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Evolution of Microbial Genomes: Sequence Acquisition and Loss

Otto G. Berg and C. G. Kurland

Department of Molecular Evolution, Uppsala University EBC, Sweden

We present models describing the acquisition and deletion of novel sequences in populations of microorganisms. We infer that most novel sequences are neutral. Thus, sequence duplications and gene transfer between organisms sharing the same environment are rarely expected to generate adaptive functions. Two classes of models are considered: (1) a homogeneous population with constant size, and (2) an island model in which the population is subdivided into patches that are in contact through slow migration. Distributions of gene frequencies are derived in a Moran model with overlapping generations. We ﬁnd that novel, neutral or near-neutral coding sequences in microorganisms will not be ﬁxed globally because they offer large target sizes for mutations and because the populations are so large. At most, such genes may have a transient presence in only a small fraction of the population. Consequently, a microbial population is expected to have a very large diversity of transient neutral gene content. Only sequences that are under strong selection, globally or in individual patches, can be expected to persist. We suggest that genome size is maintained in microorganisms by a quasi-steady state mechanism in which random ﬂuctuations in the effective acquisition and deletion rates result in genome sizes that vary from patch to patch. We assign the genomic identity of a global population to those genes that are required for the participation of patches in the genetic sweeps that maintain the genomic coherence of the population. In contrast, we stress the inﬂuence of sequence loss on the isolation and the divergence (speciation) of novel patches from a global population.





Introduction

The acquisition of whole genome sequences has stimulated interest in how genome size evolves and is maintained. In general, genome expansion results from the import of foreign sequences as well as by endogenous mechanisms involving genome rearrangements, all of which we refer to as duplication. These exogenous and endogenous modes of expansion are opposed by sequence deletion. It is often assumed that the acquisitive and reductive modes of genome evolution just balance each other such that genome size is stable. However, it is clear that under certain circumstances these processes may be expressed in an unbalanced way. For example, the divergence of very closely related bacteria such as Rickettsia and Bradyrhizobium has led to organisms with genome sizes of roughly 1 and 9 million bp, respectively (Kundig, Hennecke, and Gottfert 1993; Roux and Raoult 1993; Andersson et al. 1998). Even within a bacterial species such as Escherichia coli, genome size may vary by as much as 20% between strains that have adapted to the endocellular and extracellular lifestyles (Bergthorsson and Ochman 1999; Perna et al. 2001). Thus, any given genome may be evolving with unequal rates of sequence acquisition and sequence loss.

Viruses, plasmids, or other mobile elements as well as transforming DNA mediate gene transfer (de la Cruz and Davies 2000; Ochman, Lawrence, and Groisman 2000). Mobile pathogenicity islands or multidrug-resis- tance plasmids provide vivid examples of adaptive transfer of alien genes between bacteria that may be quite unrelated. Likewise, sequence duplication of an existing genome string might be adaptive, as, for ex-
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ample, in the case of the pathogenic E. coli strain O157 (Perna et al. 2001). Nevertheless, we would not expect this to be general. What we would expect is that most duplicated sequences would be redundant, if not directly inhibitory (Roth et al. 1996). A similar argument can be put forth for transferred genes because exchange occurs between organisms sharing the same environment. In other words, most novel sequences would not be adaptive.

As much as 17% of the genome of different E. coli strains has been identiﬁed by anomalous nucleotide composition as transferred sequence (Medigue et al. 1991; Lawrence and Ochman 1998). In 19 different species of bacteria the mean genome fraction identiﬁed as transferred sequences is 6% (Kurland 2000; Ochman, Lawrence, and Groisman 2000). The compositional anomalies in E. coli are identiﬁed as gene fragments, repeat sequences, bits and pieces of viruses, along with insertion elements as well as unidentiﬁable sequences and some fully functional open reading frames (Lawrence and Ochman 1998). Although a small fraction of this cohort of imported sequence could conceivably be adaptive in one or another special setting, most of these sequences are considered dispensable (Lawrence and Ochman 1998; Ochman, Lawrence, and Groisman 2000; Mira, Ochman, and Moran 2001). For completeness, we may add that the acquisition by duplication or by import of rare novel sequences on occasion may be adaptive. However, in this study we are concerned with the fate of most novel sequences and how they affect genome size. For these reasons, we assume that imported or duplicated sequences are primarily neutral sequences.

The neutral theory of evolution (Kimura 1983, p. ix) holds that ‘‘the main cause of evolutionary change at the molecular level [—] is random ﬁxation of selectively neutral or nearly neutral mutants.’’ According to this view, newly generated neutral mutants may take over or reach ﬁxation in a population by diffusion. In this article, we are concerned only with the fate of functioning genes or intact sequences, and ﬁxation always
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implies that such a sequence at some point is present in all the individuals of a population. It is understood that the sequence on its way to ﬁxation may have been mutated and therefore may be polymorphic. Nevertheless, ﬁxation in this sense requires that the sequence is functionally intact. Accordingly, it is opposed by inactivating mutations or deletions. The critical point is that the probability of ﬁxation for any given variant is inversely related to the population size (N). Fixation of neutral sequences is expected with probability 1/N in small populations, such as those of animals. However, we emphasize in this study that ﬁxation of neutral sequences in the immensely larger populations of microorganisms is for all practical purposes impossible.

The problem is implicit in Kimura’s original formulation of the neutral theory (Kimura 1962). Although they may initially diffuse to ﬁxation, neutral sequences will ultimately be destroyed by random mutation, as, for example, in the extinction of pseudogenes. This means that even in small populations of vertebrates we may expect that neutral sequences are only transiently ﬁxed (cf. Nei and Grauer 1984). The difference is that in large microbial populations neutral mutants almost never have the chance to be ﬁxed. Rather, in such populations, global ﬁxation of active neutral sequences is barred by random mutational inactivation.

We begin by studying the opposition to ﬁxation in panmictic populations in which all individuals are subject to the same constraints. Then, we consider a population that is subdivided into a large number of small populations, patches that are only in occasional contact with each other. The dynamics of takeover processes in individual small patches are assumed to be faster than the exchanges between them. For this reason, each patch is assumed to be panmictic. Consequently, each patch can be scored as having ﬁxed or not ﬁxed a particular novel sequence. We ﬁnd that appreciable rates of mutational inactivation limit the transient acquisition of neutral and near-neutral genes to patches within global populations. In addition, intense turnover of neutral sequences due to random mutation generates a marked diversity of neutral sequences. In particular, an active neutral sequence that is present in any one genome will most likely be nonfunctional or absent in any other genome within the same global population.

Finally, we describe scenarios in which an active, novel sequence makes new ecological niches accessible for an organism. In such scenarios, selective pressures on the organism are not distributed uniformly over the different patches of a global population. In the simplest case, one set of patches contains a novel sequence that is adaptive, whereas for the remaining patches the same sequence is neutral or slightly deleterious. Even when the global turnover of neutral genes is high, novel coding sequences that are selected in some environments will persist in the corresponding patches. In addition, we ﬁnd that the selected sequence can spread from selective patches into the nonselective patches. In effect, the patches for which the sequence is adaptive serve as a reservoir from which that sequence has access to the whole global population. This result is important to un-




derstand ideas about how patches with adaptive sequences may diverge from the global population.

We use the results of this theory to analyze the acquisition of imported and duplicated novel sequences in microorganisms. In this study it is emphasized that the inﬂuence of novel sequence acquisition on the evolution of organisms is limited to the very rare instances in which they provide a selective advantage for their new host. We suggest that genome size is maintained in microorganisms by a quasi-steady state mechanism in which random ﬂuctuations in the acquisition and deletion rates result in genome sizes that vary from patch to patch. Finally, the patchy model is presented in the context of microbial populations that maintain their genomic coherence by genetic sweeps (Maynard Smith and Haigh 1974; Dykhuizen and Green 1991; Berg 1995). We assign the genomic identity of a global population to those genes that are required for participation of patches in genetic sweeps. In contrast, we emphasize the inﬂuence of sequence loss on the isolation and the divergence (speciation) of novel patches from a global population.

Results and Discussion

We have used a birth-and-death model with continuous and overlapping generations in a population of constant size, a Moran model (Moran 1958), to describe the dynamics of gene diffusion in microbial populations. All calculations and equations are presented in the Supplementary Material at the MBE web site (www. molbiolevol.org). The starting point of our analysis is to represent these dynamics as a Markov process as described previously, for example, by Ewens (1979, p. 69), and in this study in equations (2) and (3). There are advantages in using the birth-and-death model rather than the Wright-Fisher model with diffusion approximations. One technical advantage is that exact solutions can be obtained that can be tested against the integral approximations used to describe the diffusion process. Another more important advantage is that the dynamics of patches also can be described as a birth-and-death process using the same formalism and results. Finally, the Moran model gives a more realistic description of microbial populations with overlapping generations than does the Wright-Fisher model, which assumes that progeny are generated in a binomial distribution of discrete generations.

It is implicit in Kimura’s theory of neutral drift that mutation will oppose ﬁxation of sequences (Kimura 1962, 1983). In this article we have worked out the consequences of this opposition in terms of the ﬁxation probabilities and frequency distributions of novel sequences for neutral as well as for selected or counterselected novel sequences (see Supplementary Material). The results of our calculations, within comparable boundary conditions, are compatible with other descriptions. For example, our results are similar to those obtained by using the diffusion approximation for an inﬁnite sampling in each generation (Kimura 1962). More to the point, we have obtained new results that explicitly
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describe the antagonism between random mutational inactivation and diffusion of novel sequences in large populations of the sort characteristic of microorganisms.

Sequence Transience

We begin by noting that the most likely transfer event would be between organisms that are related by environmental proximity. Most of the time such transferred sequences, as well as those that are produced endogenously by duplication, would not be expected to confer a new function or other selective advantage on their hosts. That is to say, the majority of novel sequences will be, at best, neutral or near-neutral sequences in their new hosts.

Mutational attrition will oppose the ﬁxation and persistence of sequences that are not driven by strong selection. The inﬂuence of mutation on ﬁxation probabilities is determined primarily by the magnitude of the product uNe, where Ne is the effective size of the global population, and u is the rate of mutational inactivation. The effect of mutation is overwhelming in populations for which uNe k 1. Thus, in the absence of mutation, the probability of ﬁxation for a neutral sequence in a panmictic population becomes 1/N (where N is the actual global population size), the well-known result of Kimura (1962). Not surprisingly, when the rates of mutational inactivation are increased at ﬁxed population size (N) to levels for which uNe . 1, the probabilities for ﬁxation (Pﬁx) become vanishingly small even for moderately selected sequences, see equation (8) and ﬁgure 1A.

Instead, when we inspect the inﬂuence of varying population size on the ﬁxation probability (Pﬁx), the ambiguities of this parameter become evident. Figure 1B describes the response of (Pﬁx) to a variation of N at a ﬁxed mutation rate (u) for different values of (s), the selection coefﬁcient. Thus, when s . u(1 1 ln (1/u)), the probability of ﬁxation (Pﬁx) for the single panmictic population approaches a constant level at Pﬁx 5 s 2 u for increasing N. In this limit, where the selection coefﬁcient is dominant, the probability of ﬁxation becomes stationary for large values of N. In contrast, when u , s , u(1 1 ln (1/u)), there is a sharp drop in the ﬁxation probability (Pﬁx), which quickly vanishes for N greater than some threshold value.

The persistence time (Tper) of a novel sequence in the homogeneous population responds to changes in the total population size in characteristic ways that depend on the relationship of mutation rates (u) with selection coefﬁcient (s), as shown in ﬁgure 2. Thus, in ﬁgure 2A we observe, as expected, that persistence times decrease with increasing mutation rates to stationary values. However, when we vary the population size at ﬁxed mutation rate, we observe a more interesting response at large population sizes (ﬁg. 2B). Thus, in the range where mutational inactivation dominates, (zsz , u), Tper is virtually the same as for the neutral expectation. In contrast, for sequences with dominant selection coefﬁcients, s . u, Tper goes through a minimum and then increases sharply with increasing N. This behavior reﬂects a mu-
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FIG. 1.—(A) Fixation probability, Pﬁx, versus inactivation rate, uN

(or Pglobalfix vs. uNe for the patches) calculated for N 5 105 (or M 5 105 in the patchy population). The curves are (from upper to lower) for

sN (sN9) 5 10, 3, 0, 23, 25. For the patchy population, N and N9

e e e

are given by equations (33) and (34). Data points were calculated from the exact equations (2) and (6) and continuous curves from the integral approximation, equation (7). (B) Fixation probability versus population size for the homogeneous population with g 5 0 and u 5 1027 from equation (7). The curves (from upper to lower) are for s 5 1025, 3 3 1026, 1.6 3 1026, 1026, 0, 21026, 23 3 1025, 21025. There are three different regions of behavior: for zsz , u, the curves follow the neutral limit, equation (8); for s . u(1 1 ln (1/u)), the curves approach equation (9); in the intermediate range u , s , u(1 1 ln (1/u)), there is an initial plateau corresponding to equation (9) and then a sharp drop for N . [ln (1/s) 1 1]/[u 1 uln (1/u) 2 s].

tation-selection balance that maintains active sequences in the fraction 1 2 u/s of the population. For very large N, this fraction will constitute a sufﬁciently large number of individuals that will not be easily lost by ﬂuctuations.

In effect, there is a region of population sizes (N) for u , s , u(1 1 ln (1/u)), where Pﬁx is vanishingly small (for large N) but where the persistence time (Tper) is extremely large. In this window, where selection coefﬁcients dominate over mutation rates, it may not really matter that Pﬁx is vanishingly small because the active sequence can penetrate signiﬁcant parts of the population where it will persist for very long times.

The relevance of large effective mutation rates to the diffusion of neutral sequences in populations of microorganisms can be appreciated with the aid of some simple calculations. Global populations of bacteria are huge in comparison with those of say primates. For ex-
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FIG. 2.—(A) Times, in units of generations/ln (2), to extinction for a gene that starts in a single individual (or single patch) versus inactivation rate. N 5 105 in the homogenous population (or M 5 105

in the patchy population). sN(sN9) 5 30, 10, 3, 0, 23 from upper to

e

lower curves. For the patchy population, the value on the y-axis is

T (L 1 d), and N and N9 are given by equations (33) and (34). Data

per e e

points were calculated from the exact equations (3) and (6) and continuous curves from the integral approximation, equation (11). (B) Times to extinction versus population size for the homogeneous population with g 5 0 and u 5 1027 from equation (11). Curves from upper to lower are for s 5 3 3 1025, 1.5 3 1025, 1025, 1026, 0, 21025.

ample, N is estimated very roughly to be 1020 for E. coli (Ochman and Wilson 1987), and this ﬁgure enters into calculations of the neutral ﬁxation probability as Pﬁx 5 1/N 5 10220 (and much smaller when mutational inactivation contributes signiﬁcantly). However, because a bacterium such as E. coli is quite clonal, the strong inﬂuence of hitchhiking reduces the effective population size (Ne) to more modest values around 108–109 (Nei and Grauer 1984; Hartl, Moriyama, and Sawyer 1994). Values of Ne are relevant to calculations of persistence times and the like as well as of the effects of mutational attrition.

For example, the silent site diversity in E. coli is 0.09 (Hartl, Moriyama, and Sawyer 1994). This corresponds to uBPNe 5 0.1, where uBP is the substitution rate per base pair, and Ne is the effective population size. The rate of gene inactivation (point mutations, insertions, deletions, and frameshifts) per base pair for bacteria such as E. coli and Salmonella typhimurium is approximately the same as the substitution rate uBP (Drake




1991). Depending on the gene, the ratio of gene-inac- tivation to basepair substitution was found to be between 1 and 1/3. For an assumed gene size of 103 bp, this gives the effective rate of mutational inactivation (uNe) for a representative coding sequence roughly equal to 50. Note that this estimate is based on the observed neutral diversity of E. coli and does not require any independent estimate of the effective population size. In comparison, most animals with their lower population sizes would be characterized by effective mutation rates that are much less than one, according to the compilation of Nei and Grauer (1984). For such smaller populations, mutations can be considered negligible.

When rates of mutational inactivation have any nonzero values, neutral sequences that are partially or globally ﬁxed in a population will have ﬁnite residence times that can be calculated from equations (3), (6), and (11). In effect, any and all neutral or near-neutral sequences will eventually be displaced from genomes by mutational erosion as well as by diffusion (see ﬁg. 2). In other words, all neutral sequences are from the evolutionary perspective quite ephemeral.

Rate Estimates

For genome size to be stable, the net rates of sequence acquisition and deletion must be balanced. However, this balance is not one of simple equality. The fact is that when deletions are random they will per force inactivate selected sequences as well as delete neutral sequences. For the genome to maintain a stable size, the actual deletion rates must be greater than the acquisition rates to a degree that is at least corresponding to the ratio of total sequence normalized to the neutral, novel sequences. Thus, a steady-state genome length of selected sequences can be maintained only at the cost of a constant attrition due to random deletion of selected sequences in some progeny. The deletion rate of sequences in the surviving progeny is then just the tip of the iceberg because it will be estimated only from the survivors.

We would be less than candid if we did not emphasize the paucity of relevant data with which to calculate acquisition, diffusion, and extinction rates in speciﬁc bacterial populations. However, we can test our expectations very roughly by considering the global population of E. coli. The frequencies of gene-inactivating mutations in E. coli are estimated to be roughly 2 3 10210 per bp per replication (Drake 1991). Thus, per coding sequence of length 103 bp, this corresponds to an inactivation frequency (u) of ca. 2 3 1027. For simplicity, we assume that there are 1,000 essential genes in the E. coli genome, the loss of any of which would lead to cell death. These ﬁgures suggest an attrition of progeny that is roughly 1024 per generation from lethal mutations alone.

An independent estimate of an upper limit for the death rate due to mutational inactivation of essential genes can be obtained by direct measurement of the attrition of bacteria in culture. Studies of bacterial death rates by two methods gave frequencies of 1 3 1023 to
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3 3 1023 per generation for exponentially growing cultures of E. coli (Jorgensen and Kurland 1987). These ﬁgures are an order of magnitude larger than, and therefore consistent with, what is expected from the frequency of lethal gene mutation alone (above). Accordingly, the random destruction of required sequences from E. coli at u , 1026 would be an acceptable load for the organism which can tolerate a loss of progeny in the range of 1023 per cell cycle (Jorgensen and Kurland 1987).

The destructive mutation rate we used is from the compilation by Drake (1991) for mutations in cultures of E. coli and Salmonella and therefore it may not be entirely appropriate for calculations of evolution rates in nature. Recent results for Salmonella (Bjo¨rkman et al. 2000) show that the rates as well as the types of mutations that occur can vary in different natural and laboratory environments. In fact, Drake’s number is more than an order of magnitude larger than the rate that can be estimated from the synonymous divergence of E. coli and Salmonella. Thus, Ochman, Elwyn, and Moran (1999) have questioned its usefulness as an estimate of the evolutionary rate. Two problems are compounded here. One, mentioned above, is that mutation rates are very disparate and can differ by several orders of magnitude from site to site in the genome. The other is that the synonymous divergence between Salmonella and E. coli is very close to saturation (Maynard Smith and Smith 1996). Consequently, sites at which substitution rates are high have been mutated many times, whereas sites with low rates are accurately scored. In other words, a long-term experiment such as the divergence of Salmonella and E. coli will report predominantly the slow rates. Consequently, the laboratory rate of 4 3 10210 (Drake 1991) for base pair substitutions can be reconciled with the estimated evolutionary rate when the site-speciﬁc variation in mutation rate is modeled with the aid of a gamma distribution (Berg 1999).

In addition, the mutation rates for the inactivation of coding sequences that we have used are composite estimates for a variety of destructive mutations (Drake 1991). It seems that the non–base substitution mutations, i.e., frameshift, insertion, and deletion, make up a variable fraction of the inactivating mutations. The variation depends on the organism and the locus, but for bacteria such as E. coli and S. typhimurium very roughly equal frequencies of base substitution and of non–base substitution mutations can be assumed (Drake 1991). Frameshift mutations can be taken as short deletions or insertions and, according to the compilation of Mira, Ochman, and Moran (2001), the number of deletions outweighs that for insertions by at least a factor of two. Accordingly, we expect one-third of all inactivating mutations to be deletions. In the compilation of Mira, Ochman, and Moran (2001) for genera from eight major groups of prokaryotes, the average length of the deletions observed in pseudogenes varies between 33 and 150 bp, whereas the average insertion size is less than 3 bp (A. Mira, personal communication).

Hooper and Berg (2002) have recently identiﬁed rates of acquisition and deletion from a comparison be-
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tween the two E. coli strains K12 and O157. The neutral divergence between these two strains, Ks 5 0.04, corresponds to uBPTdiv 5 0.02, where Tdiv is the divergence time of the two strains. A comparison with the observed global neutral diversity, uBPNe 5 0.1 discussed above, shows that Tdiv 5 0.2Ne generations. The effective rate of deletion of sequences longer than 400 bp was found

to be kdelTdiv 5 0.3, which gives kdelNe 5 1.5. Comparison of this rate with the rate of gene inactivation esti-

mated above, uNe 5 50, suggests that for every functioning neutral gene there would be u/kdel 5 30 pseudogenes in the genome (cf. eqs. 19 and 40).

Lawrence and Ochman (1998) identiﬁed 755 coding sequences as potential imports in E. coli. Based on their annotations, ca. 300 of these may carry useful functions and therefore may be selected. Among the rest, there is a large fraction of putative genes and ORFs without assigned function. These may be neutral genes or pseudogenes in various stages of decay. Assuming that there are ca. 500 neutral genes or pseudogenes transiently present in the genome, i.e., Y0,pseudotr 5 c0/kdel 5 500 (eq. 19 with u replaced by kdel), the gene incorporation rate (c0) would be c0Ne 5 750. Furthermore, with u/kdel 5 30, the number of functioning neutral genes in the genome would be Y0,functtr 5 15.

The evolutionary rates we use in this study are all normalized to the effective population size, Ne. The laboratory rate (Drake 1991) of u 5 2 3 1027 per gene per generation corresponds to Ne 5 2.5 3 108 (Hartl, Moriyama, and Sawyer 1994). For an assumed growth rate of ca. 200 generations per year, the insertion rate c0 5

600 kbp per Myr, the deletion rate kdel 5 1.2 per gene per Myr, and the inactivation rate u 5 40 per gene per

Myr for neutral sequences. These rates of import and deletion (c0 and kdel) are similar in magnitude to the ones estimated by Lawrence and Ochman (1998), if we account for the fact that their numbers were calibrated against the estimated substitution rate in the E. coli– Salmonella divergence. This, as discussed above, is at least an order of magnitude slower than the laboratory rate (Drake 1991).

The time taken to establish a stationary gene distribution after a change would be 1/kdel 5 1 Myr. In other words, it will take a long time to reach a balance between acquisition and deletion, if at some time a large chunk of neutral DNA has been added (through import, duplication, or loss of selection) or deleted. Furthermore, the rates themselves are not likely to remain constant in a changing environment. Thus, we expect that the relative rates of acquisition and deletion are balanced in a very rough way, but over short times that their ratio will ﬂuctuate.

Patchy Populations

A more realistic structure than that of a homogeneous global population is that of a population fragmented into a large number (M) of patches that develop to some extent independently of each other. The patchy population model is a variant of the island model of Wright (1951). Each individual patch is assumed to have
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an effective population size Npe. Exchange between patches is governed by two parameters. One is the migration rate L, which describes the invasion frequency of a patch. The other is (d), which summarizes the rate at which a patch may become extinct and then be recolonized. For simplicity, we assume that there is no spatial separation of patches and that members from any patch are equally likely to invade any other. This is an unrealistic but very convenient assumption of the island model. Even if novel sequences can be acquired at a considerable aggregate rate by a patch, it is assumed that the introduction of any particular sequence is a rare or unique event.

The expectation that most randomly acquired novel sequences are neutral or slightly deleterious to their hosts can be expressed in a very simple manner in the patchy population model. Thus, for a homogeneous patchy population there is no genetic or environmental variation between different patches, except for the presence or absence of novel neutral sequences.

The attrition due to mutational inactivation for novel sequences diffusing through a large homogeneous patchy population is similar to that for a large panmictic population (see ﬁgs. 1 and 2). There are some simple parameter changes that must be made to make this comparison. In this study the effective mutation rate (uN) in the equations for the homogeneous population (eq. 20) is replaced by uNe 5 uM/(L 1 d) and the effective

	selection coefﬁcient (sN) by sN9 5 sN
	ML/(L 1 d) (cf.

	e
	pe



eqs. 30–34) for the patchy population. Furthermore, M should replace factors of N (not associated with u or s).

In principle, the effective population size (Ne) can be deﬁned by requiring that the expressions for the gene frequencies in the patchy population should formally resemble those of a homogeneous one, with population size Ne (Wright 1931). Thus, it is convenient to use two different effective population sizes to characterize a patchy population (Berg 1996): Ne, which is associated

with the mutation rate, and N9, which is associated with

e

the selection coefﬁcient. The effective population size for mutations (Ne) will increase when the migration between patches (L 1 d) becomes very small (Maruyama and Kimura 1980). In contrast, the effective population

size for selection (N9) depends on L much more weakly,

e

or not at all when extinctions are rare, i.e., when d 5

0. When d . 0, N9 increases with increasing migration

e

rate making selection more effective. According to expression (34) the two effective population sizes are re-

	lated as N9/N
	5 N L. In contrast, the inﬂuences of

	e e
	pe



clonality and hitchhiking in single patches will tend to make the effective population size of a single patch (Npe) roughly the same for mutation and selection (Berg 1995, 1996). With these parameter replacements, the behavior of a homogeneous patchy population is as described in ﬁgures 1 and 2. That is to say, the patchy population behaves precisely as does the equivalent panmictic population.

The approximate equivalence of sequence acquisition and deletion discussed in the previous section is worth emphasizing here in our consideration of patches. The relevant observation is that genomes of bacteria do




not tend to be uniform even within a nominal species or a nominal genus. Thus, natural isolates of E. coli have genome sizes between 4.5 and 5.5 Mbp (Bergthorsson and Ochman 1999; Perna et al. 2001). Similar or greater variations in intraspecies and intragenus genome sizes are found among Salmonella typhi, Bacillus cereus, Pseudomonas stutzeri, Biﬁdobacterium, as well as numerous genera of endocellular pathogens and endosymbiotic bacteria (Carlson and Kolsto 1994; O’Riordan and Fitzgerald 1997; Wernegreen et al. 2000; Sun et al. 2001). Thus, there may be within any global population of bacteria a tendency for the grand average of rates of sequence acquisition and sequence loss to balance one another. Nevertheless, it is very obvious that there are marked local ﬂuctuations in the processes that determine the genome sizes characteristic of different patches. The consequence is that patches will, at any given time, deviate from the canonical norm of the global population.

The random acquisition and loss of neutral genes can be described as a Poisson process. This process would not be expected to lead to very large ﬂuctuations in genome size within a population. The variance in genome size would be roughly the same as the average number of neutral genes in a genome, equation (42). However, if the probability of gene acquisition were proportional to the number of genes already present, the genome size distribution would be much broader. This would be expected for gene duplications, but also gene import could be facilitated by the presence of neutral genes that could provide insertion points where the functioning of essential genes is not impaired. Furthermore, an import of a selected gene(s) could bring with it a cohort of linked neutral sequences that initially spread and then are only gradually inactivated and deleted. Thus, the variance in neutral gene content within a population can be expected to be larger than that given by a stationary Poisson process in equation (42).

In summary, ﬂuctuating local genome length is to be expected because several ﬂuctuating random processes contribute to genome content. Accordingly, we suggest that genome sizes in microbial global populations are usefully viewed as characteristics in a quasisteady state.

Genome Diversity

Based on the observed silent-site diversity for E. coli, we estimate that uNe 5 50 for a reference gene of 103 bp. According to equation (17), a neutral gene that is present in the population would be expected to be present in only 0.1% of the population (ﬁg. 3A). Similarly, the neutral gene diversity (H0) according to equations (18) or (21) would be 0.99 (ﬁg. 3B). In this case, only 1% of the active neutral genes in one patch will be present and active simultaneously in another randomly chosen patch. Thus, even if the rate of inactivation or deletion were much smaller than estimated, inﬁltration of large global populations would be expected to be only partial and transient.

Because it is based on the observed number for silent-site diversity, the above estimate of the neutral
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FIG. 3.—Averages of the gene frequency distributions as a function of uN (or uNe 5 uM/(L 1 d) for the patchy population), with N 5 106 (or M 5 106 for the patches). The results mostly depend on the combinations uN and sN for the panmictic population (or uNe and

sN9 for the patches) and are otherwise fairly insensitive to the popu-

e

lation size N (or M). Panel A: Average inﬁltration, i.e., the fraction of the population within which a gene is present, as given in equation (17). Panel B: Heterogeneity, the average fraction of genes that are different between two randomly chosen individuals or patches, equations (18) and (21). From top to bottom, the curves in panel A are for

sN (or sN9) 5 10, 3, 1, 0, 21, 23, 210, and in panel B the order is

e

reversed.

gene diversity, H0, is largely independent of the assumed population structure and rates. Thus, this calculation is valid as long as neutral genes spread through the population in the same way that neutral base-pair changes spread. The neutral gene diversity is so much larger than the neutral site diversity because the mutational target of a gene is so much larger than that of a single site. The main inﬂuence of the patchy population in terms of neutral diversity is the decrease in the effective population size, which corresponds to M/(L 1 d) (Maruyama and Kimura 1980; Berg 1996).

For E. coli, the replacement of resident strains in the intestinal ﬂora may take place roughly once per 100 generations or so (Selander, Caugant, and Whittam 1987). This would correspond to (L 1 d) 5 1022. The effective population size (Ne) for neutral diversity has been estimated at ca. 2 3 108 (Hartl, Moriyama, and Sawyer 1994). Consequently, the effective number of patches for E. coli would be M 5 2 3 106. This suggests that although there may be many different neutral sequences in any one genome, the neutral sequences in
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different patches will be different. For example, if the number of functioning neutral genes in a single host organism (or patch) is Y0tr 5 20, the number of different kinds of active neutral genes in the whole population (X0tr) can be calculated. From ﬁgure 3A one ﬁnds F 5

Y0tr/X0tr ł 1/(10uNe), for uNe . 1. Thus, X0tr ł 10uNeY0tr 5 104, with uNe 5 50. This means that for the global

population of E. coli, we would expect the total number of different novel sequences, each in very low copy number, to be signiﬁcantly greater than the number of indigenous selected ones.

The very high turnover expected for novel sequences implies that the diversity in gene content can be enormous. As a consequence, the probability of picking up or combining sequences that carry a useful function is increased. In other words, for a large population, the probability that one individual carries some gene or combination of genes that can prove useful when the environment is changed increases with the sequence diversity.

Novel Sequences Under Selection

A limited number of novel sequences that confer a selective advantage on their new hosts should be identiﬁable among the majority of neutral novel sequences. Selected sequences should be more stable residents of their new hosts than are their neutral cohorts. Indeed, there is vast literature describing particular adaptive functions for gene products borne by viruses, plasmids, conjugal transposons, and other mobile elements that can transfer functions sometimes over long phylogenetic distances (cf. Salyers et al. 1995; de la Cruz and Davies 2000; Ochman, Lawrence, and Groisman 2000). Adaptive novel sequences are diverse. Most well described are those that protect against antibiotics, or those that degrade aromatics and other organics, or ones that enhance pathogenic virulence.

To analyze adaptive novel sequences, the patchy population model may be more useful than a homogenous global population model. Thus, antibiotic resistance is not a universal trait of all pathogenic bacteria (Andersson and Levin 1999). Not all members of the global E. coli population are endocellular pathogens with genomes containing pathogenicity islands (Perna et al. 2001). Likewise, not all bacteria within the global population of M. tuberculosis have the same pathogenicity genes (Kato-Maeda et al. 2001). In other words, experience shows that adaptive characteristics are often restricted to certain patches within a global population, whereas they are absent from other patches within the same global population.

Accordingly, the patchy population seems to be a natural description of populations harboring transferred adaptive genomic patches for which there is a variation of selective coefﬁcients. For simplicity, we have limited ourselves to a model in which there are two characteristic selection coefﬁcients for a sequence distributed among the patches of a global population. Thus, a novel sequence that is strongly selected in one class containing M1 patches may or may not be able to inﬁltrate the re-
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maining M2 patches where it is weakly selected or counterselected.

There are several parameters that determine whether or not a sequence that is adaptive in some subset of patches will penetrate the rest of the global population. One of these is the number of the adaptive patches, relative to that of the remaining patches (M1/M2). Another parameter is the effective selection coefﬁcient (s2Npe) in the nonadaptive patches. Finally, there is the ratio of mutational inactivation to invasion (u/L), which contains a fourth hidden parameter. This is the novel sequence length required to support the adaptive function. In this study the longer the required sequence, the greater is the attrition (u) due to random mutation.

Figure 4A describes the fraction (F2) of the M2 nonadaptive patches that carry a sequence that is strongly selected in the other subset of patches for which the novel sequence is adaptive. When the counterselection is not too weak (s2Npe , 2M1/M) and mutation rates are low (or the exchange rate L is large), the penetration of the nonadaptive patches approaches a level deﬁned

by F2 5 (M1/M2)/(zs2zNpe). In contrast, when u/L is sufﬁciently large, mutational inactivation will effectively

stop the spread into the nonadaptive part of the population. Here, F2 decreases with increasing u/L to vanishing levels, as described in equation (38) and ﬁgure 4A. A gene that is neutral (s2 5 0) will spread into a large fraction of the nonadaptive patches if the number (M1) of patches with selection is larger than uNe, equation (38).

Figure 4B describes the variation of F2 as a function of the effective selection coefﬁcient (s2Npe) in the nonadaptive patches for given values of M1/M2 and u/ L. This ﬁgure presents another view of the interplay between the ratio of adaptive to nonadaptive patch numbers (M1/M2), the effective selection coefﬁcient (s2Npe), and relative intensity of mutational inactivation compared with invasion (u/L). Here, the penetration of the nonadaptive patches, as represented by F2, is shown to be a sensitive function of the effective selection coefﬁcient of the nonadaptive patches. Thus, the M1 selective patches serve as a reservoir from which the gene can inﬁltrate into the rest of the population, unless the counterselection or the mutational inactivation is too large.

In general, large assemblies of metabolic enzymes carried on plasmids are likely to be excellent targets for mutational attrition. Such plasmids would also function as competitors for metabolic resources from their hosts, which could reduce their ﬁtness under nonselective conditions. Indeed, plasmids, in general, often exert a negative effect on the ﬁtness of their hosts in the absence of selection for their coding sequences (Bergstrom, Lipsitch, and Levin 2000). Likewise, antibiotic resistance factors often depress the ﬁtness of their hosts in the absence of antibiotic (Borman, Paulous, and Clavel 1996; Andersson and Levin 1999; Bjo¨rkman and Andersson 2000; Cowen, Kohn, and Anderson 2001). Accordingly, it is not surprising that pathogenic bacteria only occasionally carry resistance factors. In other words, anti- biotic-resistant strains are most often contained in some




patches, but they, in general, are not ﬁxed throughout the pathogen’s global population.

Similarly, we expect limited distributions within global populations of pathogenic variants that rely on novel pathogenicity islands for their occupation of some niches. So, the E. coli endocellular pathogen O157 is not a widely dispersed strain within its global population. In general, we suspect that plasmids and other bearers of novel sequences persist only as long as there are strong selective forces to retain them. Otherwise, they are purged along with other neutral sequences. Nevertheless, it is important to recall that a small number of patches with novel sequences maintained by selection can serve as a reservoir from which these same sequences can be recruited if the selective conditions spread to new patches. Such is the worst case scenario for the diffusion of sequences encoding antibiotic resistance.

Conclusions

The genomes of microorganisms are found in enormous populations; 1020 is one estimate for the global population of E. coli (Ochman and Wilson 1987). In such populations, random mutational inactivation at ambient rates (Drake 1991) is sufﬁciently intense to block the ﬁxation of neutral, near-neutral, and even moderately adaptive novel coding sequences of 1,000 bp or more. As we have suggested, active forms of coding sequences not driven by strong selection will at best transiently penetrate a fraction of patches within a global population before being expunged by mutation (ﬁgs. 1 and 2). In other words, although the ﬂux of novel sequences through a global population of genomes may be huge, the fraction of such sequences that persist is miniscule (ﬁg. 3).

In contrast, the genomic coherence of a global population is maintained by selective sweeps of highly adaptive sequences (Maynard Smith and Haigh 1974; Dykhuizen and Green 1991; Berg 1995). Such sweeps may be driven by selective growth of genomic variants or by gene transfer (recombination) of relatively short genome fragments (Guttman and Dykhuizen 1994). The mix between these two mechanisms is to some extent a characteristic of different bacteria (Maynard Smith et al. 1993). Finally, the sweeps of selected sequences may coincidentally distribute neutral or weakly selected sequences by hitchhiking within the global population, but these are expected to be transient.

Although endogenously generated as well as alien novel sequences are expected to be, for the most part, nonadaptive transients, there may be extra constraints that limit the residence times and penetration of novel host populations by alien sequences. For example, the optimized cooperative interactions between different proteins from one organism may not always be duplicated in other organisms. Consequently, an alien gene would be, in general, expected to function less effectively in the protein network of a new host (Woese 1998). A recent example illustrates this point.

Rao and Varshney (2001) have studied in vivo the functions of a so-called ribosome release factor (RRF)
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FIG. 4.—The expected fraction (F2 5 m¯2/M2) of nonadaptive patches carrying a foreign gene that is required in a subset (M1/M) of all patches, calculated from equation (37). Panel A: Result for M1/M2 5 1025 plotted versus u/L (5uNe/M); solid curve, for the neutral limit (eq. 38); dashed curves, weak positive selection, s2Np 5 1023, 1024, 1025 (from upper to lower); dotted curves, weak counter-selection, s2Np 5 21024, 21023 (from upper to lower). Panel B: F2 versus strength of selection (s2) in the nonadaptive patches. The results are for M1/M2 5 1022 (solid), M1/M2 5 1023 (dash), and M1/M2 5 1024 (dash-dot); for each pair of curves, u/L 5 1023 (upper), and u/L 5 1022 (lower).





from Mycobacterium tuberculosis in the translation cycle of E. coli. Brieﬂy, they ﬁnd that by itself RRF from M. tuberculosis will not rescue E. coli with defective RRF. However, if both the RRF and elongation factor G from M. tuberculosis are introduced together in a suitable genetic construction, the defective E. coli can be




rescued. Furthermore, deletion of a ﬁve amino acid sequence normally found at the C-terminus of RRF from Thermus thermophilus allows the alien RRF to rescue the defective E. coli RRF mutant. Finally, in other rescue experiments with different transgenic RRFs it is found that even alien RRFs that rescue the defective E.
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coli at a given expression level will kill the new host if they are expressed at too high a level (Ohnishi et al. 1999). There are no doubt many such examples in the literature to illustrate the general point that both the details of cooperative interactions as well as the need to regulate expression levels limits the adaptive value of novel sequences in transgenic organisms.

Calculations based on whole genome sequences suggest that alien sequences are present in variable but occasionally substantial fractions of genomes. For R. prowazekii, the fraction approaches zero (Andersson et al. 1998), whereas for E. coli it may be as great as 17%, with the mean for 19 genomes being 6% (Ochman, Lawrence, and Groisman 2000; Kurland 2000). In contrast, the minimum fraction of coding sequences that has paralogous partners in the E. coli genome seems to be roughly 30% (Riley 1998), whereas this fraction varies between 5% and 35% in 20 other archaeal and bacterial genomes (Huynen and van Nimwegen 1998; Jordan et al. 2001). Thus, alien sequences are not the sole source and they may not be the dominant source of acquisitive evolution in microorganisms (Kurland 2000).

In addition, the a priori probability that a strictly equivalent alien gene can replace an endogenous homologue is very low. Thus, it is easily shown from equation (13) that the ﬁxation probability of an alien gene that is functionally indistinguishable from an endogenous homologue in its new host is 1/(2N), a result also obtained by Lynch et al. (2001). Because N is normally a very large number for populations of microorganisms, such results suggest that the transfer and ﬁxation of a nominally redundant alien gene in a new host will be a rare event indeed.

For these reasons, we suggest that the alien gene transfers that are ﬁxed in global populations or their patches will most often support novel functions for their new hosts. Indeed, unambiguous transfers within domains are well established for novel functions such as antibiotic resistance, pathogenicity, and unusual metabolic pathways (Salyers et al. 1995; Ochman, Lawrence, and Groisman 2000; de la Cruz and Davies 2000). All these intradomain transfers provide examples of sequences that are highly adaptive and commonly found in patches (Kurland 2000).

As we have shown, the very high turnover expected for most novel sequences implies that the diversity in gene content within a global population can be enormous. In effect, a novel neutral sequence ﬁxed in any one patch is unlikely to be present and active in any other patch in the same global population (ﬁg. 3). In this study we note that a novel neutral sequence that is hitchhiking with a selected sequence or one that is driven by infection also may be ﬁxed in the global population. Nevertheless, in the long run, we expect these as well as all other neutral and near-neutral sequences to be expunged by random mutation (see ﬁg. 2).

One consequence of this dynamic is that the genome size of global populations of microorganisms will tend to reﬂect a grand average of the rates of sequence acquisition and sequence loss, which should more or less balance one another. Nevertheless, we expect that




there will be marked local ﬂuctuations in the processes that determine the genome lengths characteristic of different patches. As a consequence, the genomes of individual patches at any given time may deviate from the canonical norm of the global population. That is to say, we expect genome size to be in a quasi-steady state.

A patch (P1) that has acquired a novel sequence that is strongly adaptive might be expected initially to have a reduced exposure to the selective sweeps that pass through the rest of the mother population (P2). Thus, the inaccessibility of that patch (P1) to individuals not carrying that particular adaptive sequence would impede the progress of the sweeps from the mother population (P2). However, we expect this presumptive isolation to break down. Thus, as described in ﬁgure 4, a highly selective novel patch (P1) serves as a reservoir from which its particular adaptive sequences can repeatedly inﬁltrate other patches (P2) for which the same novel sequences may be neutral. Accordingly, these adaptive novel sequences may ﬁnd their way into individuals that are accessible to the sweeps of the mother population (P2). If such individuals can return to patch (P1) they will extend the range of the sweeps to that novel patch and thereby break its isolation.

Nevertheless, a patch (P1) with an adaptive novel sequence can become effectively and irretrievably isolated by a different mechanism. Thus, the genome evolution of endocellular parasites and endosymbionts is thought to be dominated by the loss of genes that are redundant (neutral) in the intracellular environment provided by their host cells (Andersson and Kurland 1998; Andersson et al. 1998; Shigenebou et al. 2000; Moran and Mira 2001). In this study we have emphasized the importance of random mutation to the attrition of neutral novel sequences in large microbial populations. This notion can be extended to describe a patch (P1) of microorganisms that is adapted to a particular microenvironment. After long periods of disuse, the genomes of the patch may lose some function that is not expressed in that patch but that is required to reenter the patches (P2) of the mother population. In such a case, the reductive loss of coding sequences required for participation in the sweeps of patches (P2) would effectively isolate the patch (P1). As a consequence of this isolation, the patch (P1) can in time diverge signiﬁcantly from the global population (P2).

It might be useful to rephrase this conclusion. In effect, we suggest that the genomic identity of a species (global population) is determined by all the sequences that a genome must have in working order to participate in the sweeps that maintain the coherence of that population. Patches that have lost sequences required for participation in the sweeps may evolve into new global populations or they may become extinct. The nonintuitive conclusion is that the isolation required for divergence arises in part from sequence loss as well as from acquisition of novel adaptive sequences. The order of acquisitive and reductive events is not important to the evolution of a divergent patch. Finally, sequences not required for the global sweeps may be residents of novel patches but they neither confuse nor detract from that
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