes—you could not have a genome made up
entirely of selfish elements.

CONSERVATION OF CHROMOSOME GENE
ORDER: GENE POSITION MAY BE ADDICTIVE

One might expect that a particular gene would
work equally well regardless of its chromosomal po-
sition. This idea is supported by the observation that
chromosome map order is not well conserved over
extensive evolutionary distances (50), suggesting that
order is not under strong selection. However, order
seems to be conserved on a shorter time scale. Sal-
monella and Escherichia coli have maintained essen-
tially the same map since their divergence about 140
million years ago. Since rearrangements are mecha-
nistically possible in these organisms, this conserva-
tion suggests that gene order might be under some
kind of selection. However, gene order could also be
an addictive feature of chromosome structure.

Genes can, in principle, work anywhere, but
once their promoters are tuned for any particular
location, their transplantation causes a loss of fitness.
We presume that the strength of each promoter is
selectively adjusted to optimize gene expression and
that this optimization necessarily takes into consid-
eration the local influences on expression. One local
characteristic may be the degree of supercoiling that
is characteristic of the site (see below); another may
be the gene dosage status imposed by the position a
gene occupies vis-d-vis the origin of replication.



When chromosome replication requires a sig-
nificant fraction of the cell cycle, as is frequently the
case for bacteria, average dosage of a particular gene
varies with its position in the chromosome (distance
from the origin). Genes replicated early are present in
multiple doses for much of the cell cycle, while those
replicated late have two copies only for the period
between their replication and cell division. Dichoto-
mous replication during rapid growth (when new
forks are initiated before completion of the previous
round) can increase this dosage gradient. Optimiza-
tion of promoters and regulatory elements will nec-
essarily take into consideration the time-averaged
copy number of each gene.

Expression of a gene could be optimized for any
location in the chromosome, but once that optimi-
zation is achieved, moving the gene to a new site
would render suboptimal the tuning of its promoter.
In essence, gene order might be an addictive property
of chromosome structure restraining rearrangement.
Even if tuning of an individual gene is only modestly
affected by an inversion or translocation, the accu-
mulated small fitness costs incurred by the many genes
involved in a rearrangement could allow selection to
efficiently eliminate individuals with an altered gene
order.

Evidence that these changes occur is that ex-
pression of a particular gene changes as it is moved
farther from the replication origin (61). Furthermore,
evolution appears to have exploited this fact because
genes with high expression levels (judged by a high
codon adaptation index) tend to be located near the
replication origin (64, 65).

Conservation of gene order is often attributed to
lack of mechanisms for rearrangements or to the need
to maintain the proper spacing of sequence features
that are critical to the packing or movement of
chromosomes. These could be factors, but the above
arguments suggest that conservation could equally
well be attributed to the “addictive” effects of well-
tuned promoters.

OPERONS AND OTHER GENE CLUSTERS

A notable feature of bacterial chromosomes is
the clustering of genes that contribute to a single
selectable phenotype (11). Some of these clusters are
operons (30), groups of genes cotranscribed from a
single promoter, while others are made up of closely
linked but independently expressed genes. Initially
the evolution of operons was ascribed to economies
of coregulation (29) or to setting the molecular ratio
of proteins that acted together (1). More recently,
this clustering has been ascribed to a selfish property
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of gene clusters (36) that gives them an advantage
(over identical unclustered versions) in the larger
context of horizontal transfer between genomes of
different bacteria. This model suggests that clustering
gives genes a selfish property of the infectious sort.
Previously, Wheelis and Stanier suggested that hori-
zontal transfer might drive clustering of different
operons controlling parts of the same pathway (74).

The earliest regulatory explanations of operon
evolution were called into question because the ben-
efits proposed to explain operon formation would
accrue only after genes were successfully brought
together. It was hard to visualize how two genes
could be brought together by slow steps with pro-
gressive increases in selective value, as expected for
most evolutionary processes. Furthermore, the en-
ergy or material saved by coregulating genes in an
operon seemed very small, once it was realized that a
regulatory binding site of only a few bases is suffi-
cient to allow effective coregulation of distant genes.
Finally, the regulatory models did not explain clus-
tering of independently transcribed genes with re-
lated functions.

The selfish operon model suggests that clustering
provides no selective benefit to the cell (36). Instead
the clustered state is a selfish property of genes that
contributes to the ease with which they can spread
horizontally between conspecific individuals or spe-
cies. If clustering improves the likelihood that a set of
genes moves horizontally, it may provide an advan-
tage (to the genes themselves, not to their hosts) vis-
i-vis identical genes in an unclustered state. The
advantage conferred on genes by clustering accrues
without any required improvement in the fitness of
the organism (outlined below in more detail). If this
is true, then operons and gene clusters may be ex-
amples of a conserved chromosome feature that does
not tell us much about the physiological functions
within an individual bacterial cell. The origin and
maintenance of this feature is rather explained by
horizontal gene transfer and population biology.
Occasional loss of the genes by mutation can be
corrected by horizontal reacquisition, and naive or-
ganisms are more likely to acquire a clustered version
than a collection of unclustered genes. The genes
persist on a global scale because they can move
horizontally fast enough to avoid elimination by
insufficient (or episodic) selection.

The conventional (and reasonable) idea is that
genes are maintained in a genome only if they pro-
vide a selectable phenotype. Selection continually
purges a population of mutant individuals that have
lost a valuable gene. The purging of mutants works
best for genes that make a big fitness contribution
(whose mutants are very deleterious). Conversely,
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genes that are only weakly (or only occasionally)
selected are most likely to be lost from a population
by mutation and drift (35). Thus, all but the most
essential genes are subject to loss by mutation in cells
that are still encountered in the population. Genes
that are weakly selected can enhance their survival
by nonconventional (selfish) gimmicks, which be-
come more important as their selective value drops.

From the point of view of a gene, the likelihood
of persistence in the world is enhanced by horizontal
transfer to new hosts, which provides a way of
staying ahead of loss by mutation and counterselec-
tion (or drift). Transferred bacterial genes will be
held in their new host only if they provide a pheno-
type of sufficient selective value. Many phenotypes
require multiple proteins (and thus multiple genes).
For a gene to take advantage of horizontal transfer as
a way of maintaining itself, that gene must be trans-
ferred with all the other genes needed for its partic-
ular phenotype. This presents a problem in that only
small DNA fragments are transferred from one bac-
terium to another. Thus a gene gains the advantage
of horizontal transferability in direct proportion to
the probability that it can be transferred simulta-
neously with all of the genes that allow it to confer a
selectable phenotype—that is, in proportion to the
proximity of the cooperating genes.

Two sets of genes, each contributing a single
phenotype, may make the same fitness contribution
regardless of their position in the genome. One set
can gain the added selfish advantage of transferabil-
ity if its genes are sufficiently close together to allow
occasional cotransfer. The closer they are together,
the more probable is this cotransfer. This provides a
positive selection for clustering that becomes stron-
ger as genes get closer together. Therefore, this model
allows gene clustering to be achieved by a series of
small steps; the selfish advantage increases progres-
sively as the genes are brought closer together (36).
Fusion of clustered genes into transcription units
or operons is proposed to further enhance trans-
missibility by minimizing the problems of promoter
adaptation.

This selfish operon model predicts that cluster-
ing will be a property of genes that are dispensable
and subject to loss and reacquisition, and this is the
general observation. For example, biosynthetic op-
erons escape selection when their end product is
present in the environment, as do genes for degra-
dative pathways when cells grow on an alternative
carbon and energy source. In contrast, clustering is
not predicted for essential genes, which cannot be
lost and thus might not be expected to be under se-
lection for horizontal reacquisition. While essential
genes are usually not clustered, there are exceptions.

(The large operon encoding ribosomal proteins is
especially notable.)

Most clusters of essential genes encode proteins
that interact intimately. If a mutation arises that
improves the function (e.g., protein synthesis), that
new mutation would be under selection to spread
globally if its gene could transfer horizontally. How-
ever, the mutant gene can move horizontally only if it
brings along its companion proteins that work well
together. The advantageous mutant protein may not
work well when inserted in unfamiliar protein com-
plexes. The transferred ribosomal gene clusters may
supersede existing homologues rather than adding
a novel function to a naive cell. Thus, intimate in-
teractions between proteins may make it possible for
horizontal transfer to drive clustering of essential
genes. Because these clusters are essential, they are
less prone to mutational loss or disruption. Evidence
has been presented that clusters of this sort are stable
over longer evolutionary periods (75).

A powerful tool has been developed based on
the strong tendency of functionally related genes to
cluster. While this has been implemented in several
ways, a program we have found extremely powerful
is the functional coupling program within the WIT
(Integrated Genomics) program package (54). This
program takes a submitted gene sequence and tabu-
lates its neighbors (genes often found nearby in the
chromosome) in a large number of complete bacte-
rial genomes. The result is a list of genes that are
frequently located near the submitted sequence. The
ability of this program to identify known genes with
related functions is astounding. This ability gener-
ates confidence that surprising examples of frequent
neighbors are likely to reflect unexpected functional
relatedness. In view of the selfish operon model, it
seems likely that this powerful tool for identifying
genes of related functions may owe its power to the
selfish tendency of genes to enhance their survival by
frequent horizontal transfer.

TRANSPOSONS AS SELFISH ELEMENTS

The above argument for selfish gene clusters is a
less extreme example of an argument made long ago
to explain the success of transposable elements. In-
sertion sequences (IS elements) are usually regarded
as selfish elements that are dangerous to their hosts
because they generate mutations and rearrangements
that are almost all deleterious (see digression below).
When considered as part of the bacterial genome,
transposable elements maintain themselves despite
counterselection, because replicative transposition al-
lows them to stay ahead of purifying selection by
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generating new copies faster than selection can re-
move them from the population. Replication can
occur by transposition within the genome in an
asexual lineage or by horizontal transfer to new line-
ages. By moving fast enough, these elements can
stay ahead of counterselection without providing a
beneficial function and can even overcome their sub-
stantial inherent cost in mutagenesis. They replicate
more often per unit time than a conventional gene—
a formula for success.

Some transposable elements contain drug resis-
tance determinants that confer a selectable pheno-
type; this suggests that they might be maintained by
conventional selection. This evidence for selective
value does not contradict the initial idea that these
elements are basically selfish. Multiple forms of se-
lection can act simultaneously on any element.
Transposons may depend primarily on selfish mech-
anisms for their survival, but enhance it by accu-
mulating genes that provide a positively selectable
function. This positive selection is demonstrable but
insufficient to allow them to remain without their
selfish behavior (see below). If the included genes
could maintain themselves by conventional selection
(e.g., for drug resistance), one would expect them to
lose the costly ability to transpose and mutagenize
the genome. Their continued association with trans-
position activity (and its deleterious effects on the
host) suggests that the nonselfish aspects of their phe-
notype are not sufficient to ensure maintenance. It is
proposed below that these nonselfish selective phe-
notypes are weak ones in a natural setting; i.e., drug
resistance may only rarely be of selective importance.

Additional evidence suggesting a selective value
of transposons has come from growth competition
experiments in which strains with the elements do
better than isogenic strains without them (10, 24).
This advantage was seen for elements that encode no
protein other than their own transposase. In the com-
petition experiments, the advantage appeared to re-
flect a mutator effect in that the element caused
mutations that allowed for improved growth (9, 23,
47). In the digression below, it is argued that these
experiments reveal short-term advantages and do not
assess the true long-term costs of carrying these ele-
ments. That is, the mutator phenotype is not likely to
explain the persistence of transposable elements.

Transposons seem likely to be maintained pri-
marily by a selfish advantage derived from transpo-
sition and horizontal transfer. In addition to being
small enough to be transferred frequently, transpos-
able elements actively contribute to their horizontal
transfer by providing mechanisms for integration
into the recipient genome; some also contribute to
cell-cell transfer (63). Some of these elements en-

hance their maintenance by acquiring genes with
selective value for the host, but the selfish behavior is
still required for their maintenance. Transposable
elements and some phages may also have “addictive”
properties (see below).

A DIGRESSION ON THE COSTS
OF MUTAGENESIS

While competition experiments suggest that
transposable elements confer a selective advantage
by their mutator effect, it seems more attractive that
this is a short-term advantage seen under restricted
conditions and is unlikely to explain the natural
long-term persistence of these essentially selfish ele-
ments. The vast majority of random mutations are
expected to be deleterious. This was shown directly
for transposons (14, 62), but seems inescapable on
first principles. There is a very large target for mu-
tations that cause loss of valuable information (in-
formation maintained by selection). In contrast,
there is likely to be a very tiny target for mutations
that provide a fitness increase in any particular cir-
cumstance. For many conditions, the ratio of bene-
ficial to deleterious mutations could easily approach
107% (20, 59). In short-term growth experiments,
rare valuable mutations may arise and sweep the
population selectively; adaptation may be aided by
an increased mutation rate if the supply of mutations
is limiting and if the fitness increase is large enough
to outweigh the cost of the associated mutations.
This can occur in small laboratory experiments that
demand rare mutations with very large fitness in-
creases (e.g., drug resistance) under a very specific set
of conditions. Under these circumstances, mutation
supply limits adaptation, and short-term benefit
masks the long-term cost of the preponderant dele-
terious mutations.

Work done by Miller and coworkers (46) dem-
onstrates clearly that mutators (strains with an in-
creased mutation rate) are favored under conditions
of strong selection (sequential acquisition of resis-
tance to several drugs). This observation is often
cited as evidence that increased mutation rate speeds
genetic adaptation. The results demonstrate beauti-
fully that mutators can be selected in short-term ex-
periments, but do not address long-term cost. Later
experiments showed that the cost of mutators is very
high (18), making it unlikely that transposons are
maintained in bacteria because they increase the mu-
tation rate. There are easier ways to do this with mu-
tation types that are more likely to be valuable, and it
probably is not a good idea even then (59). The in-
teracting parameters described by Muller (mutation
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rate, population size, recombination frequency) can
be set at a variety of compatible equilibrium values.
However, once these values are set, they are likely to
be addictive in the sense that increasing one param-
eter (e.g., mutation rate) can be costly. In general,
mutagenesis brings a prohibitive long-term cost be-
cause deleterious mutations are so frequent. The nu-
merical problem of increasing mutation rates has been
discussed for one particular genetic system with point-
ers to some of the extensive previous literature (59).

PHAGE, COMPENSATION, AND ADDICTION

Phages are usually visualized as independent
entities that happen to grow in bacteria. However,
when viewed from a bacterial perspective (as an ex-
tension of the bacterial genome), they are the ulti-
mate in selfish elements. They prosper by replicating
and having a free-living form that provides for all
aspects of horizontal transfer (exit, persistence out-
side the host, entrance and incorporation into the
new genome). While virulent phages seem purely
selfish, temperate phages clearly spend considerable
time as part of a host chromosome. It is therefore not
surprising that some temperate phages (like some
transposable elements) have acquired genes that are
not central to phage growth but confer a conven-
tional selective advantage on their host (25). As for
transposable elements, prophages appear to confer a
selective advantage in mixed cultures, when lysogens
and nonlysogens compete (7, 12, 37). This could re-
flect phage genes that provide a useful host pheno-
type. Regardless of these advantages, phages are
likely to have strong costs to the bacterium in terms
of lysis, and their persistence in the face of these costs
suggests that they are substantially selfish. That is,
their long-term maintenance still depends on occa-
sional lytic growth (before mutational inactivation)
and consequent horizontal transfer to new hosts.
Survival of phage and transposons may also be en-
hanced by addiction mechanisms put in place by
compensatory mutations in the host (see below).

Work on drug resistance has shown that when a
strain becomes resistant (for example) to strepto-
mycin by mutational ribosomal alteration, its resis-
tance is associated with a growth disadvantage (in
the absence of drug) due to impaired ribosome
function (2). This impairment can be corrected (com-
pensated) by secondary mutations that restore more
rapid growth without loss of drug resistance (5).
These compensatory mutations reduce fitness when
present in strains without an initial streptomycin
resistance mutation (44). It seems likely that many
genetic situations may provide similar conditions.

New mutations may provide a short-term benefit
with a long-term cost. Compensatory mutations re-
duce the long-term cost without removing the benefit
provided by the original mutation. However, if the
original beneficial mutation is removed, the com-
pensatory mutations impose a new cost. This phe-
nomenon might contribute to some of the apparent
selective benefit conferred by prophages and trans-
posons. '

If a wild-type bacterium (e.g., E. coli K-12 car-
rying phage lambda) spends- considerable time
growing with its lambda prophage, it may accumu-
late multiple mutations that minimize the cost of
carrying that prophage. These mutations might, for
example, minimize the probability of spontaneous
prophage induction. When such a compensated strain
is brought into the laboratory and cured of its pro-
phage, the compensatory mutations remain and may
be slightly deleterious in the absence of the prophage.
Normal growth could be restored by replacement of
the prophage and restoration of the conditions under
which compensation was selected.

Similar events might explain growth advantages
provided by certain transposable elements. That is,
cells may have spent recent evolutionary time with
such elements and acquired mutations that compen-
sate for the cost of the transposon (e.g., reducing
transposition frequency); such  mutations may be
slightly deleterious when the transposon is removed
(espec1ally under the rich conditions that force fast
growth in the laboratory). Note that this argument
suggests that some of the apparent selective value of
phages and transposons could be due to host muta-
tions that minimize the cost of carrying the element;
the compensatory mutations serve to addict the host
to its load of infective elements. This makes the ele-
ments appear valuable.

Many genetic features of a genome may be ad-
diction modules in the sense that they do not con-
tribute a useful phenotype but are tolerated better if
certain compensatory genetic changes occur. (An
example is the suggestion made above for addictive
maintenance of gene order.) This raises serious prob-
lems for those trying to understand the physiological
basis of the growth advantage provided by a phage or
other genetic element. Such elements may in fact con-
tribute nothing to normal cell function, even though a
competitive disadvantage results from their removal.

Virulent phages (viewed as an extension of the
bacterial genome) represent an extreme that may
help to make these arguments clearer. From a bac-
terial point of view, these phages are solidly delete-
rious. One would not expect them to include genes
that improve host fitness. Despite their deleterious
effects, virulent phages persist because they can
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replicate, accumulate mutations that circumvent re-
sistance, and set up a standoff situation of balanced
warfare in which both combatants (cells and phage)
remain stably on battlefield. In essence, they are
replicating and changing faster than they can be re-
moved by selection. While it seems easier to view
virulent phages as independent entities competing
with bacteria, their underlying strategy is an extreme
example of that used by temperate phages, transpo-
sons, and gene clusters: horizontal transfer is the
fundamental underpinning of their survival.

THE PROBLEM OF PLASMIDS

Plasmids are important features of bacterial ge-
nomes that may represent a different aspect of selfish
behavior. Conjugative plasmids (and mobilizable
plasmids) are capable of intracellular transfer and
thus are likely to be maintained in large part by
selfish mechanisms (like phages and transposable el-
ements), despite the fact that they often include genes
that provide selectable cellular phenotypes. Non-
conjugative plasmids present a problem.

Nonconjugative plasmids (in common with IS
elements) are not obviously transmissible, but may
show enhanced horizontal transfer because of their
status as an independent replicon. This may enhance
their ability to establish themselves in a new genome
following transmission (by transduction or transfor-
mation); this is the same transmission benefit that
transposition provides to an IS element. In this sense,
nonconjugative plasmids may still be considered in-
fectious selfish elements.

A second consideration in understanding plas-
mids is their high copy number. This might be con-
sidered an analogue of transposition (for IS elements),
allowing genes to replicate faster than they can be
removed by selection. However, multiple copies and
genetic versions of a transposon can be held for ex-
tensive time in a single genome. High-copy-number
plasmids (subject to a single-copy control mecha-
nism) quickly clone themselves and do not stably
maintain a heterozygous condition when different
versions are carried by the same cell (53). Therefore,
it seems likely that plasmid copy number may con-
tribute a subtly different sort of selfish behavior;
genes in high copy have a larger effective population
size than chromosomal genes and thus may be
maintainable by weaker selection (see Muller’s rules
above). In a sense, the higher copy number gives a
measure of defense against mutation when an element
is maintained by weak selective forces. Copy increase

may be a selfish strategy that is distinct from infec-
tious behavior.

STANDARD-LOOKING GENES CAN BENEFIT
FROM SELFISH ASPECTS OF SELECTION

Selfish mechanisms used by phage, transposons,
and plasmids can also contribute to maintenance of
genes that are respectable chromosome residents.
Below are examples of standard sequences with ad-
dictive or infectious behavior.

Restriction/modification systems are thought to
confer a conventional selective advantage in that they
protect against invading foreign (unmodified) DNA.
However, the mutational loss of just the modification
function is lethal if the restriction activity remains;
this addicts cells (partially) to the modification func-
tion. While this may seem axiomatic, given the na-
ture of the functions involved, it is interesting that
simultaneous loss of both modification and restric-
tion functions is also lethal for some systems, because
the half-life of the existing restriction enzyme is lon-
ger than that of the modification enzyme (32, 51). It
should be noted that modification genes can still be
lost without cost if the restriction activity is removed
first. This does not eliminate a contribution of selfish
behavior to maintenance, because the situation still
counterselects one means of functional loss.

Not all restriction enzyme systems show this ad-
dictive resistance to loss of both functions. This sug-
gests that some bacterial lifestyles include a sufficient
influx of harmful DNA that the restriction system is
maintained solely by its conventional protective func-
tion. In contrast, environments that provide little in-
flux of harmful DNA may reduce the selection on
restriction systems sufficiently that they cannot be
maintained in the genome by this mechanism alone.
Under these conditions, a contribution from addictive
behavior may be required for maintenance. The fact
that Helicobacter pylori genomes include over 50
restriction modification systems (52) seems unlikely
to reflect frequent exposure to invasive DNA (since
these organisms inhabit sequestered sites) and may
suggest (paradoxically) that the lifestyle of this bac-
terium includes so little infective DNA that only
strongly addictive restriction systems have remained
and that this addictive behavior has been sufficient to
provide for both maintenance and horizontal spread.

An example of “infectious” behavior may be
provided by the uptake signal sequences (USSs) found
in Haemophilus and Neisseria. These sequences were
originally considered part of a sexual exchange sys-
tem that allows preferential uptake of conspecific
DNA and is therefore highly overrepresented in the
genome (70). However, it has been convincingly ar-
gued that bacteria take up DNA for use as a food
source and that the concomitant sexual exchange is
an unavoidable (and unintended) side effect (55). If
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such a nutritional uptake system gained efficiency
(lowered its K,,) by recognition of a specific se-
quence, it could take up extensive DNA sequences
that include this sequence, even when the concen-
tration of DNA is low. If this occurred, the genomic
abundance of the recognized sequence might increase
secondarily due to a selfish property—frequent hor-
izontal transfer. The nature of the uptake system
dictates that all incoming DNA sequences include
the USS; therefore, to the extent that DNA is ever
added to the chromosome from an outside source,
the USS element copy number will increase. Stated
differently, every time a USS arises by chance in a
Haemophilus genome, it is likely to sweep all Hae-
mophilus cells simply because it is efficiently taken
up by all organisms that share the uptake mechanism
and therefore has a chance of recombining into their
genome with no required selection. In conclusion, a
sequence element may be heavily overrepresented for
selfish rather than functional reasons. Encountered
without any knowledge of DNA transport, the over-
represented USS might well be a candidate for a role
in chromosome packaging or movement, when in fact
it may have evolved to improve uptake of a nutrient.
A possible unifying idea would be that exogenous
DNA is pulled into the cell following attachment of
some multifunctional chromosome-moving mecha-
nism at the specific USS.

USING GENE POSITION TO MAKE
PRELIMINARY INFERENCES REGARDING
SELECTIVE VALUE: A HIERARCHY OF
SELFISHNESS

Above are described some genome features that
depend to varying extents on their selfish behavior
for their maintenance in the genome. These assump-
tions can be used in reverse to draw conclusions re-
garding the fitness contribution of genes based on
their genomic position. The basic idea is the follow-
ing: the more heavily an element depends on selfish
behavior, the smaller is the likely contribution of its
information to conventional fitness.

Consider a hierarchy of genes placed in order
based on decreasing dependence on conventional
selective value for their maintenance—and increasing
dependence on selfish mechanisms (horizontal trans-
mission or addiction). A shamelessly simplistic sug-
gestion is shown in Table 1. At the top of the list are
standard genes with important physiological roles
and no need for selfish behavior. At the bottom are
virulent phages that seem purely deleterious (from a
bacterial point of view); they have no selective value
and are maintained solely by their own selfish (in-

fectious) means. Between these extremes is a series
of elements ordered (very speculatively) according to
perceived increasing dependence on selfish behavior.
Ranking higher in the list than transmissible elements
are standard chromosomal genes that are under con-
ventional selection but enhance their (perhaps only
moderate) selective value by having selfish proper-
ties that improve their horizontal transferability or
cause a measure of addiction. Examples are func-
tionally related gene clusters, genes flanked by re-
peated sequences, addictive genes, and sequences that
enhance their own horizontal transfer by serving as
transformation recognition signals (USSs mentioned
above).

In the genome of one organism, a certain set of
genes is unclustered and is therefore presumed to be
maintained by conventional selection alone. In a dif-
ferent organism the same genes are driven to cluster,
arguably by the added selfish benefit derived by en-
hanced horizontal transmissibility. The need for this
extra measure of selection in the latter case suggests
that these genes are of lower selective value to the
second organism (in the case of a biosynthetic path-
way, the end product may be more abundant in the
environment of the second organism). The pathway
is dispensable (at least temporarily) and its genes are
therefore subject to mutational loss during periods of
weak selection. Most clustered genes are dispensable
(under some growth conditions) and are thus subject
to mutational loss during periods of relaxed selec-
tion. Essential genes are rarely clustered. Exceptions
to this (discussed above) are proposed to involve
proteins that interact closely (36).

Genes with flanking repeats (described below)
may enhance their chances of horizontal acquisi-
tion by having a means of excising by circularization
and adding themselves to a new genome by homol-
ogous recombination following transfer. These repeat-
flanked genes may also have an enhanced chance
of amplifying during growth under selection (see
below).

Next in Table 1 come conjugative plasmids and
transposons that include conventionally selected
genes but still maintain sophisticated mechanisms
for infectious spread. These rank higher than simple
IS elements, whose maintenance depends entirely
on transposition. Temperate bacteriophages, which
spend some time as part of the bacterial genome and
may include genes with conventionally selectable
functions, rank above IS elements with no included
genes. These phages are maintained mainly by selfish
transmissibility, but enhance their ability to remain in
the genome by standard selection for included func-
tions (and perhaps by host addiction). At the bottom
of the hierarchy are elements that confer no fitness
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Table 1. Genetic elements listed in order of decreasing fitness contribution (and increasing selfish behavior)

Means of selective maintenance

General behavior Genetic feature

Conventional fitness contribution

Selfish behavior

Purely conventional Essential chromosomal High
selection gene

Chromosomal gene with
important
or frequent fitness
contribution

Clustered chromosomal
genes of related
function

Chromosomal genes
flanked by repeats

Conventional with slight
contribution
of selfish behavior

Chromosomal genes with
addictive property

Conjugative plasmid with
a useful phenotype

Mainly selfish with some
conventional
fitness contribution

Weak

Transposons conferringa ~ Weak

selectable phenotype

Temperate phages with
host phenotypes
Purely selfish Insertion sequence without
host phenotype

Plasmids without selectable None or deleterious

phenotypes

Temperate phages without
phenotypes

Virulent phages

Quite high

Moderate

Moderate

Moderate

Very weak

None or deleterious

None or deleterious

Deleterious

None

None

Clustering enhances horizontal
transmissibility.

Flanking repeats aid in
recombinational integration
following transfer.

Addictive behavior gives
resistance to mutational loss.

Sophisticated machinery for
horizontal transfer and maintenance
as replicon

Transposition ability allows
escape from elimination
and enhances inheritance
following horizontal transfer.

Sophisticated mechanism for horizontal
transfer and integration into genome
of new host

Transposition minimizes loss
by mutation and drift. Enhances
integration following horizontal transfer.

Controlled high copy number gives
resistance to mutational loss. Replicon
status is maintained after horizontal
transfer.

Sophisticated mechanism for horizontal
transfer and integration into genome
of new host

Possible addiction

Rapid infectious transfer

gain on their host and may be neutral or deleterious.
These elements depend entirely on selfish mechanisms
to maintain a position in the genome.

This suggests a rule of thumb: the most strongly
selected genes are likely to be located at standard po-
sitions in the chromosomes rather than clustered with
genes contributing to the same function. The genes
carried by highly developed selfish elements (plas-
mids, transposons, and phages) are probably under
the weakest conventional selection. While some genes
within a prophage, transposon, or plasmid may con-
tribute a measurable fitness increase, one does not ex-
pect a cell’s important or essential genes to be found
there. In considering the validity of this suggestion, it
is important to remember that a weakly selected gene
may either make a continuous very small contribu-
tion to fitness or, alternatively, could be absolutely

essential under conditions that are only rarely en-
countered (e.g., drug resistance).

DO BACTERIAL CHROMOSOMES EXPLOIT
A “WIND OF SUPERCOILING”?

The replication origin and terminus of E. coli
define the ends of two equal-sized domains replicated
divergently from a single origin. This feature is com-
bined with a preferential orientation of the most
heavily transcribed genes and operons so that their
transcription proceeds in the same direction as their
replication. It seems attractive to imagine that these
two features reflect interacting effects of supercoiling.
Both transcription and replication introduce positive
supercoiling ahead of their direction of travel and
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negative supercoils in their wake. The positive su-
percoiling introduced by one terminus-directed
transcription unit would be taken up by the next
(more terminus-proximal) promoter oriented in the
same direction. Thus, heavy transcripts would avoid
interfering with each other. Similarly, a replication
fork would be expected to inhibit activity of pro-
moters ahead of its path and stimulate those it has
passed. One might imagine that supercoils intro-
duced in this way are pushed inexorably toward the
terminus, where serious problems seem likely to arise.

THE PROBLEM OF CONVERGING
REPLICATION FORKS

While minor local supercoiling problems might
be solved by topoisomerases, it seems possible that
something special is needed to solve the more intense
problems that arise as replication forks converge.
Each fork introduces positive coils ahead of its path,
and these are focused on a smaller and smaller region
as the forks come closer together. If it becomes dif-
ficult to open DNA (or to relieve this supercoiling),
one might expect a blockage of fork movement. Solv-
ing this problem might require some special features
of the termination region (e.g., action of XerCD,
temporary strand interruptions at or near dif) or al-
ternatively by ends of linear chromosomes (below).

To the extent that fork convergence requires
specialized sequence features present in the terminus
region, it poses a problem for sister-strand recombi-
nation events. It seems increasingly attractive to
imagine that recombination involves initiation of
new replication forks (38). Two replication forks
generated by recombinational repair of a double-
strand break could converge in a region not designed
to accommodate such forks. Ter and Chi sites may
contribute to a system for minimizing this problem
(see below).

CIRCULAR VERSUS LINEAR CHROMOSOMES

The form of a chromosome seems profoundly
important to many models for compaction and
movement. Yet many bacteria support both linear
and circular replicons, suggesting that the difference
is not as profound as one might imagine (8). Despite
the difference in chromosome structure, however, the
distribution and orientation of genes (and the con-
sequent skew in base composition) is biased in Bor-
relia, just as it is in E. coli (19; also see below). It will
be interesting to see if the E. coli chromosome can
segregate normally if its circular chromosome is

disrupted (perhaps at the dif site) and the two ends
are supplied with the sort of telomeres found in
chromosomes and plasmids of Borrelia. The switch
might be managed by the circle-linear interconvert-
ing function found in the lambdoid phage N15 (33).
It seems attractive to imagine that the difference
between linearity and circularity is not central to the
behavior of bacterial chromosomes.

The supercoiling problem associated with con-
verging replication forks near the terminus of a circu-
lar chromosome, discussed above, seems to be solved
for linear chromosomes, whose ends might be ex-
pected to rotate freely. Compaction of bacterial
chromosomes by supercoiling might be harder to
visualize for linear chromosomes if their ends are free
to rotate. However, if supercoiled domains are de-
fined as regions between points at which the chro-
mosome is either cross-linked or anchored (perhaps
to the membrane), then the difference between linear
and circular structures seems less critical.

SHORT ELEMENTS THAT SEEM IMPORTANT
TO CHROMOSOME BEHAVIOR:
Ter AND Chi

Two short sequence elements have been exten-
sively studied with regard to their effects on chro-
mosome replication (Ter) and recombination (Chi).
Replication forks terminate when they encounter a
properly oriented Ter sequence with a bound Tus
protein (27). Following chromosome breakage, deg-
radation of a double-strand end by RecBCD is termi-
nated at a properly oriented Chi sequence, producing
a single-strand 3’ end that can be used by RecA to
initiate recombination, possibly by reestablishing a
replication fork (34, 69, 73). While Ter and Chi have
been extensively analyzed mechanistically, their bio-
logical roles seem less clear. Both elements show a
nonrandom distribution and orientation in the ge-
nome of E. coli and Salmonella.

Ter sequences are located in the half of the
chromosome farthest from the origin and are sym-
metrically distributed around the dif site, where rep-
lication normally terminates and where the XerCD
functions act to ensure partition of completed chro-
mosome copies to daughter cells. These Ter sites are
oriented so as to allow passage of forks headed to-
ward dif and to block rare replication forks that
manage to pass the dif site. It has been proposed that
Ter is a “fail-safe” device to ensure that opposed
replication forks meet and are terminated near dif;
yet some Ter sites are located far from dif and would
only affect forks that had passed multiple similarly
oriented Ter sites.
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Chi sequences are overrepresented in all parts of
the genome and are preferentially oriented such that
RecBCD acting at a double-strand break would favor
recombinational activation of the end nearest the ori-
gin and degradation of the end nearest the terminus;
75% of Chi sequences are in this orientation. The
reasons for this are unclear.

Perhaps Chi and Ter elements are parts of a sys-
tem that acts to ensure that replication forks formed
during DNA repair recombination are directed to-
ward the terminus region (dif) and not toward each
other or toward new forks progressing from the or-
igin. This may help avoid the supercoiling problem
generated when forks converge, especially when they
converge in regions that are not equipped to deal
with the problem (Fig. 1; also see below).

At a double-strand break, the two ends are sub-
ject to resection and can then invade a sister chromo-
some to initiate forks. Depending on the timing of
these invasions, forks that diverge or converge could
be produced, or one fork could be lost (Fig. 1). The
distribution of Chi sequences would favor prompt
activation of the end nearest the origin and extensive
degradation of the end nearest the terminus. If deg-
radation proceeds to the old fork, the origin-proximal
fork (directed toward the terminus) supersedes the
old fork; this result is favored by the action of Chi and
RecBCD. If the terminus-proximal end (following
degradation) encounters a rare reversed Chi and ini-

Double strand
End activated for  break

recombination /
when RecBCD \* by RecBCD
hits Chi Thi . ®

End degraded

Chi

Recombination

tiates a fork, that fork is likely to converge with the
origin-proximal fork and, if problems result, might
have a chance to abort and try again. The third pos-
sibility is that one of the forks starts quickly and
passes the other free end before it can initiate a fork,
resulting in divergent forks, with one of them opposed
to any new fork coming from the origin. An impor-
tant function of Ter may be to terminate these “es-
caped” recombinational forks. Thus, the combination
of Chi and Ter systems may act to preferentially di-
rect new recombinational forks toward the terminus.
Ter sites may be less essential near the origin, since
forks that escape in this region can proceed across the
origin.

THE GENOME OF SALMONELLA ENTERICA
SEROVAR TYPHI: A TEST CASE FOR
MAINTAINING GENE ORDER

It was suggested above that chromosomal gene
order is under selection (perhaps by conventional
functional selection to maintain a wind of super-
coiling, perhaps by some selfish mechanism). It is
striking that the basic gene order in S. enterica and
E. coli has been maintained for perhaps 200 million
years—the aggregate time elapsed as each diverged
from their common ancestor. However, isolates of
S. enterica serovar Typhi (40) and other host-specific

Unopposed

ori ..
fork ori 1

recombination

Opposed on
recombination

forks ori .5 ( ®

ori Ter
)

fork opposed  ori

by a replication
fork

®
—.>4__'__
ori Ter

Figure 1. A proposal for the role of Chi and Ter sites in managing recombinational replication. (Left) Diagram of a double-
strand break and the positions of nearby Chi sequences in their predominant orientation. The left end is likely to be promptly
activated for recombination and lead to a fork moving toward the terminus. The right end is likely to be extensively degraded
before engaging in recombination and could form a fork moving toward the origin. {Right) Diagram of the possible outcomes
if the two broken ends establish independent recombinational forks. Depending on the timing of fork initiation, the two forks
may diverge, or converge, or one end may be destroyed, leaving a single fork. Forks bound toward the origin might be
terminated at Ter sites before converging with approaching replication forks. The concerted action of Chi and Ter might act to
minimize fork collision and preferentially direct all recombinational replication toward the terminus.
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Salmonella strains (39) provide exceptions that may
help test rules for chromosome conservation.

In E. coli and S. enterica, the positions and
orientation of seven repeated rRNA operons (rrn) are
conserved. There are two widely separated, direct-
order copies on one side of the origin and five simi-
larly separated direct-order copies on the other side;
all are oriented so that transcription proceeds away
from the origin of replication. Although these ex-
tensive repeated sequences provide targets for re-
combination that could lead to inversions and
transpositions of blocks of sequence, these rear-
rangements are not found in most natural isolates. In
contrast, isolates of S. enterica serovar Typhi (a hu-
man-specific pathogen) show rearrangements that
result from exchanges between these prominent rrn
repeats. The behavior of serovar Typhi does not seem
to indicate that the organism is more proficient at
recombination between internal repeats; inversions
form readily between inverse-order repeats in E. coli
and in S. enterica (13).

The serovar Typhi rearrangements do not dis-
turb the “wind of supercoiling” or the bias in GC
content (described below). If all rearrangements are
achieved by recombination between rrn repeats,
none of the resulting rearrangements will reverse the
orientation of any gene vis-d-vis the direction of
replication. This is a necessary consequence of the
fact that all r#n loci within a single replicore are lo-
cated in the same orientation. That is, inversions
made by recombination between rrn sequences must
all include the origin (or terminus) of replication.
These rearrangements could, however, alter the dis-
tance between a particular gene and the replication
origin, but most observed rearrangements seem to
conserve this spacing. This may suggest that the ob-
served rearrangements are not random, but conserve
the features that are most critical to chromosome
function. Alternatively, serovar Typhi may grow
under conditions (or at a rate) that relax some of the
selective constraints on gene order. The rearrange-
ments observed in serovar Typhi may be mechanis-
tically permitted for all enteric bacteria, but the
frequency distribution of permitted arrangements is
broader (thus the selective cost of rearrangement is
lower) in this particular subgroup.

INTERPRETING SMALL SEQUENCE
ELEMENTS THAT ARE OVERREPRESENTED
IN THE CHROMOSOME

Several small sequence elements (not obviously
transposable) are found in the genome of E. coli (31).
The REP (or PU) elements are imperfect palindromes,

30 to 40 bp in length (21, 26, 72), that have been
placed in several general sequence classes (3, 22).
These elements appear frequently at intergenic sites
within transcribed regions as arrays in direct or in-
verse order. The palindromic character of these ele-
ments appears better conserved toward the outside
ends, reminiscent of some transposable elements.
While these sequences are frequently discussed as rem-
nants of transposons, they have never been shown to
transpose, and the conservation of their sequences sug-
gests strongly that they may now be under selection
and may play some role in cell physiology (or may be
maintained by some unrecognized selfish mechanism).

Evidence that REP elements modulate the rela-
tive amounts of proteins encoded in a single message
suggested a role in message half-life or translation
(72). However, some of these units are located out-
side regions known to be transcribed, and evidence
has been presented for interaction between these se-
quences and DNA-binding enzymes, including gyrase
(76), IHF factor (6), and PolA. One of the largest
effects of REP elements is their participation in for-
mation of duplications and deletions (68). It seems
possible that these REP sequences will prove impor-
tant to bacterial chromosome behavior.

ERIC or IRU elements are larger and have a more
complex secondary structure (28). While functions
have not been demonstrated for these elements, they
may stimulate recombination and be sites of frequent
replication fork stalling or chromosome breakage (67;
R. Dawson and J. R. Roth, unpublished).

STRAND-BIASED BASE
SUBSTITUTION RATES

The base composition of the two strands of
many bacterial chromosomes is skewed (the two
strands show different overall base compositions).
This is most striking for G/C pairs, which are posi-
tioned such that an excess of G residues appears in
the leading strand (the untranscribed, sense strand
for most highly expressed genes, which use the lag-
ging strand as transcription template). Thus, this
skew shows striking reversal at the origin and ter-
minus of replication (42, 43). Evidence has been
presented that this skew is the result of differential
mutational pressure on the two strands.

Much of this bias is now thought to result from
more frequent cytosine deamination (C — T changes)
in single-stranded versus double-stranded DNA. It is
suggested that transcription displaces the nontem-
plate strand and thereby exposes its C residues to
deamination; over time this reduces the C level and
increases the T level in this strand. This becomes
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a genome-wide bias because heavily expressed genes
tend to be oriented so their transcription proceeds
away from the origin; i.e., their transcription tem-
plate is the lagging strand (17). In principle, this
strand bias should reverse for each gene in the op-
posite orientation. However, the observed strand
bias is heavier for genes transcribed away from the
origin. This may reflect the fact that genes tran-
scribed away from the origin are more heavily tran-
scribed and consequently subject the leading strand
to more frequent deamination of C residues; alterna-
tively, the leading strand may be subject to superim-
posed additional deamination because it is exposed
as a single strand when it serves as template for
lagging strand replication (56).

Regardless of the underlying reasons for strand
bias in base composition, the leading strand is gener-
ally richer in G residues (and slightly richer in T res-
idues) than the lagging strand in many bacteria (45,
57). Because of this bias, any G-rich sequence element
is more likely to appear by chance in the leading
strand and will show a strand preference that reverses
sharply at the terminus and origin. This systematic
skew is seen in many bacterial genomes and has been
used to infer origins and termini of replication.

ORIENTATION-BIASED OLIGONUCLEOTIDE
SEQUENCES

Inspection of genome sequences has revealed
short, nonpalindromic oligonucleotides that are pref-
erentially oriented vis-d-vis the direction of chromo-
some replication (60). The abundance of some of
these sequences increases in the region of the termi-
nus, and their orientation preference shifts sharply at
the dif site. These elements (perhaps justifiably) have
irresistible appeal for those investigating the nature of
the terminus or looking for the attachment sites of
proteins responsible for chromosome movement.
However, the considerations in the preceding section
predict that G-rich motifs will be overrepresented in
the leading strand simply because of the higher G
content of this strand. Thus, overrepresented or
strand-biased sequences being considered for a role in
cell physiology must be well analyzed to be sure they
reflect more than secondary consequences of muta-
tionally generated skew in base composition (see
above). Increasing frequency near the terminus may
not be sufficient, since mutation rates appear to in-
crease with distance from the origin (66). Two such
G-rich elements (Chi and Rag) show a directional bias
(75 and 82% in the leading strand) that is clearly in
excess of that predicted by GC skew for sequences of
the same composition (56%) (41).

CONVENTIONALLY SELECTED SEQUENCE
ELEMENTS CAN HAVE FUNCTIONS THAT
ARE SEEN ONLY AT THE POPULATION LEVEL

There is a formal possibility that some conven-
tionally maintained (nonselfish) sequence elements
have functions that can only be understood at the
population level. For example, in Haemophilus and
Neisseria, base runs appear in genes (contingency
loci) that encode proteins involved in the interac-
tions between the bacterium and its host (4). At
these particular sequences, there is a high probability
of frameshift mutations that inactivate (and reac-
tivate) the gene, making a sort of on-off toggle switch.
Each of the multiple contingency loci is thereby
switched on and off stochastically, generating a vari-
ety of individuals in the population with different
patterns of gene expression. The basic idea is that any
appreciable population will include at least one in-
dividual that will show a pattern that allows it to face
the latest challenge thrown up by the host. This be-
havior should be distinguished from that of mutators
(discussed above), whose high frequency of ran-
domly distributed deleterious mutations seems un-
likely to be beneficial (59). In the case of contingency
loci, the mutations affect a limited gene set, and the
(on-off) reversibility prevents long-term destruction
of information.

Another example might be directly repeated se-
quence elements flanking genes or including genes
whose amplification is frequently selected (16, 58,
71). These repeats would have no immediate func-
tion within a cell, but might enhance the frequency of
a particular duplication and allow amplification un-
der selection. The role of these repeats would be
difficult to analyze functionally using conventional
genetic analysis. This sort of mechanism has been
suggested for genes involved in nitrogen fixation
which are repeated in a plasmid. These repeats sup-
port amplification of the genes for nitrogen fixation
when the cells are placed under selective conditions.
Repeats of this sort might be thought of as contrib-
uting to programmed amplification or as parts of a
regulatory mechanism whose specificity is provided
by natural selection.

In both contingency loci and the hypothetical
programmed amplification, the selected event is re-
versible and the conserved sequence elements support
interconversion of a few states for a small number of
particular genes. In this sense, the examples resemble
phase variation mechanisms, which might be re-
garded as another case in which identifiable sequence
elements (genes and noncoding sequences) have a
biological function that can be understood only at a
population level.
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SUMMARY

Whole chromosomes show us all the informa-
tion that they carry. Some of this information is
highly functional and intensely informative for those
seeking a mechanistic understanding of chromosome
behavior and cell function. However, much infor-
mation owes its presence to events that occur at a
population level and are unlikely to contribute to
single-cell physiology. These features include selfish
elements and conventional sequences whose impor-
tance is realized only in a population. In looking for
sequence elements that are directly relevant to
chromosome packaging, movement, and expression,
the selfish and population-based functions may be a
fascinating distraction.
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