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Abstract

We review the intersection between two areas of microbial evaldtiat were research foci of Michel Blot. One focus is the behavior of
insertion sequence (IS) elements, including their role in promoting the evolutionary adaptation of their hosts. The other focus is experimental
evolution, an approach that allows the dynamics of genomic and phenotypic change to be observed in the laboratory. This review shows that
IS elements are useful as markers for detecting genomic change over experimental time scales and, moreover, that IS elements generate sor
of the beneficial mutations that increase organismal fitness.
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1. Introduction rearrangements. Depending on their respective orientation,
recombination between two homologous IS elements can

Insertion sequence (IS) elements are mobile geneticgenerate chromosomal inversions or deletions, which are
elements, usually less than52kb in size, that are widely = sometimes very large [18,24,31]. The rates of these var-
distributed in the genomes of most bacteria [20]. More ious IS-mediated events can be quite high, such that IS
than 500 such elements habeen identified to date. IS  elements contribute significantly to spontaneous mutagen-
elements are commonly defined as carrying only the geneticesis in bacteria [6,12,14,17,27]. A review of the structure
information related to their transposition and its regulation, of IS elements, and the molecular mechanisms underly-
in contrast to transposons that also carry genes involved ining their transposition and recombination activities, can be
other functions (e.g., antibiotic resistance). This review will found elsewhere [20].
examine the evolutionary consequences of IS elements and From an evolutionary perspective, there are two dis-
their mutagenic activity, specifically within the context of tinct hypotheses on how IS elements persist in genomes.
evolution experiments in the laboratory. According to one hypothesis, IS elements are genomic par-

Insertions of IS elements often cause gene inactivation asites that, on balance, harm their hosts, owing primarily
and have strong polar effects [30]. In other cases, however,to the increased rate of deleterious mutations that they
such insertions can lead to the activation or alteration of cause. Such elements are maintained, despite this cost, by
the expression of adjacent genes [4,25,29] because someeplicative transposition to additional genomic sites, includ-
IS elements carry outwardlyirécted regulatory sequences ing plasmids, coupled with net horizontal transfer into other
including promoters or protein-binding sequences [20]. Be- lineages [2]. The second hypothesis emphasizes that IS el-
sides these local effects, IS elements are also recognized byyments can also generate occasional beneficial mutations
the recombination machinery of the cell, leading to complex through their transposition ancecombination activities.

Therefore, IS elements are wied as important for the adap-
T Corre . tive evolution of their hosts, and are maintained by selection
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(D. Schneider). hypotheses recognize the cost associated with the increased
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load of IS-mediated deleterious mutations, with the dif- first 20000 generations of this evolution experiment [23].
ference being whether horizontal transfer of the elements, A number of evolved clones were isolated at several time
or selection of beneficial nations generated by the ele- points from two focal populations, designated Ard and
ments, is the main force responsible for maintaining them Ara +1, and their genomic ‘fingerprints’ were compared
in genomes. to the ancestral strain. The fingerprints were obtained by
The field of evolutionary biology has long been interested restriction fragment length polymorphism (RFLP) using IS
in the dynamics of adaptation by natural selection, including elements as probes.
the processes that generate the requisite genetic diversity. This strategy allowed the construction of phylogenetic
Evolution experiments in the laboratory provide one way trees for each of the two focal populations (Fig. 1). Each
to study these dynamics, and various microbes—including tree has the unusual feature (relative to most phylogenies)
bacteria, yeast, and viruses—have received particular attenthat it is rooted at the true aastor, and samples come from
tion because they allow experimis extending for hundreds  different points in the population’s evolutionary history.
and even thousands of generations [8]. Microbes offer manyBased on the number of differences between the evolved
advantages for experimental evolution. They are easy toclones and their ancestor, &metic distance between the
propagate and reproduce quickly, allowing long-term stud- two types was calculated. As expected, the average genetic
ies with large populations and many replicates. They can bedistance to the ancestor m@ased significantly with time
stored indefinitely and later revived, permitting comparison [23]. Moreover, the 1S-associated rate of genomic change
between ancestral and evolved individuals of genotypic andin these two populations showed no deceleration over the
phenotypic features, including their relative fithess based oncourse of 10000 generations of evolution. This genomic
direct competitions. Environmental variables as well as ge- trajectory stands in contrast to the rates of phenotypic
netic factors can be manipulated in order to test their effects evolution, which decelerated sharply over time. These IS
on evolutionary dynamics and outcomes. The wealth of ge- data therefore indicate a discordance between rates of
nomic, biochemical, and physiological information available phenotypic and genomic evolution, which has often been
for many species allows detailed studies of the molecular ba- suggested but not experimentally demonstrated.
sis of evolutionary adaptation. The extent of genetic diversity revealed among contem-
We review here the dynamics and phenotypic effects of porary clones was striking. In one population, 11 clones
IS elements in several evolution experiments using bacteriasampled at generation 10 000td distinct IS fingerprints.
and, in one case, yeast. These experiments cover a wideThe other population sampled at the same generation showed
range of selective conditions including growth, starvation, 10 different fingerprints among 13 clones tested. The tem-
and thermal stress. In some of the experiments, IS elementgoral pattern of diversity also showed the importance of
were deliberately chosen to analyze the emergence andselection, including evidence for competition among clones
maintenance of genetic diversity. In other experiments, carrying different beneficial mutations within the same pop-
mutations were found using various strategies, although ulation. In particular, the phylogenetic trees revealed tran-
some of them were found to have been generated by ISsient clades that represented a substantial fraction of the
elements. In many cases, 1S-mediated mutations were als@opulation at certain time points, which subsequently went
shown or inferred to be beneficial in the environments in extinct (Fig. 1). These transiently successful, but eventually
which they were substituted. dead-end, clades are the signature of so-called “leapfrog”
events. These events are predicted by mathematical mod-
els to occur in large, asexual populations when competing

2. Dynamicsof | S elementsduring 20000 gener ations clones independently acquire different beneficial mutations,

of bacterial growth giving rise to the more general phenomenon of clonal inter-
ference [11]. Selective swegpf beneficial mutations were

2.1. IS elements are markers of genetic diversity also suggested by the trunk-like appearance of the phyloge-

netic trees, along which successive pivotal mutations could

The longest-running evolution experiment involves 12 be distinguished that eventually spread through the entire
populations ofEscherichia coliB, all founded from the population. These pivotal mutations are candidates for be-
same ancestral strain [5,15,16]. The populations have beering beneficial substitutions. Alternatively, they might have
propagated for more than 20 000 generations by daily serialhitchhiked with other beneficial mutations elsewhere in the
transfers in minimal medium supplemented with glucose. genome that were not detected by this approach. As a next
Compared with the ancestor, the competitive fithess of the step, these IS-associated pglomutations were character-
bacteria increased by about 70% on average, and the averageed at the molecular level.
cell volume has more than doubled. The rates of change in
both fitness and cell size were faster early in the experiment,2.2. IS elements can gemge beneficial mutations
and have decelerated as thgperiment has continued.

IS elements were used as molecular markers to measure All of the IS-associated pial mutations in the two focal
the dynamics and extent of genomic change over the populationsthrough 10000 generations were analyzed to de-
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Fig. 1. Phylogenetic trees obtaineat fwo experimental populations & coli, based on RFLP analysis of the ancestor and numerous evolved clones using IS
elements as probes. The figure is reproduced from [23]. Phylogenies weredrifgmparsimony from “fingerprints” that consist of the presence orratesef

each restriction fragment that hybridized to arpt8be. Notation indicates the generation at whéeleh clone was sampled, followed by an arbitramnber

that distinguishes clones from the same time poifdn€s shown in the box were identical to the anceb#&sed on IS fingerprints. Arrows mark somelud t
pivotal mutations that were shared by athioés in every later sample. (A) Population Ara. (B) Population Ara—1. (Copyright 1999 National Academy of

Sciences, USA.)
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Table 1
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Types and genomic sites of pivotal IS-medéatautations in two poputagons from the long-ternte. coli evolution experiment

Mutation Population Gene function First detected at Substituted by
(generation) (generation)

1S150-mediatedrbs operon Ara—1and Ribose utilization 500 500

deletior? Ara+1

pykF:1S150 Ara—1 Pyruvate kinase | 2000 5000

Inversion between two & Ara—1 5000 5000

(14.1 and 469)

Deletion between two I8 Ara—1 5000 5000

nadR:1S150 Ara+1 Repressor of NAD biosynthetic genes 1000 2000

hokB-sokB:1S150 Ara+1 Homologous to plasmid stabilization 1000 2000
systems

IS150insertion in regulatory Ara+1 Penicillin-binding protein 2 2000 2000

region of pbp A

Inversion between two E50s Ara+1 2000 2000

(62 and 997)

yfcU::1S150 Ara+1 Unknown 5000 8000

Insertion of I50in intergenic Ara+1 Malate synthase G and unknown 5000 8000

region ofglcB andyghK

These data are from [31].

@ Similar deletions of part or all of théss operon were found in 12 of 12 independently evolved patios [6], including these two focal populations.

termine the underlying molecular events [6,31]. In principle, function is unusually high at abouts6 10~° per cell gen-
some of these pivotal changes could have involved muta- eration. Secondrbs deletion mutations have a selective

tions in restriction sites used for the fingerprinting, although advantage in the glucose medium used for the experimen-
this possibility was deemed unlikely based on knowledge ta| evolution. Competition experiments between the ancestor
of the target sizes, mutation rates, and generations elapsedyng various isogenic strains with spontaneous or constructed

Indeed, molecular characteation showed that all the piv- 1 jeletions revealed a small, but consistent, fitness benefit
otal mutations detected by this approach were IS-mediated ¢ g0 geletions. Elsewhere, it was suggested that antag-

events; these included insertions, deletions and inversions._ . .. . . . .
’ . X ’ . onistic pleiotropy was the main population-genetic process
These events, including théfected genes, are summarized P Py pop 9 X

in Table 1. Ieading to thel ecolog.ical sp@diizqtion of these evolvin.g .
An inversion event involving approximately one-third of bac_:terla to their experimental envwonmenF [5].. Antagomshp
theE. coli chromosome was identified in each focal popula- PI€I0Iropy postulates that losses of function in other envi-
tion, but the two inversions involved different chromosomal fonments (causing ecologicalespalization) are the direct
regions. In one instance the inversion was bounded by two consequence of mutations tzae beneficial in the selection
IS1 elements, and in the other by twolS0elements. One  environment—as opposed to being caused by the accumu-
population also had a deletion that evidently involved re- lation of neutral or deleterious mutations that drifted or
combination between two ISelements. The effects of these hitchhiked to fixation but do not contribute to adaptation.
rearrangements on fitness are not known. Another pair of The demonstration of the fitheadvantage in glucose caused
deletion events was also discovered and characterized, inby deleting the ribose operon provides a direct confirmation
this case involving similar events in both focal populations. of this evolutionary process.
These similar deletions were generated by transposition-  The most common type of IS-mediated pivotal mutations
recombination events involving 150 elements, in both  \yere transpositions [31]. These mutations, also shared by

cases causing deletion of much or all of s operon, 4 gescendants in their respective populations (Table 1), af-
which encodes genes required for ribose utilization [6]. Sim- fected genes involved in central metabolispyKF, nadR

ilar 1IS150-mediated deletions affecting tiles operon were cell-wall synthesis gbpA-rodA), and homologous to plas-

found in all ten other populations, providing a striking ex- L . .
ample of parallel phenotypic and genomic evolution in the m.|d stab|l|.zat|0n systems.h()kB—sokB. Isogenic st.ralns,
with and without the mutations, can be constructed in the an-

12 independent lines [6]. Thedas deletions had, moreover, ,
been substituted early, reaching almost 100% frequency incestral and evolved backgrounds. These strains can then be

all 12 populations within 2000 generations. These rapid and competed to test directly the fitness effect of the correspond-
parallel substitutions were shown to be the consequence ofing mutation. Preliminary results indicate that at least some
two phenomena. First, thibslocus inE. coliB is genetically ~ of them are indeed beneficial (unpublished data). Moreover,
unstable and prone to deletion owing to an adjacet®(®&I- the genes affected by the pivotal IS-mediated insertions in
ement. The mutation rate leadito loss of ribose catabolic  one or the other focal population become interesting can-
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didates to screen for parallel, and potentially beneficial, = Substantial genetic diversity was revealed using IS ele-
mutations in all the other populations, in a manner similar to ments: among 118 clones analysed, 68 different hybridiza-
that pursued for the IS-mediated deletions ofriieoperon. tion patterns were detected [21]. A phylogeny was con-
It should also be emphasized that not all of the IS- structed that required 174 mutational events in total to ex-
mediated mutations were substituted, and not all substitu- plain the observed patterns, with an average 2 changes
tions were necessarily beneficial, as some may have hitch-leading to each clonal endpoirfthus, IS elements are im-
hiked to fixation. There was a burst oflIS0 activity in one portant sources of genetic instability in the stab-culture
focal population (but not the other), leading to an increase conditions.
in copy number from 5 in the ancestor to an average of 16.5 One of the challenges this study faced was the lack of
in clones sampled at generation 10000. It is quite possiblethe precise ancestor of this old stab culture. However, the
that some of these burst-associated mutations are not bendynamics of change were further addressed by performing
eficial, but instead merely flect hypermutability possibly =~ RFLP analyses on clones isolated from other stabs that had
caused by derepression oflIs) transposition. However, it  been stored for various periods [22]. The number of IS-
is also clear that at least somEtbe 1S-mediated mutations  related changes showed a positive correlation with the time
that were substituted are indeed beneficial. of storage. It is difficult to calculate a precise mutation
In summary, IS elements provided a means to measurerate from these data owing to uncertainty about the rate of
diversity and quantify genomic change in this experimental cell division (presumably low but not zero) as well as the
evolution. Further characterizing the 1IS-mediated molecular possible role of selection in eliminating some mutants or
events, and manipulating thelevant genes, has conclu- favoring others. However, by expressing the mutation rate
sively demonstrated some beneficial mutations and has alsger unit time, and ignoring any effects of selection, the
suggested several candidate genes for further study. Theoverall IS-mediated mutation rate in stab-culture conditions
identification of beneficial mations and their phenotypic ~ was estimated as betweerx20-% and 9x 106 events per
effects is a central aim of evolutionary genetics, but it is a cell per hour.

difficult undertaking. IS elements, in conjunction with evo- These data clearly show that genetic changes do, in fact,
lution experiments, offer a means of tackling this important occur in stab cultures. But they do not necessarily mean
problem. that the rate of genetic change is faster, per unit time,

during starvation than growth, because the average number

of changes relative to the ancestor after 30 years in the
3. Experimental evolution during prolonged starvation stab culture was roughly the same as after 4 years (10000

generations) of daily serial transfer and growth [23]. If,

In the experiment reviewed above, nutrients were re- as seems likely, the stab culture experienced many fewer

newed each day by serial transfer into fresh medium. By generations, then the perfg@ation 1S-mediated rate is
contrast, two other studies have investigated bacterial evolu-probably higher during starvation than growth. In any case,
tion during severe starvation, and the behavior of IS elementsIS elements provided useful markers to find intra-strain
in these populations is described below. The first study fo- polymorphisms and to quantify genomic evolution.
cused orE. colithat had been stored in agar “stab” cultures Some of the stab-derived clones were also analyzed

for up to 30 years; the second investigated changEs @oli phenotypically to determine how they had changed. The
during prolonged “stationary phase” in liquid medium. majority were auxotrophic, meaning they had lost some
metabolic functions. Owing to the difficulty of recreating the
3.1. 1S-associated genetic diversity in 30-year-old environment of an old stab culture, it is difficult to assess
agar stabs whether these strains had merely decayed or, alternatively,

had adapted to that environment. However, a few clones
RFLP analyses using IS elements as probes were pershowed high fithess under growth conditions.

formed with clones isolated from a stab cultureEfcoli
W3110, which had been stored for about 30 years [21]. This 3.2. Mutants with a growth advantage in stationary phase
culture consisted of bacteria that had been inoculated as a
single clone (from a single colony, derived from a single cell) Another evolution experiment sought to adapt bacteria
into an agar-based medium within a glass vial, which was to prolonged starvation in liquid medium [34]. Cultures of
sealed and kept at room temperature for three decades. AlE. coli were grown in rich LB medium for long periods
though freezers are now widely used for storage of bacterial without any renewal of the nutrients. Most cells eventually
clones, stab cultures were once the main storage method fodie, but some remain viable for years [10]. Surviving cells
bacterial strains; only a short growth period was supposedhave heritable differences from the ancestor, which persist
to occur, presumady limiting the opportunity for genetic  even after both types are grown under the same conditions.
change. The existence of such an old stab culture offeredMoreover, the survivors have evidently acquired mutations
Michel Blot and his collaborators an interesting opportunity conferring increased fitness during stationary phase, be-
to test this presumption of genetic constancy. cause they can invade a majority population of ancestral



324 D. Schneider, R.E. Lenski / Research in Microbiology 155 (2004) 319-327

Parent
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Fig. 2. A complex rearrangementkn coli, involving two 1S5 elements, that is beneficial under starvation coon#i Asterisks denote the sites of this two-step
genomic rearrangement. (a) In the parent,ybhed-gltJKL—ybeK operon is~60 kb away from thestAlocus, and they are transcribed in opposite directions.
(b) The first step was an insertion of a nevbl&ement between the transcriptional promoter and the upstream CRP bstofc) The second step was
an inversion between this new3%nd an existing 15 located just upstream of théeJ-gltJKL-ybeK operon. Arrows above the Blements indicate the
direction of the transcript.

cells during starvation. This phenotype was called growth of the evolved operon eliminated the GASP phenotype,
advantage in stationary phase, or GASP [34]. Further evo-demonstrating that the 1S-mediated mutation was indeed
lution occurred with increasing time of starvation, involving beneficial in stationary phase.
successive substitutions of GASP mutations [10]. Three dif-  The cstA gene encodes an oligopeptide permease, and
ferent GASP mutations are now known, including two that hence it might also be useful during stationary phase.
affect global regulator genepoSandirp [34,36]. The third However, it was inactivated by the inversion. To test the
involves 1% elements, and allowed the discovery of a novel possibility thatcstAis useful in stationary phase, further
evolutionary mechanism of gene loss involving the expropri- competitions were performed using a constructstA
ation of regulatory sequences [37]. deletion strain. The competitions showed a positive fithess
Among its phenotypic effects, this third GASP mutation effect of the ancestralstAgene when it was a minority, and
confers the new ability to grow on aspartate as a sole carbonthe deletion mutant the majority, during stationary phase.
source [35]. This suggests that the mutant was able to invadeHence, both the GASP inversion mutant and the wild-type
the wild-type population by competing more efficiently for strain, when present as a minority, had a fithess advantage.
amino acids released by dying cells during stationary phase.The two types must therefore occupy distinct ecological
RFLP analyses using IS elements as probes allowed theniches in the stationary-phase culture environment. When
genetic characterization of this GASP mutation [37]. Atwo- the IS-mediated inversion first appeared, it was of course in
step mutation (Fig. 2) involved, first, an insertion of an the minority. Therefore, it ineased because the fitness loss
IS5 element between the promoter and the CRP-binding caused bygstAinactivation was more than offset by the gain
site of cstA which encodes an oligopeptide permease [32]. resulting from its new amino-acid growth ability. This new
A recombination event thewccurred between this new ability reflects induction of thebed-gltJKL-ybeK operon,
IS5 element and an existing $Selement, located 60 kb  which arose by expropriation of the regulatory sequence of
away and upstream of an opergmeJ-gltJKL-ybeK that cstA In other words, the IS-medlied inversion created the
encodes an aspartate—glutamate binding protein-dependenequisite trade-off in resource utilization via a corresponding
ABC transporter [19]. This complex rearrangement caused reversal of gene expression levels.

an inversion that moved the CRP-binding site frastA Two population-genetic mechanisms that lead to func-
to the ybedgltJKL—ybeK operon (Fig. 2). This inversion tional losses are well known [5]. One is mutation accumu-
led to induction of the operon and inactivated tbs&tA lation, whereby mutations that cause functional losses in

gene. Induction of the evolved operon was shown to occur other environments are neutral or slightly deleterious in the
in stationary phase and was CRP-dependent. Inactivationselection environment; these mutations spread by random
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drift or hitchhiking with beneficial mutations at other loci. whereas another clone became efficient in consuming ac-
The second familiar mechanism is antagonistic pleiotropy, in etate through semi-constitutive overexpression of dhe
which the functional losses in other environments are causedgene, which encodes acetyl £synthase, the main enzyme
by the very same mutations that provide the benefit in the for acetate uptake. It was latdiscovered that similar poly-
selection environment. The expropriation observed in this morphisms had evolved in six of the 12 populations [33].
study is distinct from both tree mechanisms because a sin- Further molecular investigation revealed that overexpression
gle event—the inversion—affected two loci, with one effect of acswas caused by two different types of mutation, point
beneficial and the other deleterious even in the selection en-mutations and insertions of IS elements. In four populations,
vironment itself. identical point mutations were found in tlaes regulatory
This IS-mediated expropriation mechanism may also region, which increased its similarity to the consensus CRP-
be important for gene expression after horizontal transfer. binding site [33]. In the other two populations, insertions of
Acquisition of new DNA sequences is often not sufficient an IS3 or an I30element occurred upstreamanfs 1S3 has
to express a new function. Expropriation might give bacteria an outwardly directed promoter at one of its extremities [3].
the ability to express newly acquired sequences. The insertion of IS placed this promoter in the proper orien-
tation to transcribacs which may explain its up-regulation.
IS30contains an outward facing35 promoter box at one of
its extremities. The 180 insertion put this—35 box at a fa-

In this section, and in the next two sections, IS elements vorable distance from thacs—10 box, geperat|ng a strqng
were not deliberately used to study genetic diversity and promotersgqqence and thereby suggesting a mechanism for
genomic evolution. Nonetheless, mutations involving IS semi-constitutive expression of thesgene.”
elements were discovered in these experiments. In .th's experiment, 15 _elements facilitated gene ex-

As part of a study of evolutionary adaptation to differ- Pression through the creation of new upstream .regulator)./
ent thermal regimes, six populations Bf coli B that had sequences. These changes were sometimes mv_olved n
previously evolved at a moderate temperature®@7were generating stable polymorphisms that were sustained by

propagated at a stressful temperature (4C)5or 2000 gen- frequency-dependent selection.

erations. Genomic DNA from the high-temperature lines and

the ancestor was hybridized to high-density arrays to find g, Experimental evolution with yeast

any duplications or deletions [26]. A total of five duplica-

tions and deletions were detected; one line had three such Eightlines ofSaccharomyces cerevisiaere propagated

changes, two had a single change each, and three had nonén glucose-limited chemostats for up to 500 generations [7].

Interestingly, three evolved lines had similar duplications Some of them were studied using gene-expression arrays,

that spanned the same genomic region. This parallelism,and evolved clones had transcriptional modifications indi-

coupled with temporal associations with observed fitness cating a shift from fermentative to oxidative metabolism [9].

gains, suggested the duplications were beneficial in the Chromosomal rearrangements were also studied using array-

stressful high-temperature environment. Molecular analysis based comparative genomic hidizations [7]. Rearrange-

of these duplications revealed the involvement of IS ele- ments were discovered in six lines, including cases of

ments and other types of sequence repeats [26]. Thus, in thigarallel changes [7]. The authors found that most of the

study, IS elements were involved in generating duplications observed rearrangements had resulted from translocation

of chromosomal regions, and these duplications appear toevents. Characterization of the endpoints of the rearrange-

have been involved in the adaptation of the bacteria to their ments revealed that most were bounded by transposon se-

high-temperature environment. guences, either entire Ty elements or their terminal repeats.
This study shows that genomic changes seen in evolu-

tion experiments with eukaryotes can be similar to those

observed in bacteria. In both groups, mobile elements were

Bacteria can evolve ecologically important polymor- direc;tly involved in generating some of the mutations, in-
phisms even in simple environments. In one study, twelve ¢Uding complex rearrangements. Regardless of the study

populations ofE. coli were propagated in glucose-limited Ofga”i?{m thg repe?tabrilit.y tc))findfgpelndf?ntly sutfm;tituteq mhu—
chemostats for up to 1750 generations [13]. One popula—tat'ons is evidence for their beneficial effects on fitness in the

tion was found to have a polymorphism that was maintained environmentin which they evolved.

by cross-feeding and the resulting frequency-dependent se-

lection [28]. Three distinct clones coexisted at a stable 7. Conclusions

equilibrium when they were mixed together. Their interac-

tions involved differential secretion and uptake of acetate = Transposable elements have sometimes been viewed as
and glycerol, along with competition for glucose [28]. One genomic parasites that are maintained in genomes only by
clone was superior in glucosgptake but secreted acetate, transposition and horizontal transfer [2]. This view may

4. Experimental evolution under temperature stress

5. Experimental evolution in chemostats
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well be true some of the time, and it provides an especially wall synthesis, amino-acid utilization, and regulatory

attractive hypothesis for the evolutionary emergence ofthese  functions. Moreover, IS mutations contributed to a range

elements. However, another theory—favored by Michel of evolutionary dynamics including selective sweeps

Blot [1], among others—views these elements as promoting and stable polymorphisms, as well as correlated losses

evolution by increasing the variation on which selection can of function via antagonistic pleiotropy and expropriation

act. While many I1S-mediated mutations will be deleterious, of regulatory sequences.

this view emphasizes the role of IS elements in generating

the rare beneficial mutations that are necessary for adaptive In closing, although IS elements may sometimes func-

evolution. tion as genomic parasites, microbial evolution experiments
In recent years, many biologis have used experimental demonstrate that IS elements can also promote adaptation

evolution to investigate microbial adaptation to different by generating beneficial mutations.

environments [8]. Various methods have been used in

these studies to quantify genetic diversity, and to identify

beneficial mutations. Those studies reviewed here show thatAcknowledgements

the activities of IS elements contribute substantially to the

generation of genetic diversity. Moreover, many of the IS- ~ We dedicate this paper to the memory of Michel Blot.

mediated mutations contributed to the adaptation of the Continuing our collaboration, which began with him, pro-

microbial populations to their respective environments. vides the best way for us to honor him and extend his
Several more specific conclusions follow: contributions to microbiology and molecular evolution. Our

work in this area has been supported by grants from the
1. It has been suggested that the activity of IS elements French CNRS and the US National Science Foundation.

increases during starvation or other stressful condi-

tions [21,22]. Although IS elements were indeed active

in evolution experiments performed in stressful en- References

vironments, they were also active and contributed to [1] M. Blot, Transposable elements and adaptation of host bacteria

gdaptatmn under conditions/iarable to growth, includ- Genetica 93 (1994) 5-12,

ing abundant resources and moderate temperature [23]. (2] B. Charlesworth, P. SniegowshN. Stephan, The evolutionary dynam-

Thus, IS and other transposable elements are important ics of repetitive DNA in eukaryotes, Nature 371 (1994) 215-220.

to genomic evolution and organismal adaptation under [3] D. Chaf"e_f»EJ- F’I_ie,t\ltev IN_- i'éngF?fff: ﬁcafgginig’;saggigm‘)b"e

H'Y romoter ink. coli, Nucleic Acids Res. —, .

non-stressful as well as stressful conditions. . [4] IE)/I.S. Ciampi, M.B. Schmid, J.R. Roth, Tr(ansp())sonlmrprovides a
2. 1S elements serve as useful markers of genomic evo- promoter for transcription of adjacent sequences, Proc. Natl. Acad.

lution, owing to the ease with which IS-mediated mu- Sci. USA 79 (1982) 5016-5020.

tations can be found and mapped relative to point [5] V.S. Cooper, RE. Lenski, The population genetics of ecological

mutations. Once discovered, the IS mutations become specialization in evolving. coli populations, Nature 407 (2000) 736—

: - : ; S 739.

candidate beneficial mUtatlonS’ QspeC|aIIy when simi- [6] V.S. Cooper, D. Schneider, M. Blot, R.E. Lenski, Mechanisms causing
lar changes are found in several mdependently evolved rapid and parallel losses of ribosatabolism in evolving populations
lines. These candidates can be tested by construct-  of Escherichia coliB, J. Bacteriol. 183 (2001) 2834-2841.
ing and competing isogenic strains with and without [7] M.J. Dunham, H. Badrane, T. Ferea, J. Adams, P.O. Brown, F. Rosen-
the mutation of interest. Parallel substitutions of IS- zweig, D. Botstein, Charactetis genome rearrangements in experi-

. . . . mental evolution oSaccharomyces cerevisjaeroc. Natl. Acad. Sci.
mediated mutations were reported in several studies o, gg (2002) 1614416149,

[6,7,26], and some studies performed isogenic com- (g s.F. Elena, R.E. Lenski, Evolution experiments with microorganisms:
petitions to demonstrate the beneficial nature of the The dynamics and genetic basesdéptation, Nat. Rev. Gen. 4 (2003)
mutations [6,37]. Both types of evidence indicate that 457-469.

IS elements are importantin producing beneficial muta- [9] T.L. Ferea, D. Botstein, P.O. Brown, R.F. Rosenzweig, Systematic
changes in gene expression patterns following adaptive evolution in

tions. _ yeast, Proc. Natl. Acad. Sci. USA 96 (1999) 9721-9726.
3. The IS elements generated many different types of mu-[10] S.E. Finkel, R. Kolter, Evolution of microbial diversity during pro-
tation in the evolution experiments, including not only longed starvation, Proc. MaAcad. Sci. USA 96 (1999) 4023-4027.

insertions but also various rearrangements—deletions [11] P.J. Gerrish, R.E. Lenski, The fate of competing beneficial mutations
inversions, duplications, and translocations—via recom- N asexual populath, Genetica 102-103 (1998) 127-144.

. . [12] B.G. Hall, Spectra of spontaneoggowth-dependent and adaptive
bination between homologous elements. Thus, some" " nytations aebgR J. Bacteriol. 181 (1999) 1149-1155.
beneficial mutations generated by IS activities cannot [13] R.B. Helling, C.N. Vargas, J. Adams, Evolution Bécherichia coli

readily be produced by point mutations [6,7,26,37], al- during growth in a constant emenment, Genetics 116 (1987) 349—
though others appear to have similar effects to certain _ ,
[14] K. Kitamura, Y. Torii, C. Matsioka, K. Yamamoto, DNA sequence

point mytatlons [33] . . changes in mutations in théonB gene on the chromosome of
4. 1S-mediated substitutions affected many gene functions, Escherichia coliK-12: Insertion elements dominate the mutational

including central metabolism, sugar transport, cell- spectra, Jpn. J. Genet. 70 (1995) 35-46.



D. Schneider, R.E. Lenski / Research in Microbiology 155 (2004) 319-327

[15] R.E. Lenski, Phenotypic and genomic evolution during a 20 000-
generation experiment with the bacteriuscherichia coli Plant
Breed. Rev. 24 (2004) 225-265.

[16] R.E. Lenski, M.R. Rose, S.C. Simpson, S.C. Tadler, Long-term ex-
perimental evolution ifEscherichia colil. Adaptation and divergence
during 2000 generations, Am. Nat. 138 (1991) 1315-1341.

[17] M. Lieb, A fine structure map of spontaneous and induced mutations
in the lambda repressor gene, including insertions of IS elements, Mol.
Gen. Genet. 184 (1981) 364-371.

[18] J.-M. Louarn, J.-P. Bouche, F.egendre, J. Louarn, J. Patte, Char-
acterization and properties of very large inversions of Ehecoli
chromosome along the origin-to-terminus axes, Mol. Gen. Genet. 201
(1985) 467-476.

[19] D. Lum, B.J. Wallace, submitted to the EMBL/Genbank/DDBJ data-
bases, 1994.

[20] M. Chandler, J. Mabhillon, Insertion sequences revisited, in: N.L.
Craig, R. Craigie, M. Gellert, A.M. Lambowitz (Eds.), Mobile DNA
II, American Society of Micobiology, Washington, DC, 2002.

[21] T. Naas, M. Blot, W.M. Fitch, W. Arber, Insertion sequence-related
genetic variation in restingscherichia colK-12, Genetics 136 (1994)
721-730.

[22] T. Naas, M. Blot, W.M. Fitch,W. Arber, Dynamics of IS-related
genetic rearrangements in restiigcherichia coliK-12, Mol. Biol.
Evol. 12 (1995) 198-207.

[23] D. Papadopoulos, D. Schneider, Jeigr-Eiss, W. Arber, R.E. Lenski,

M. Blot, Genomic evolution dimg a 10000-generation experiment
with bacteria, Proc. Natl. Acad. Sci. USA 96 (1999) 3807-3812.

[24] H.J. Reif, H. Saedler, IBis involved in deletion formation in thgal
region ofE. coliK-12, Mol. Gen. Genet. 137 (1975) 17-28.

[25] A.E. Reynolds, J. Felton, A. Wright, Insertion of DNA activates the
cryptic bgl operon inEscherichia coliK-12, Nature 293 (1981) 625—
629.

[26] M.M. Riehle, A.F. Bennett, A.DLong, Genetic architecture of thermal
adaptation irEscherichia coli Proc. Natl. Acad. Sci. USA 98 (2001)
525-530.

327

[27] H. Rodriguez, E.T. Snow, U. Bhat, E.L. Loechler, Ascherichia
coli plasmid-based, mutational system in whishpF mutants are
selectable: Insertion elements dominate the spontaneous spectra,
Mutat. Res. 270 (1992) 219-231.

[28] R.F. Rosenzweig, R.R. Sharp, D.S. Treves, J. Adams, Microbial evo-
lution in a simple unstructured environment: Genetic differentiation in
Escherichia coli Genetics 137 (1994) 903-917.

[29] H. Saedler, G. Cornelis, J. Cullum, B. Schumacher, H. Sommer,
IS1-mediated DNA rearrangement§pld Spring Harb. Sym. Quant.
Biol. 45 (1980) 93-98.

[30] H. Saedler, H.J. Reif, S. Hu, N. Davidson2|% genetic element for
turn-off and turn-on of gene activity iEscherichia coli Mol. Gen.
Genet. 132 (1974) 265-289.

[31] D. Schneider, E. Duperchy, EoQrsange, R.E. Lenski, M. Blot, Long-
term experimental evolution iBscherichia coli IX. Characterization
of insertion sequence-mediated taions and rearrangements, Genet-
ics 156 (2000) 477-488.

[32] J.E. Schultz, A. Matin, Molecularmal functional characterization of a
carbon starvation gene @scherichia coli J. Mol. Biol. 218 (1991)
129-140.

[33] D.S. Treves, S. Manning, J. Adams, Repeated evolution of an acetate-
crossfeeding polymorphism in long-term populationsEstherichia
coli, Mol. Biol. Evol. 15 (1998) 789-797.

[34] M.M. Zambrano, D.A. Siegele, MAlmiron, A. Tormo, R. Kolter, Mi-

crobial competitionEscherichia colmutants that take over stationary
phase cultures, Science 259 (1993) 1757-1760.

[35] E.R. Zinser, R. Kolter, Mutatins enhancing amino acid catabolism

confer a growth advantage in taary phase, J. Bacteriol. 181 (1999)
5800-5807.

[36] E.R. Zinser, R. Kolter, Prolongedationary-phase incubation selects

for Irp mutations inEscherichia colik-12, J. Bacteriol. 182 (2000)
4361-4365.

[37] E.R. Zinser, D. Schneider, M. Blot, R. Kolter, Bacterial evolution

through the selective loss of benedicgenes: Trade-offs in expression
involving two loci, Genetics 164 (2003) 1271-1277.



