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Genomic fluidity: an integrative view of gene
diversity within microbial populations
Andrey O Kislyuk1,5, Bart Haegeman2, Nicholas H Bergman3,1, Joshua S Weitz1,4*

Abstract

Background: The dual concepts of pan and core genomes have been widely adopted as means to assess the

distribution of gene families within microbial species and genera. The core genome is the set of genes shared by a

group of organisms; the pan genome is the set of all genes seen in any of these organisms. A variety of methods

have provided drastically different estimates of the sizes of pan and core genomes from sequenced representatives

of the same groups of bacteria.

Results: We use a combination of mathematical, statistical and computational methods to show that current

predictions of pan and core genome sizes may have no correspondence to true values. Pan and core genome size

estimates are problematic because they depend on the estimation of the occurrence of rare genes and genomes,

respectively, which are difficult to estimate precisely because they are rare. Instead, we introduce and evaluate a

robust metric - genomic fluidity - to categorize the gene-level similarity among groups of sequenced isolates.

Genomic fluidity is a measure of the dissimilarity of genomes evaluated at the gene level.

Conclusions: The genomic fluidity of a population can be estimated accurately given a small number of

sequenced genomes. Further, the genomic fluidity of groups of organisms can be compared robustly despite

variation in algorithms used to identify genes and their homologs. As such, we recommend that genomic fluidity

be used in place of pan and core genome size estimates when assessing gene diversity within genomes of a

species or a group of closely related organisms.

Background

The advent of technologies to rapidly sequence entire

genomes provides a resource of sequenced genomes

spanning the entire tree of life [1-4]. Indeed, as the cost

and time to sequence genomes have decreased, it has

become possible to sequence multiple individuals from

within a species. Re-sequencing efforts have led to the

following discovery: the representation of gene families

in isolates from the same bacterial species is highly vari-

able [5-9]. This variability poses conceptual as well as

applied problems. Conceptually, the variability suggests

the need to further re-visit species definitions that rely

upon comparisons of highly conserved components of

the genome, such as 16S rRNA sequences [10-14]. In

addition, horizontal gene transfer and other genome

rearrangements such as gene deletions and duplications

can radically change the phenotype of a bacterium, even

within individuals of the same species [15]. For example,

the introduction of toxin genes can render a bacterium

pathogenic. Hence, from an applied perspective, there is

an increasing need to quantify the gene diversity of a

species or genus with pathogenic potential [6,7,16-19].

The core and pan genome concepts have been proposed

as a way to characterize the distribution of gene families

within a group of organisms, e.g., within a species or

genus [5,6,16,18,20-22]. The core genome is the set of

genes found in every organism within a group (whether

sequenced or not). The pan genome is the set of all

genes found within organisms of a group (whether

sequenced or not), including core genes and genes

which appear in a fraction of genomes. Intuitively, the

core genome preserves the notion that genomes of clo-

sely related organisms have something in common,

while the pan genome is in accord with the finding that

gene composition differs even among genomes of closely

related organisms. In that sense, the core and pan

genome concepts begin to address both conceptual
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problems (e.g., what is a bacterial species?) and applied

problems (e.g., how likely is it that an individual of a

given bacterial species is a pathogen?). Multiple attempts

have been made to estimate the size of pan and core

genomes in hopes of quantifying how open or closed

a particular set of genomes is to gene exchange

[5,7,8,23,24]. However, estimating the actual list of

genes in the pan and core genomes remains intractable.

Thus far, attempts to quantify the size of the core and

pan genomes have been based on extrapolations from a

limited number of sequenced strains (usually on the order

of a dozen or few dozen genomes) to the entire group

(generally unknown, but easily upwards of 1012 genomes).

Results of such extrapolations have been widely divergent.

In the most well-studied case, the pathogen Streptococcus

agalactiae, estimates of the pan genome size vary from

tens of thousands [23] to infinite [5]. Extreme variation in

estimates of core and pan genome sizes makes it difficult

to utilize these measures to quantify or compare the

degree of acquisition and loss of gene families within a

particular group or to make meaningful biological inter-

pretations of the core and pan genome concepts. One

might suspect that robust quantification of core and pan

genomes sizes could be achieved with improved statistical

estimation methods, combined with increased sequencing

coverage. This is not the case. The problem of estimating

pan and core genome sizes will not be resolved by gradual

improvements in sequencing.

In this paper we demonstrate that current methods to

estimate pan and core genome sizes are statistically ill--

posed. We do so by demonstrating that sample gene distri-

butions drawn from artificially generated groups of

genomes with radically different pan and core genomes

sizes are statistically indistinguishable. In contrast, we pre-

sent an alternative diversity metric, genomic fluidity, whose

expected value is equivalent whether estimated from the

sample or from the true gene distribution. We then apply a

bioinformatics pipeline so as to estimate genomic fluidity

within 7 multiply-sequenced bacterial species containing

109 sequenced genomes. We test the robustness of geno-

mic fluidity to changes in the number of sequenced gen-

omes as well as to changes in alignment parameters. In so

doing we demonstrate when it is possible to reliably rank

order species in terms of genomic fluidity and discuss the

implications of our work for inferring information about

gene distributions based on subsamples.

Results

Pan and core genome sizes cannot be reliably estimated

We claim that current methods to estimate pan and core

genome sizes are statistically ill-posed [5,21,23,24]. To

demonstrate this in a case where the pan and core gen-

ome sizes are known, we artificially generated gene distri-

butions for three “species” such that their pan genome

sizes were 105 (A), 107 (B), and 105 (C) and their

core genome sizes were 103 (A), 10 (B), and 103 (C) (See

Figure 1A and 2A). Note that Species A and C had dis-

tinct gene frequency distributions despite having the

same pan and core genome sizes. Next, we computation-

ally generated ensembles of genomes for each species,

each of which had 2000 genes. Each gene in a genome

was chosen at random from a frequency distribution spe-

cific to a given species, i.e., some genes occurred in all, or

nearly all, genomes and some genes occurred very rarely.

Importantly, a gene that only appears in 0.00001% of gen-

omes (1 in 107 occurrence) contributes as much to the

pan genome as does a core gene (Figure 1A), however,

the rare gene will almost certainly not be detected in a

sample set of tens or hundreds of sequenced genomes

(Figure 1B). Furthermore, none of the genes that are

detected in the sample set of genomes provide any indi-

cation that this rare gene exists while performing stan-

dard rarefaction analysis (Figure 1C). In essence, the

problem of estimating the pan genome is equivalent to

estimating the level of rare genes, which, because they

are rare, are recalcitrant to quantification. Similar difficul-

ties are faced when trying to quantify the size of the core

genome. For example, a gene that appears in 99.999% of

genomes is technically not a core gene (Figure 1A). Yet

the rare genome without this core gene will not be

detected in a sample set of genomes (Figure 1B), nor will

the sample provide any indication that an apparent core

gene is absent from some small number of organisms in

the group (see Figure 1D). Intuitively, both pan and core

genome size estimates depend on accurate estimation of

the frequency of rare events that any small sub-sample of

sequenced genomes will not enable. In principle, there

may be cases where pan and core genome sizes can be

accurately estimated from a subsample due to particularly

low population gene diversity and/or the existence of par-

ticular parametric gene frequency distributions. However,

such cases will be difficult to identify, because of the diffi-

culty in estimating how many rare genes and rare genomes

exist in the population. To further address this point, we

consider alternative degrees of rarity, while continuously

varying the rarest genes in the population from 10-2 to less

than 10-7. In doing so, we show that sample diversities pla-

teau so long as the number of samples is sufficiently less

than the inverse of the rarest gene (Additional file 1,

Figure S1). For example, this means that one cannot esti-

mate pan genome sizes using dozens or even hundreds of

genomes if one expects that rare genes are found in one in

a thousand (or less) genomes (Additional file 1, Figure S1).

Hence, estimates of pan and core genome sizes may have

no correspondence to true values. Despite all of these

issues, the pan and core genome concepts have merit,

even if their estimation is problematic. Instead, some alter-

native metric is needed that (i) is robust to small sample
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size (can be reliably estimated from few genomes); (ii)

quantifies the relative degree of gene acquisition and loss

within a group of genomes; and (iii) validates prior expec-

tations that gene diversity increases within groups of

increasingly unrelated organisms.

Genomic fluidity is a robust and reliable estimator of

gene diversity

We propose the use of genomic fluidity, �, as a robust

diversity metric which can be applied to small numbers

of sequenced genomes whether at the species level or

amongst groups of increasingly unrelated organisms.

Genomic fluidity is defined as the ratio of unique gene

families to the sum of gene families in pairs of genomes

averaged over randomly chosen genome pairs from

within a group of N genomes:
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Figure 1 Radically different pan and core genome sizes cannot be estimated from sampled genomes. (A) Two species with vastly

different true gene distributions: (i) Species A (blue) w/pan genome of 105 genes and core genome of 103 genes; (ii) Species B (green) w/pan

genome of 107 genes and core genome of 10 genes. Each genome has 2000 genes randomly chosen from the true gene distribution according

to its frequency. (B) The number of genes (y-axis) observed as a function of the number of sampled genomes (x-axis). Note that despite

differences in the true distribution, the observed gene distributions are statistically indistinguishable given 100 sampled genomes. For example,

there were approximately 2200 genes found in just 1 of 100 genomes for both Species A and Species B. (C) Observed pan genome size as a

function of the number of sampled genomes. There is no possibility to extrapolate the true pan genome size from the observed pan genome

curves. (See Additional file 1, Figure S1 for further details.) (D) Observed core genome size as a function of the number of sampled genomes.

There is no possibility to extrapolate the true core genome size from the observed core genome curves.
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l respectively. Importantly, the same formula for fluidity

applies whether N represents the total number of gen-

omes in the population or N represents the total num-

ber of genomes in the sample. In other words, genomic

fluidity is an estimate of gene-ic dissimilarity, akin to

similarity measures used in the study of ecological com-

munities [25] (see Additional file 1, Figure S2 for a sche-

matic illustration of Eq. (1)). More specifically, genomic

fluidity estimates how dissimilar genomes are when eval-

uated at a gene level. For example, a genomic fluidity of

0.1 represents that a pair of genomes have on average

10% unique genes and share 90% of their genes. As fluid-

ity increases, so too does the probability that gene con-

tent differs between genomes in a sample. Genomic

fluidity also provides information on novelty in sequen-

cing projects. To see how, note that the best estimate for

the probability that a random gene from a newly

sequenced genome is not found in a randomly selected

prior sequenced genome is simply �. Importantly, geno-

mic fluidity is robust to small sample size: it can be reli-

ably estimated from a few sampled genomes. For

example, in Figure 2 we show how the genomic fluidities

for synthetically generated gene distributions are equiva-

lent whether estimated from the true distribution or

from a few dozen sampled genomes. In addition, subtle

differences in the genomic fluidity between two species

can be detected from a small number of sampled gen-

omes. The estimated variance of fluidity was calculated

using the jackknife estimate [26], which is based on

leave-one-out statistics (see Methods for more details). In

contrast, rarefaction curves used to estimate pan and

core genome sizes are statistically indistinguishable for

synthetically generated gene distributions, even when the

underlying pan and core genome sizes are radically dif-

ferent (see Figure 1C, D).

Fluidity and its variance can be estimated from a group

of sequenced genomes

We developed a bioinformatics pipeline to estimate

genomic fluidity at the species level among sequenced

genomes (see Figure 3 and Methods), but later (see

Results), we apply it to more diverse groups. Using this

pipeline we calculated genomic fluidity for 7 species

including 109 sequenced genomes from: Bacillus

anthracis, Escherichia coli, Neisseria meningitidis, Sta-

phylococcus aureus, Streptococcus agalactiae, Streptococ-

cus pneumoniae, and Streptococcus pyogenes (see

Additional file 1, Table S1 for a list of all genomes ana-

lyzed in this study). We find that estimates of fluidity

converge rapidly even when evaluated on a small num-

ber of sequenced genomes, as has been the case for all

published studies of gene diversity within a species or

genus. These results are consistent with the rapid con-

vergence of fluidity when estimated from synthetically

generated genomes (see Figure 2). When applied to gen-

omes from multiply resequenced bacterial species we

find the mean value of fluidity is consistent when evalu-

ated on a small subsample or on the entire sample

(Figure 4 and Additional file 1, Figures S3-S4). We find

convergence of fluidity estimates to approximately 10%

relative standard deviation after a dozen or so genomes

(see Figure 4). The variation in fluidity estimates found

in small subsamples of sequenced genomes suggests

caution should be applied in attempting to establish

when we can reliably say that the fluidity of a particular

species is greater than that of another. Importantly, the
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Figure 2 True differences in genomic fluidity � can be detected from a small number of sampled genomes. (A) Two species with subtle

differences in true gene distributions: (i) Species A (blue) as in Figure 1, w/pan genome of 105 genes and core genome of 103 genes; (ii) Species

C (red) w/pan genome of 105 genes and core genome of 103 genes. Each genome has 2000 genes randomly chosen from the true gene

distribution according to its frequency. (B) The number of genes (y-axis) observed as a function of the number of sampled genomes (x-axis). The

observed gene distributions are statistically distinguishable. (C) Fluidity as a function of the number of sampled genomes is an unbiased

estimator of the true value (dashed lines within red and blue shaded regions). The shaded regions denote the theoretical prediction for mean

and standard deviations as inferred from the jackknife estimate (see Methods).
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use of the jackknife estimate of variance permits us to

evaluate how both the mean and the variance of fluidity

converge as more genomes are added and provides a

metric to indicate when sufficient sequencing has been

accomplished for use in comparing relative values of

fluidity between species or between groups.

Rank-ordering of genomic fluidity is robust to variation in

alignment parameters

The estimate of genomic fluidity varied with alignment

parameters as expected. When either minimum align-

ment identity or coverage is increased, more gene

families are formed and fluidity increases (see Additional

file 1, Figure S5). Nonetheless, the relative values of

fluidity between species remained nearly invariant even

as the magnitude of fluidity changed. We applied the

fluidity pipeline detailed in Figure 3 and restricted our

analysis to gene family assembly values of alignment

identity (i) and coverage (c) from 0.5 to 0.8 in incre-

ments of 0.02 (see Methods). In 225 trials, we found 4

distinct orderings of genomic fluidity, three of which

accounted for 224/225 orderings (see Figure 5 for the

three dominant rank orderings). The robust rank-

ordering suggests that it is possible to make comparative

statements classifying one group as being more or less

Figure 3 Schematic of bioinformatics fluidity pipeline. (A) Genomes are annotated automatically to minimize curation bias [39]; (B) For a

given pair of genomes, all genes are compared using an all vs. all protein alignment; (C) Shared genes are identified based on whether

alignment identity and coverage exceed i and c respectively; (D) Gene families are calculated based on a maximal clustering rule; (E) The

number of shared genes is found for each pair of genomes, Gi and Gj, from which the number of unique genes can be calculated. Refer to the

Methods for complete details of the pipeline and Additional file 1, Table S1 for a complete list of genomes analyzed.

Genomes sampled
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Figure 4 Estimates of mean fluidity converge with increases in

sampled genomes. Fluidity was calculated as described in the text

given alignment parameters i = 0.74 and c = 0.74. The variance of

fluidity is estimated as a total variance, containing both the variance

due to subsampling within the sample of genomes, and the

variance due to the limited number of sampled genomes. For

dependence of fluidity on genomes sampled for the two other sets

of alignment parameters in Figure 5, see Additional file 1, Figures

S3-S4.
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“open” to net gene acquisition. Specifically, we used the

mean and variances estimates of fluidity to determine

whether the � of one species is significantly greater or

less than another (see Methods). We find there is a sta-

tistically significant and unambiguous rank order of

genomic fluidity for 11 = 21 comparisons of relative

rank order among the 7 species examined in all 3 align-

ment parameter conditions corresponding to the domi-

nant rank orderings (p < 0.05; see Additional file 1,

Tables S2-S7). In all conditions tested, B. anthracis had

the lowest value of � and either N. meningitidis or E.

coli had the highest value of �. Further, Strep. agalactiae

always had an intermediate value of fluidity. However,

Strep. agalactiae had the lowest number of available

genomes and a particularly high variance; therefore we

were unable to rank-order it relative to any other gen-

ome with the exception of B. anthracis.

These results are generally consistent with previous

suggestions that B. anthracis has a closed genome, that

N. meningitidis may have an open genome due to its

natural competence, and that Strep. agalactiae has an

open genome [5]. However, now we can describe a

group of organisms as being relatively open or closed,

instead of being strictly open or strictly closed. In addi-

tion, we can utilize variance estimates to suggest when

greater sequencing is needed. The comparison of the

rank order of � between species is consistent with

recent calls [27] to utilize the rank, not the absolute

magnitude, when comparing the relative diversity of

complex ecological communities. This issue is particu-

larly important in the case of gene diversity studies

when identification of gene families is strongly depend

on thresholds utilized in bioinformatics pipelines. Note

that we do not suggest ranking of pan and core genome

size estimates, since common genes and genomes do

not, in general, inform estimates of rare genes and gen-

omes, respectively.

Genomic fluidity is a natural metric spanning

phylogenetic scales from species to kingdom

Thus far we have estimated genomic fluidity within a

bacterial species, though the metric can be applied, in

principle, to any group of genomes. Therefore, we esti-

mated values of � at the species level and at higher

taxonomic groupings and found that � varies from close

to 0 (at the species level) to nearly 1 (at the phylum

level) (see Figure 6). A phylogenetic tree of 29 bacterial

species was assembled using AMPHORA [2]. Species in

this calculation were chosen to include those whose

strain-level variation we had analyzed, as well as a hand-

curated selection of genomes from different parts of the

tree. Each leaf with a corresponding strain group there-

fore represents a collapsed subtree that clusters closely

around the representative strain with respect to the

overall tree. The phylogenetic tree selected here is not

meant to represent the entire diversity of life, but rather

to illustrate how fluidity changes when closely and dis-

tantly related organisms are grouped together. Note the

transition from relatively “solid” genomes at the level of

isolates from within a bacterial species to a nearly totally

“fluid” bacterial kingdom. Further, estimates of genomic

fluidity are consistent with expectations that � should

increase as we move up the phylogenetic tree from spe-

cies to genus to family, etc. Hence, we find that genomic

fluidity is a natural metric for describing gene level simi-

larity between groups of closely and distantly related

organisms. These results suggest the suitability of geno-

mic fluidity at coarse-grained scales, e.g. bacterial king-

dom [24] and microbial community levels [28]. In

contrast, estimates of pan-genome sizes at such scales

will be problematic for the same reasons as outlined

here when applied to closely related organisms. As a

general rule, similarity based approaches to quantifying

other forms of genome diversity are likely to be robust

whereas estimates of the total diversity will be less so.

Discussion

The proposal that there exists a core and pan genome

for bacterial species represents a significant advance in

the conceptualization of gene variability within microor-

ganisms [5]. The basic premise of these two concepts

0 0.1 0.2 0.3

Ba

Sau

Spn

Spy

Sag

Ec

Nm

Fluidity ϕ

i = 0.50, c = 0.50

i = 0.62, c = 0.62

i = 0.74, c = 0.74

36.4% of trials
Ba<Sau<Spn<Spy<Sag<Nm<Ec

24.9% of trials
Ba<Sau<Spn<Spy<Sag<Ec<Nm

38.2% of trials
Ba<Sau<Spy<Spn<Sag<Ec<Nm

Figure 5 Estimates of mean and standard deviation of fluidity

for 7 multiply-sequenced species. Mean and standard deviation

of � are calculated for B. anthracis (Ba), E. coli (Ec), and N.

meningitides Nm). Staph. aureus (Sa), Strep. agalactiae (Sag). Strep.

pneumoniae (Spn), and Strep. pyogenes (Spy) as a function of

alignment parameters. Although fluidity increases with higher values

of identity (i) and coverage (c) (see Additional file 1, Figure S5), only

three rank-orderings of fluidity (of 5040 possible orderings) are

found in 224/225 combinations of alignment parameters.
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have been borne out by the finding that the gene con-

tent of bacteria can vary significantly when comparing

the sequence of two isolates from a species or genus

[5-9,18,19,22]. For example, it is now well established

that some genes are found in most, if not all, sequenced

genomes of isolates from within a sample. In addition, it

is also well established that some genes are found in

very few, if only one, sequenced isolate within a sample.

However, as we have demonstrated here, efforts to infer

the size of the pan and core genomes of an entire spe-

cies or genus from the frequency distribution of genes

within a small sample of sequenced genomes will almost

certainly fail. Similarly, efforts to compare the core or

pan genomes sizes of bacterial species or genera will be

uninformative. The reason is that pan and core genome

sizes depend sensitively on the frequency of rare events

(such as a rare gene occurring in a genome) whose fre-

quency cannot be accurately estimated from a small

sample of sequenced genomes. Instead, we have

proposed the use of an alternative diversity metric -

genomic fluidity - which is a reliable and robust estima-

tor of the gene dissimilarity amongst a group of

sequenced genomes.

This study has a number of key implications for future

sequencing efforts. First, it suggests that efforts to

understand a single species by sequencing as many iso-

lates as possible may be limited in their ability to com-

prehensively define the diversity within that species [29].

Clearly, such studies will remain important in their abil-

ity to describe expected genomic differences (in contrast

to rare genomic differences). Next, our findings also

suggest that the expected gene dissimilarity within a

given species can be well characterized by sequencing a

relatively small number of well-chosen representatives.

Sequencing a few dozen genomes is a fairly straightfor-

ward task given recent advances in sequencing technol-

ogy. Finally, perhaps the most far-reaching implication

of the work presented here is that we have shown it is
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Figure 6 Fluidity increases with phylogenetic scale. Fluidity of multiply-resequenced species is in the range of 0.1 - 0.3 and the fluidity of all

genomes included in the analysis approaches 1. Each circle represents the relative fluidity at a species (with multiple sequenced genomes) or

internal node (the fluidity of all the genomes in the tree below it). Open circles are � = 1 and black circles are � = 0. The phylogenetic tree of

29 bacterial species was assembled using AMPHORA [2]. Branch lengths correspond to the average number of amino acid substitutions per

position in well-conserved marker genes.
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possible to compare the relative genomic fluidity of dif-

ferent groups of bacteria (e.g. species, genera, or higher).

We have shown that genomic fluidity can reliably distin-

guish between subtle differences in true gene distribu-

tions (in a computational study) as well as determine

when it is possible to rank-order a set of 7 species based

on the analysis of 109 whole genomes (in a bioinfor-

matics analysis).

Genomic fluidity necessarily varies with the phyloge-

netic diversity of the group of genomes under considera-

tion. In many cases, this level of diversity is defined

through a species or other group definition via observed

phenotypic aspects, and not through any account of

genome-level divergence. As a result, within-species

gene diversity of bacterial species varies greatly. To facil-

itate fluidity-based comparisons between species, one

possibility is to normalize genomic fluidity by the aver-

age or median phylogenetic distance between members

of the considered group, such as the phylogenetic dis-

tance computed using a multiple alignment of house-

keeping genes [2]. However, other normalizations are

possible and we consider this to be an important target

for future research.

Despite its merits, genomic fluidity is not meant to

describe all forms of genome variation. Genomic fluidity

can provide a reliable estimate for how many new genes

additional sequencing is likely to reveal, with respect to

a previously sequenced genome. It cannot, however,

provide an estimate of the amount of sequencing neces-

sary to cover the gene novelty in the entire group (for

reasons similar to why estimates of the pan genome size

are impossible). In addition, genomic fluidity restricts

itself to one component of genomic difference. There

are a variety of forms of genomic differences beyond

gene compositional differences or the more classic find-

ing of single-nucleotide polymorphisms. Genomes may

differ in terms of gene synteny [30], copy number varia-

tion [31,32], plasmid and/or prophage presence [17],

codon biases [33,34], and methylation state [35]. It

would be prudent to consider other diversity metrics, in

addition to the metric of genomic fluidity studied here,

that account for forms of variation in genome state

amongst closely related organisms.

Conclusions

Genomic fluidity is an integrated measure of gene diversity

within a group of organisms. Genomic fluidity is both

estimable given a small number of sequenced genomes

and robust to variation in alignment parameters. As such,

we recommend that genomic fluidity be used in place of

pan and core genome size estimates when assessing gene

diversity within a species or a group of closely related

organisms. However, the precise relationship between

variation in gene composition and genomic fluidity with

underlying mechanisms of gene family diversification are

yet to be resolved [15]. Recent calls for comparing and

contrasting the average overlap of gene content with

respect to average nucleotide divergence provide one pos-

sible route to disentangling the effects of ecological and

genomic structure [36], but much work remains at the

interface of bioinformatics and ecological analysis. For

example, the detailed comparison of complete bacterial

genomes from closely related biofilm-forming bacteria

revealed how and why different organisms have adapted to

and shaped their environment [37]. Similarly, genomic

analysis of cyanoviruses sampled in the oceans helped

uncover photosynthetic pathways which enable the exploi-

tation of a niche distinct from previously cultured E. coli

based phages despite sharing many common genes and

genome architecture [38]. Genomic fluidity complements

the detailed functional comparison of genomes by robustly

estimating dissimilarity of genes within groups of genomes

and providing insight into their potential evolvability. In

so doing, our results highlight the need for continued

focus on developing new toolsets for assessing what can

be inferred about the genome composition and diversity of

prokaryotic species and communities based on analysis of

a sub-sample of genomes.

Methods

Fluidity estimator pipeline

Complete annotated genomes and draft annotated gen-

omes were retrieved from NCBI GenBank in the Gen-

Bank format. Genomes were automatically re-annotated

without hand-curation using a recently developed infra-

structure resulting in new GenBank-formatted files [39].

Automatic re-annotation removes annotation bias aris-

ing from variability in annotation methods, depth of

curation, and the resulting impact on the list of candi-

date genes - a similar approach was recently used in the

analysis of genomes within a bacterial genus [18]. Fol-

lowing this process, putative protein sequences were

extracted from annotated CDS regions and aligned

using BLASTP [40] in all vs. all pairwise amino acid

alignment. A pair of genes were considered homologous

if the protein alignment covered more than c fraction of

each gene’s length and identity in the alignment

exceeded i. To improve performance, alignments were

parallelized between nodes on a compute cluster using

the Torque PBS job scheduler.

Next, genes were clustered into gene families using a

strict clique requirement, i.e. each new gene considered

for inclusion into a family must have an alignment with

every member of the family satisfying the minimum cri-

teria described above. In this implementation, we com-

pare all members of a gene family to each other on an
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equal basis and do not distinguish between orthologs,

homologs, or paralogs. This homology-based approach

is appropriate, since the fine resolution and gene family

structure afforded by true ortholog reconstruction does

not affect the inclusion or exclusion of genes with mar-

ginal evidence of homology.

Alignments were processed in order of increasing

E-value, to prevent lower quality alignments from

disrupting formation of families using higher quality

alignments. Each gene was allowed to participate in

only one family; if the gene could not be joined into

any gene family, it formed its own singleton family.

Gene family assignments were used to calculate fluid-

ity using Eq. (1). We used the jackknife estimator [26]

to estimate the variance of the fluidity estimator
Var ̂⎡⎣ ⎤⎦ . Explicitly, for a group of N genomes, the

variance is

ˆ ˆ ˆ , 2
21

= ⎡
⎣

⎤
⎦ =

−
−( )( )∑Var   N

N

i

i

(2)

where ̂ i( ) is the estimated fluidity based on genome

pairs not including genome i (i.e., an estimate based on

leave-one-out statistics),

 i
k l

k l
k l

N N

U U

M M

k i l

( )

<

=
−( ) −( )

+

+
≠ ≠

∑2

1 2
. (3)

Mean and variance of fluidity for the species and con-

ditions examined here are presented in Additional file 2.

Significance test for fluidity differences

Consider two sets of genomes, the first set consisting of

n1 genomes, the second set consisting of n2 genomes. For

each pair of genomes, we determine the fraction of the

total number of unique genes and the total number of

genes. Averaging over all pairs in the first set gives the

fluidity 1
 ; in the second set  2

. Suppose   
1 2> and

we want to determine whether this inequality is

significant.

From the theory of U-statistics it is known that the

estimated fluidity has approximately a normal distribu-

tion [41]. The mean of this distribution is estimated to

be 1
in the first set and  2

in the second set. The

variance is estimated (by jackknifing) to be 1
2 in the

first set and 2
2 in the second set. We use the para-

meters of the approximate normal distributions to com-

pute the significance of the observed fluidity differences.

Formally, this corresponds to a two-sample two-sided

z-test with one degree of freedom (the effective number

of degrees of freedom are taken into account by the

jackknife estimation).

Additional material

Additional file 1: Supplementary figures and tables. A combined set

of supplementary figures and tables referenced in the manuscript,

including Figures S1-S5 and Tables S1-S7.

Additional file 2: Spreadsheet of fluidity values. Mean and variance of

fluidity for all species and all bioinformatic pipeline values utilized in the

manuscript.

Acknowledgements

We thank King Jordan, Jessa Lee, Tim Read and Matt Sullivan and two

anonymous reviewers for their feedback and suggestions on the manuscript.

We thank Anju Varadarajan for her assistance in the implementation of the

bioinformatics pipeline. We thank Lee Katz, Scott Sammons, Dhwani Govil, Brian

Harcourt, King Jordan and Leonard Mayer for providing access to N.

meningitidis genomes sequenced at the Centers for Disease Control and

Prevention and for help with their analysis. We acknowledge the support of the

Defense Advanced Research Projects Agency under grants HR0011-05-1-0057

and HR0011-09-1-0055. Joshua S. Weitz, Ph.D., holds a Career Award at the

Scientific Interface from the Burroughs Wellcome Fund. Andrey Kislyuk was

supported, in part, by a Georgia Tech Research and Innovation travel grant.

Author details
1School of Biology, Georgia Institute of Technology, Atlanta, GA 30332 USA.
2INRIA Research Team MERE, UMR MISTEA, 34060 Montpellier, France.
3National Biodefense Analysis and Countermeasures Center, Frederick, MD

21702, USA. 4School of Physics, Georgia Institute of Technology, Atlanta, GA

30332 USA. 5Current Address: Pacific Biosciences, Menlo Park, CA 94025 USA.

Authors’ contributions

AOK, BH, NHB, and JSW designed the study. AOK implemented the

bioinformatics pipeline. BH and JSW developed and implemented the

fluidity metric. AOK, BH and JSW analyzed results. JSW wrote the paper with

the help of AOK, BH and NHB. All authors read and approved the final

manuscript.

Received: 13 October 2010 Accepted: 13 January 2011

Published: 13 January 2011

References

1. Lander ES, et al: Initial sequencing and analysis of the human genome.

Nature 2001, 409(6822):860-921.

2. Wu M, Eisen JA: A simple, fast, and accurate method of phylogenomic

inference. Genome Biol 2008, 9(10):R151.

3. Mardis ER: The impact of next-generation sequencing technology on

genetics. Trends Genet 2008, 24(3):133-141.

4. Shendure J, Ji H: Next-generation DNA sequencing. Nat Biotechnol 2008,

26(10):1135-1145.

5. Tettelin H, et al: Genome analysis of multiple pathogenic isolates of

Streptococcus agalactiae: Implications for the microbial “pan-genome”.

Proc Natl Acad Sci USA 2005, 102(39):13950-13955.

6. Hotopp JCD, Grifantini R, Kumar N, Tzeng YLL, Fouts D, Frigimelica E, Draghi M,

Giuliani MMM, Rappuoli R, Stephens DS, Grandi G, Tettelin H: Comparative

genomics of Neisseria meningitidis: core genome, islands of horizontal

transfer and pathogen-specific genes. Microbiology 2006, 152(12):3733-3749.

7. Hogg JS, Hu FZ, Janto B, Boissy R, Hayes J, Keefe R, Post JC, Ehrlich GD:

Characterization and modeling of the Haemophilus influenzae core and

supragenomes based on the complete genomic sequences of Rd and

12 clinical nontypeable strains. Genome Biol 2007, 8(6):R103.

Kislyuk et al. BMC Genomics 2011, 12:32

http://www.biomedcentral.com/1471-2164/12/32

Page 9 of 10

http://www.biomedcentral.com/content/supplementary/1471-2164-12-32-S1.PDF
http://www.biomedcentral.com/content/supplementary/1471-2164-12-32-S2.XLS
http://www.ncbi.nlm.nih.gov/pubmed/11237011?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18851752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18851752?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18262675?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18262675?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18846087?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16172379?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16172379?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17159225?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17159225?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17159225?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17550610?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17550610?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17550610?dopt=Abstract


8. Hiller NL, Janto B, Hogg JS, Boissy R, Yu S, Powell E, Keefe R, Ehrlich NE,

Shen K, Hayes J, Barbadora K, Klimke W, Dernovoy D, Tatusova T, Parkhill J,

Bentley SD, Post JC, Ehrlich GD, Hu FZ: Comparative genomic analyses of

seventeen Streptococcus pneumoniae strains: insights into the

pneumococcal supragenome. J Bacteriol 2007, 189(22):8186-8195.

9. Rasko DA, Rosovitz MJ, Myers GSA, Mongodin EF, Fricke WF, Gajer P,

Crabtree J, Sebaihia M, Thomson NR, Chaudhuri R, Henderson IR,

Sperandio V, Ravel J: The pangenome structure of Escherichia coli:

comparative genomic analysis of E. coli commensal and pathogenic

isolates. J Bacteriol 2008, 190(20):6881-6893.

10. Gevers D, Cohan FM, Lawrence JG, Spratt BG, Coenye T, Feil EJ,

Stackebrandt E, de Peer YV, Van damme P, Thompson FL, Swings J: Re-

evaluating prokaryotic species. Nat Rev Microbiol 2005, 3(9):733-739.

11. Konstantinidis KT, Ramette A, Tiedje JM: The bacterial species definition in

the genomic era. Philos Trans R Soc Lond B Biol Sci 2006,

361(1475):1929-1940.

12. Achtman M, Wagner M: Microbial diversity and the genetic nature of

microbial species. Nat Rev Microbiol 2008, 6(6):431-440.

13. Doolittle WF, Zhaxybayeva O: On the origin of prokaryotic species.

Genome Res 2009, 19(5):744-756.

14. Fraser C, Alm EJ, Polz MF, Spratt BG, Hanage WP: The bacterial species

challenge: making sense of genetic and ecological diversity. Science

2009, 323(5915):741-746.

15. Gogarten JP, Doolittle WF, Lawrence JG: Prokaryotic evolution in light of

gene transfer. Mol Biol Evol 2002, 19(12):2226-2238.

16. Schoen C, Tettelin H, Parkhill J, Frosch M: Genome flexibility in Neisseria

meningitidis. Vaccine 2009, 27(S2):B103-B111.

17. Ahmed N, Dobrindt U, Hacker J, Hasnain SE: Genomic fluidity and

pathogenic bacteria: applications in diagnostics, epidemiology and

intervention. Nat Rev Microbiol 2008, 6(5):387-394.

18. Chen PE, Cook C, Stewart AC, Nagarajan N, Sommer DD, Pop M,

Thomason B, Thomason MPK, Lentz S, Nolan N, Sozhamannan S,

Sulakvelidze A, Mateczun A, Du L, Zwick ME, Read TD: Genomic

characterization of the Yersinia genus. Genome Biol 2010, 11(1):R1.

19. D’Auria G, Jiménez-Hernández N, Peris-Bondia F, Moya A, Latorre A:

Legionella pneumophila pangenome reveals strain-specific virulence

factors. BMC Genomics 2010, 11:181.

20. Tettelin H, Riley D, Cattuto C, Medini D: Comparative genomics: the

bacterial pan-genome. Curr Opin Microbiol 2008, 11(5):472-477.

21. Callister SJ, McCue LA, Turse JE, Monroe ME, Auberry KJ, Smith RD,

Adkins JN, Lipton MS: Comparative bacterial proteomics: analysis of the

core genome concept. PloS ONE 2008, 3(2):e1542.

22. Reno ML, Held NL, Fields CJ, Burke PV, Whitaker RJ: Biogeography of the

Sulfolobus islandicus pan-genome. Proc Natl Acad Sci USA 2009,

106(21):8605-8610.

23. Snipen L, Almoy T, Ussery D: Microbial comparative pan-genomics using

binomial mixture models. BMC Genomics 2009, 10:385.

24. Lapierre P, Gogarten JP: Estimating the size of the bacterial pan-genome.

Trends Genet 2009, 25(3):107-110.

25. Gotelli NJ, Ellison AM: A Primer of Ecological Statistics Sunderland, MA USA:

Sinauer Associates Inc; 2004.

26. Efron B, Stein C: The jackknife estimate of variance. Ann Statistic 1981,

9(3):586-596.

27. Shaw AK, Halpern AL, Beeson K, Tran B, Venter JC, Martiny JB: It’s all

relative: ranking the diversity of aquatic bacterial communities. Environ

Microbiol 2008, 10(9):2200-2210.

28. Qin J, et al: A human gut microbial gene catalogue established by

metagenomic sequencing. Nature 2010, 464(7285):59-65.

29. Holt KE, Parkhill J, Mazzoni CJ, Roumagnac P, Weill FX, Goodhead I, Rance R,

Baker S, Maskell DJ, Wain J, Dolecek C, Achtman M, Dougan G: High-

throughput sequencing provides insights into genome variation and

evolution in Salmonella Typhi. Nat Genet 2008, 40(8):987-993.

30. Bentley SD, et al: Complete genome sequence of the model

actinomycete Streptomyces coelicolor A3(2). Nature 2002,

417(6885):141-147.

31. Redon R, et al: Global variation in copy number in the human genome.

Nature 2006, 444(7118):444-454.

32. Stranger BE, Forrest MS, Dunning M, Ingle CE, Beazley C, Thorne N,

Redon R, Bird CP, de Grassi A, Lee C, Tyler-Smith C, Carter N, Scherer SW,

Tavaré S, Deloukas P, Hurles ME, Dermitzakis ET: Relative impact of

nucleotide and copy number variation on gene expression phenotypes.

Science 2007, 315(5813):848-853.

33. Wright F, Bibb MJ: Codon usage in the G+C-rich Streptomyces genome.

Gene 1992, 113(1):55-65.

34. Kudla G, Murray AW, Tollervey D, Plotkin JB: Coding-sequence

determinants of gene expression in Escherichia coli . Science 2009,

324(5924):255-258.

35. Flusberg BA, et al: Direct detection of DNA methylation during single-

molecule, real-time sequencing. Nat Methods 2010, 7(6):461-465.

36. Konstantinidis KT, Tiedje JM: Genomic insights that advance the species

definition for prokaryotes. Proc Natl Acad Sci USA 2005, 102(7):2567-2572.

37. Denef VJ, Kalnejais LH, Mueller RS, Wilmes P, Baker BJ, Thomas BC,

VerBerkmoes NC, Hettich RL, Banfield JF: Proteogenomic basis for

ecological divergence of closely related bacteria in natural acidophilic

microbial communities. Proc Natl Acad Sci USA 2010, 107(6):2383-2390.

38. Sullivan MB, Coleman M, Weigele P, Rohwer F, Chisholm SW: Three

Prochlorococcus cyanophage genomes: signature features and ecological

interpretations. PLoS Biol 2005, 3(5):e144.

39. Kislyuk AO, Katz LS, Agrawal S, Hagen MS, Conley AB, Jayaraman P,

Nelakuditi V, Humphrey JC, Sammons SA, Govil D, Mair RD, Tatti KM,

Tondella ML, Harcourt BH, Mayer LW, Jordan IK: A computational

genomics pipeline for prokaryotic sequencing projects. Bioinformatics

2010, 26(15):1819-1826.

40. Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W,

Lipman DJ: Gapped BLAST and PSI-BLAST: a new generation of protein

database search programs. Nucleic Acids Res 1997, 25(17):3389-3402.

41. Lee AJ: U-Statistics: Theory and Practice New York: Marcel Dekker; 1990.

doi:10.1186/1471-2164-12-32
Cite this article as: Kislyuk et al.: Genomic fluidity: an integrative view of
gene diversity within microbial populations. BMC Genomics 2011 12:32.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Kislyuk et al. BMC Genomics 2011, 12:32

http://www.biomedcentral.com/1471-2164/12/32

Page 10 of 10

http://www.ncbi.nlm.nih.gov/pubmed/17675389?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17675389?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17675389?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18676672?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18676672?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18676672?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16138101?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16138101?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17062412?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17062412?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18461076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18461076?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19411599?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19197054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19197054?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12446813?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12446813?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19477564?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19477564?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18392032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18392032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18392032?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20047673?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20047673?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20236513?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20236513?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19086349?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19086349?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18253490?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18253490?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19435847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19435847?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19691844?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19691844?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19168257?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18637951?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18637951?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20203603?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20203603?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18660809?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18660809?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18660809?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12000953?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12000953?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17122850?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17289997?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17289997?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1563633?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19359587?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19359587?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20453866?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20453866?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15701695?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15701695?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20133593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20133593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20133593?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15828858?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15828858?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15828858?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20519285?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20519285?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9254694?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9254694?dopt=Abstract

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Pan and core genome sizes cannot be reliably estimated
	Genomic fluidity is a robust and reliable estimator of gene diversity
	Fluidity and its variance can be estimated from a group of sequenced genomes
	Rank-ordering of genomic fluidity is robust to variation in alignment parameters
	Genomic fluidity is a natural metric spanning phylogenetic scales from species to kingdom

	Discussion
	Conclusions
	Methods
	Fluidity estimator pipeline
	Significance test for fluidity differences

	Acknowledgements
	Author details
	Authors' contributions
	References

