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Abstract. FimH, the mannose-specific, type 1 fi-
mbrial adhesin of Escherichia coli, acquires amino
acid replacements adaptive in extraintestinal niches
(the genitourinary tract) but detrimental in the main
habitat (the large intestine). This microevolutionary
dynamics is reminiscent of an ecological ‘‘source-
sink’’ model of continuous species spread from a
stable primary habitat (source) into transient sec-
ondary niches (sink), with eventual extinction of the
sink-evolved populations. Here, we have adapted two
ecological analytical tools—diversity indexes DS and
a—to compare size and frequency distributions of
fimH haplotypes between evolutionarily conserved
FimH variants (‘‘source’’ haplotypes) and FimH
variants with adaptive mutations (putative ‘‘sink’’
haplotypes). Both indexes show two- to threefold in-
creased diversity of the sink fimH haplotypes relative
to the source haplotypes, a pattern that ran opposite
to those seen with nonstructural fimbrial genes (fimC
and fimI) and housekeeping loci (adk and fumC) but
similar to that seen with another fimbrial adhesin of E.
coli, papG-II, also implicated in extraintestinal infec-
tions. The increased diversity of the sink pool of
adhesin genes is due to the increased richness of the
haplotypes (the number of unique haplotypes), rather
than their evenness (the extent of similarity in relative

abundances). Taken together, this pattern supports a
continuous emergence and extinction of the gene al-
leles adaptive to virulence sink habitats of E. coli,
rather than a one-time change in the habitat condi-
tions. Thus, ecological methods of species diversity
analysis can be successfully adapted to characterize
the emergence of microbial virulence in bacterial
pathogens subject to source-sink dynamics.
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Introduction

In the course of spread of a microbial population from
one habitat to another, it undergoes niche differentia-
tion that may involve adaptive functional changes of
individual genes (Orr and Smith 1998). However, due
to limited numbers of such adaptive mutations and
their variable nature, it can be difficult to recognize
genes targeted by adaptivemutations. This is especially
difficult during the early stages of niche differentiation,
when adaptive mutations in a gene under selection
occur multiple times in different strains in diverse
haplotype backgrounds. Independent mutational
changes in diverse haplotypes may create a pattern of
variation that is not substantially different from one
created by accumulation of selectively neutral muta-
tions.Thus, adaptive andneutral variabilitymaynotbe
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distinguished by conservative methods of molecular
evolutionary analysis, such as the ratio of nonsynony-
mous substitution rate to synonymous substitution
rate (dN/dS) (Nei and Gojobori 1986), Tajima�s (1989)
D, andorFu andLi�s (1993)D* statistics (Sokurenko et
al. 2004). We analyze here whether ecological diversity
indexes can be used to compare the allelic distributions
in haplotype sets (from the same bacterial strains) of
genes believed to be under either long-term neutral or,
alternatively, short-termpositive selection,with an aim
to identify candidate genes accumulating adaptive
mutations in the course of niche differentiation.

We have previously described a method, termed
zonal phylogeny (ZP) analysis, where an unrooted
protein phylogram is built from the corresponding
DNA phylogram, distinguishing two categories of
protein variants—those encoded by multiple unique
haplotypes (i.e., alleles differing only by synonymous
changes) and those encoded by a single haplotype
(Sokurenko et al. 2004). All nodes composed of
multihaplotype variants are combined into a Primary
zone of the tree, while nodes composed of mono-
haplotype variants are combined into an External
zone. The Primary zone proteins thus represent evo-
lutionarily stable structural variants that have circu-
lated over long evolutionary time, with the coding
alleles gradually accumulating silent changes. In
contrast, the External zone proteins represent vari-
ants that have evolved relatively recently, without
silent site variation having yet accumulated.

In a previous study (Sokurenko et al. 2004), we used
ZP to detect selection footprints in the Escherichia coli
gene encoding mannose-specific type 1 fimbrial adhe-
sin, FimH. FimH is a lectin-like protein (30 kDa) lo-
cated on the fimbrial tip (Klemm and Christiansen
1987). Naturally occurring point replacements in var-
ious locations throughout the FimH protein increase
its ability to bind monomannose (1M) receptors on
uroepithelial cells, and such mutant alleles are com-
mon among uropathogenic, but not fecal, isolates
(Sokurenko et al. 1995, 1997). It was shown that alleles
from the External zones of the FimH tree have derived
recently from Primary zone alleles, which we hypoth-
esize could be explained by source-sink evolutionary
dynamics in fimH. Under the source-sink model, the
genetic lineages forming the Primary zone nodes cir-
culate in an evolutionarily stable ‘‘source’’ niche for E.
coli—the large intestine of healthy mammals. These
bacteria, however, are continuously spreading into
extraintestinal compartments (such as the urinary
tract) where selection results in the adaptive mutation
of source fimH to increase bacterial tropism to
uroepithelium (Sokurenko et al. 1998; Hommais et al.
2003). These mutations, however, appear to be dele-
terious in the original intestinal niche, due to a func-
tional trade-off: 1M-enhancing mutations also
produce heightened sensitivity to inhibition of binding

bymannosylated glycoproteins present in soluble form
in saliva and intestinal mucus. As urinary tract infec-
tions are acute and self-resolving in nature, urinary
tract habitats are transient for E. coli (i.e., they repre-
sent ‘‘sink’’ niches). When bacteria with the uro-
adapted FimH return from the alternative niche into
fecal-oral circulation in the primary intestinal habitat,
they are outcompeted by bacteria expressing the con-
served low 1M-binding, but less inhibitable, FimH
variants. Thus, mutant fimH alleles cannot sustain the
uro-adapted clones of E. coli in the long term. How-
ever, invasion of new strains from the reservoir into the
urinary tract constantly selects for new mutant strains
and, thus, constitutes a continuous pool of recently-
evolved ‘‘sink’’ FimH variants.

The source-sink scenario is a novel model of bac-
terial gene dynamics and could represent amajormode
of virulence evolution (Sokurenko et al. 2006). Source-
sink was originally developed as an ecological model
(Pulliam 1988) and has not yet been described from the
molecular evolutionary perspective. Here, to gain in-
sight into the source-sink dynamics of E. coli micro-
evolution, we used ecological diversity indexes to
compare the haplotype size (i.e., the number of sam-
pled organisms carrying a particular haplotype) and
the distribution of frequencies of haplotypes of a par-
ticular size of five genetic loci from intestinal and
uropathogenic strains of E. coli—fimH, fimC (encod-
ing the molecular chaperone of type 1 fimbriae), fimI
(encoding a putative regulator of type 1 fimbrial bio-
genesis), papG-II (encoding the fimbrial adhesin of di-
galactose-specific P fimbriae subclass II), and two
housekeeping genes, adk and fumC (encoding adenine
kinase and fumarase C, respectively).

Methods

Strains Analyzed

The datasets of adk, fumC, fimC, and fimI genes included the same 75

strains, of which there were 25 fecal, 30 urinary (10 cystitis, 10

pyelonephritis, 10 urosepsis), and 20 non-urinary tract infection

(UTI)-associated extraintestinal isolates (5 from sputum, 4 of wound

origin, and 11 bacteremia strains). The papG-II dataset had 68 se-

quences from67 strains (CFT073having two papG-II genes), carrying

6 fecal, 34 urinary (5 cystitis, 10 pyelonephritis, 19 urosepsis), and 27

non-UTI extraintestinal (3 bacteremia, 23 vaginal) isolates. The

strains were collected from different parts of the United States, the

Netherlands, Benin, Denmark, Kenya, and Sweden, and encom-

passed a wide range of serotypes, including representatives of

canonical extraintestinal pathogenicity-associated antigens O1, O2,

O4,O6,O7, andO18.Eighteen strainswere common tobothdatasets.

Zonal Phylogeny (ZP) Analysis

For each gene, an unrooted ML DNA tree was constructed, based

on a general, time-reversible model (PAUP* 4.0b). Rates of sub-

stitution were estimated from the sequence data. To increase

computing time efficiency, the input sample set included only the

unique haplotypes (alleles).
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In Fig. 1, the tree nodes correspond to unique haplotypes in the

sample set, with node size representing the frequency of each

haplotype. The tree nodes were divided into two zones—the

internal Primary zone and the External zone—based on whether or

not (respectively) a given haplotype differed from any other hap-

lotype in the sample set only by synonymous changes. Therefore, all

sequences encoding multihaplotype protein variants (i.e., those

encoded by more than one allele differed by silent variability only)

are assigned to the Primary zone. Any sequence positioned between

two Primary zone haplotypes (regardless of the nature of its vari-

ation from either Primary node) is also assimilated into the Primary

zone. The External zone encompasses the remaining haplotypes,

each differing from all other haplotypes in the dataset by at least

one nonsynonymous mutation. Thus, the External zone is com-

posed of haplotypes encoding monohaplotype protein variants.

Calculation of DS

Simpson�s (1949) index measures the probability that two individ-

uals chosen independently and at random from a large heteroge-

neous species population will be found to belong to the same

species, and is given by

k ¼
XS
i¼1

p2i ð1Þ

where S is the total number of species, pi is the relative frequency of
the ith species, and i goes from 1 to S. This formula suggests that

the greater the value of k, the greater the probability that any two

individuals belong to the same species, the more uneven the species-

abundance distribution, and, in effect, the less diverse the popula-

tion. The inverse of Simpson�s index (Hill 1973) is taken to form the

diversity index, DS:

DS ¼ 1

k
ð2Þ

The diversity measure DS increases with both the evenness of rel-

ative abundances of different species and the richness of species in

the ecological zone under study.

For very large N, the total number of individuals in the sample,

the variance of k was approximated by Simpson (1949) as

4

N

XS
i¼1

p3i �
XS
i¼1

p2i

 !2
2
4

3
5 ð3Þ

In our case, species are replaced by haplotypes; therefore, S be-

comes the total number of haplotypes, pi is the relative frequency of
the ith haplotype and N represents the total number of strains in a

particular zone. For each gene, we measured DS separately for the

two zones, Primary and External, and then used z-statistics to

calculate the level of significance for differences between the

zonewise values.

Fig. 1. Unrooted maximum-likelihood DNA trees for adk, fumC,
fimC, fimI, fimH, and papG-II genes from E. coli strains. Each node
represents a unique allele (haplotype), with node size corresponding
to number of strains (haplotype size). Branch lengths do not reflect
the number of corresponding nucleotide changes. The internal

Primary zone is separated from the External zone by the border of
thick dashed line. Each dotted branch represents a synonymous
substitution(s), while each solid branch includes at least one non-
synonymous substitution.
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Calculation of a

The distribution of the number of individuals sampled indepen-

dently from homogeneous material (e.g., consisting of numerous

individuals of a single species) follows a Poisson series, given by the

formula

e�m mn

n!
ð4Þ

where n is the number of observed individuals in any sample and m

represents the expected number, the average value of n. However,

when the sampled material is heterogeneous (e.g., a collection of

different species, each represented by a number of individuals),

there would be a mixture of distributions for different values of m.

From such a heterogeneous population, the probability of

observing the number n in the samples is given by

kþ n� 1ð Þ!
k� 1ð Þ!n!

pn

ð1þ pÞkþn
ð5Þ

which is related to the negative binomial expansion, as given by

1� p

1þ p

� ��k

¼
X1
n¼0

ðkþ n� 1Þ!
ðk� 1Þ!n!

p

1þ p

� �n

ð6Þ

and therefore is called a negative binomial distribution (Fisher

1943; White and Bennetts 1996) and is a natural extension of (4).

The parameter p is proportional to the sample size, and the

expectation or the average value of n is pk. k is an inverse measure

of variability of the different expectations of the component Pois-

son series. For very large values of k, expectations are nearly equal

and the distribution tends toward Poisson form, suggesting

homogeneity in the samples. On the contrary, as k approaches its

limiting value 0, the samples represent greater heterogeneity.

Now as we modify (5), setting k = 0, replacing p/(1 + p) by x

(so that 0 < x< 1, varying with the sample size), and replacing the

constant factor (k – 1)! in the denominator by a new constant

factor a in the numerator, the simplified expression for the expected

number of species with n individuals becomes

a
n
xn ð7Þ

where the index a represents a direct measure of the extent of

variability in the sample.

Consequently, the total number of species is given by

S ¼
X1
n¼1

a
n
xn ¼ �a logeð1� xÞ ð8Þ

and similarly, the total number of individuals is given by

N ¼
X1
n¼1

axn ¼ ax
1� x

ð9Þ

The two relationships in (8) and (9) allow us to determine the value

of a, given values of S and N. To compare the different estimates of

a, we need the standard error of the a values; the variance of a is

shown (Fisher 1943) to be approximately

VðaÞ ¼
a3 ðNþ aÞ2 loge 2Nþa

Nþa � aN
n o

ðSNþ Sa�NaÞ2
ð10Þ

We used this ecological index of variability (Pielou 1969) to com-

pare the haplotype size frequencies in the Primary and External

zones of the DNA trees for each of six genes of interest. However,

in our case, the number of different species (S) is synonymous with

the number of different haplotypes, while the total number of

individuals in the sample population (N) means here the total

number of bacterial strains. For each gene in this study, we cal-

culated two a values separately for the two zones, based on the

corresponding values of S and N; the significance level of their

difference was calculated using z-statistic.

Intergene Comparison of Differential Zonal Diversity

For each gene, we computed the difference in the level of haplotype

diversity between the Primary (P) and the External (E) zones in

terms of the difference in k values (Eq. 1) and a values (solved from

Eqs. 8 and 9) as (kE–kP) and (aE–aP), respectively. The z-statistic

was applied to identify significant comparisons of differential zonal

haplotype diversity between gene pairs.

The Evenness Factor

DS, the inverse of Simpson�s index k, is considered as the effective

number of species in the sample population of an ecological zone,

and is a direct measure of diversity, incorporating the factors of

species richness (S, the observed number of species) and evenness.

Though we did not explicitly know how the species richness factor

and the evenness factor were intermingled in the overall diversity

measure, we tried here to minimize the species (or, in our case,

haplotype) richness factor by using the ratio of the effective number

to the observed number of species (haplotypes) as a crude measure

of the evenness factor, given by

DS

S
ð11Þ

where the value ranges from 0 to 1. In the present case, the higher

this ratio in a haplotype zone, the more even (and more diverse) the

haplotype population.

Ewens-Watterson Homozygosity Test

We used PyPop 0.6.0 (Lancaster et al. 2003) to perform the Ewens-

Watterson homozygosity test of neutrality (Ewens 1972; Watterson

1978; Slatkin 1994, 1996). It computes the observed homozygosity

(Fobs) as the sum of the squares of haplotype frequencies. The ex-

pected homozygosity under neutrality (Fexp), for the same sample

size and number of unique haplotypes, is obtained by simulation.

The normalized deviate of the homozygosity (Fnd) is calculated as

the difference between the Fobs and Fexp, divided by the square root

of the variance of Fexp (Salamon et al. 1999). Negative Fnd implies

an observed homozygosity level lower than expected homozygos-

ity, in the direction of balancing selection when there is significant

deviation from neutrality expectation. A significant positive value

is indicative of directional selection. The p-value of F is the prob-

ability that the observed homozygosity would be obtained from a

neutral sample (of identical sample size and identical number of

distinct haplotypes). To make this a two-tailed test of the null

hypothesis of neutrality, the p-values at either extreme of the dis-

tribution are considered significant: pF < 0.025 or pF > 0.975

significant at the 0.05 level, and pF < 0.05 or pF > 0.95 significant

at the 0.10 level.

Results

Haplotype Distribution in ZP Tree Zones

Each gene tree is presented as a diagrammatic, un-
rooted maximum likelihood (ML) DNA cladogram
(Fig. 1) with Primary and External zones that com-
bine multi- and monohaplotype nodes, respectively
(as described under Methods). In the fimC, fimI,
fimH, and papG-II trees, the Primary zone had its
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position in the center of the cladogram, consistent
with Primary haplotypes being evolutionarily original
to haplotypes in the External zone (Fig. 1). In the
housekeeping gene trees (adk and fumC), however,
such relationships were difficult to define due to
comparatively poor development of the External
zones. The distribution of the numbers of haplotypes
of particular size in the Primary and External zones is
presented for each gene in Table 1. By comparing the
frequency of fecal strains, urinary tract infection
(UTI)-causing strains (combining strains of cystitis,
pyelonephritis, and urosepsis origin) and non-UTI
extraintestinal pathogenic strains in the Primary and
External zones of each gene (Table 2), we found
significant predominance of UTI strains compared to
fecal strains in the External zone for fimH (p = 0.03),
unlike for the housekeeping genes, fimI and fimC. In
contrast, P fimbriae are not ubiquitous like type 1
fimbriae but, rather, have entered into select E. coli
lineages, as part of ‘‘pathogenicity-associated is-
lands’’ that promote extraintestinal virulence (Welch
et al. 2002). Table 2 shows a significant predomi-
nance of UTI strains compared to non-UTI extrain-
testinal ones in the papG-II External zone (p = 0.04),
supporting the association between the carriage of
P fimbriae and adaptive urovirulence (Roberts et al.
1994). However, the ratio of Primary zone-to-Exter-
nal zone haplotypes of papG-II was similar for fecal
strains and UTI strains, with the External zone quite
well developed for both, though the overall fecal
sample size for papG-II was considerably low. The
similarity in ratios may indicate that the intestinal
niche serves as a habitat for P-fimbriated bacteria
where the papG-II diversification is selected; thus the
intestinal niche can be a sink habitat similar to the
urinary tract, while a non-urinary tract niche (for

instance, the vaginal introitus) serves as the source
habitat. Alternately, the fecal strain External zone
may reflect oversampling of urinary tract-adapted
strains circulating back into the intestinal niche.

To determine whether the differential distribution
of fecal and UTI isolates in the tree is a result of
positive selection on the latter, we calculated the dN/
dS value for each set, based on a null model of nearly
neutral selection and a model of positive selection,
using PAML v3.15 (Yang 1997). The likelihood ratio
test did not show any significant difference between
the two models for any of the datasets. The average

Table 1. Zonal phylogeny-based analysis of six E. coli genes, including the distribution of frequency of haplotype sizes, along with the DS/
S ratio (the evenness factor, described in the text) and the Ewens-Watterson test, Fnd, as well as the corresponding p values of F and two-
tailed significance levels

Zonewise frequencies of haplotype size

Gene Zone N S 1 2 3 4 5 6 7 8 9 11 12 19 20 DS

S Fnd pF

adk Pri 72 17 7 1 3 2 — 1 — — 1 — 1 1 — 0.43 –0.05 0.588 (ns)

Ext 3 2 1 1 — — — — — — — — — — — — — —

fumC Pri 69 20 11 3 — — 1 — 1 1 1 1 1 — — 0.47 –0.05 0.588 (ns)

Ext 6 3 1 1 1 — — — — — — — — — — — — —

fimC Pri 58 23 14 3 1 — — 4 — — — 1 — — — 0.49 0.43 0.757 (ns)

Ext 17 9 5 2 1 — 1 — — — — — — — — 0.68 –0.08 0.656 (ns)

fimI Pri 49 21 11 5 1 — — 1 — 1 — 1 — — — 0.44 0.86 0.853 (ns)

Ext 26 11 5 2 2 — 1 1 — — — — — — — 0.67 –0.54 0.360 (ns)

fimH Pri 27 14 8 4 — — 1 1 — — — — — — — 0.61 0.22 0.712 (ns)

Ext 48 29 24 1 — 1 — 3 — — — — — — — 0.52 2.19 0.968 (p<0.10)

papG-II Pri 17 3 — 1 — — — 1 — — 1 — — — — 0.80 –0.96 0.200 (ns)

Ext 51 23 19 — 1 1 1 — — — — — — — 1 0.24 7.05 0.999 (p<0.05)

Note. Pri, Primary; Ext, External; ns, not statistically significant. N and S denote the total number of strains and total number of haplotypes

within a zone, respectively. External zone DS/S and Fnd values for the housekeeping genes are not shown due to lack of reliability associated

with the extremely low sample size.

Table 2. Distribution of strains in Primary and External zones
based on site of collection

Gene Site Primary External

Adk Fecal 25 0

UTI 27 3

Non-UTI extraintestinal 20 0

FumC Fecal 20 5

UTI 30 0

Non-UTI extraintestinal 19 1

FimC Fecal 22 3

UTI 21 9

Non-UTI extraintestinal 15 5

FimI Fecal 15 10

UTI 22 8

Non-UTI extraintestinal 13 7

FimH Fecal 12 13

UTI 7 23

Non-UTI extraintestinal 8 12

papG-II Fecal 1 5

UTI 6 29

Non-UTI extraintestinal 10 17

Note. The cystitis, pyelonephritis, and urosepsis strains are grouped

as urinary tract infection (UTI)-causing strains, while all sputum,

wound, bacteremia, and vaginal strains are grouped in a non-UTI

extraintestinal group.
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dN/dS value for the entire fimH dataset, calculated,
was well below 1 (0.18), with the UTI-only dataset
giving a slightly higher dN/dS value (0.16) than the
fecal-only dataset (0.09). Though this trend is con-
sistent with the observed predominance of UTI
strains in the External zone of the fimH zonal phy-
logeny (Table 2), the overall low level of the values
provides no support for the presence of selection. The
lack of support, however, could be due to the low
sensitivity of the PAML analysis when applied to this
type of dataset. Therefore, we decided to try another
approach for the analysis.

We hypothesized that if haplotypes in the Primary
and External zones were formed under neutral and
positive selection, respectively, haplotype diversity in
the External zone would be different from the Pri-
mary zone, and the nature of this difference would
depend on the type of selection in the External zone.

Haplotype Diversity Based on the DS Index

To determine whether there were differences between
the Primary and the External zones in both size and
frequency of haplotypes, we opted for the diversity
measureDS. As a reciprocal of Simpson�s index k,DS is
widely used to measure species diversity in an ecolog-
ical habitat based on species richness (total number of
species) and evenness (extent of similarity in relative
abundance of different species). For this analysis, we
treated (i) the Primary and the External zones for each
gene as two separate and independent ecological hab-
itats (a reasonable assumption inasmuch as the func-
tional mutations originate independently from each
other and independent of allelic background); (ii) each
haplotype as a particular species; (iii) specific haplo-
type size as the frequency of individuals representing a
particular species; and (iv) the frequency of haplotypes
of a particular size as equivalent to the frequency of
species represented by a particular number of indi-
viduals. DS, as the inverse of k, increases with
increasing diversity, which, in turn, directly correlates
with the species (haplotype) richness and evenness.

For adk, fumC, fimC and fimI, the Primary zone
haplotype diversity values well exceeded the corre-
sponding values of the External zone haplotypes
(Fig. 2). For fimH and papG-II, the picture was re-
versed: the fimH External zone value was not only
larger than the Primary zone value, but larger than all
zone values for the other four genes, while its Primary
zone diversity value remained in the range of Primary
zone values for the other genes. However, if we ignore
the Primary-External diversity comparisons for the
two housekeeping genes (which might not be reliable
due to small sample sizes in the External zones of adk
and fumC), the difference between zones for a given
gene was statistically significant only for papG-II
(p < 0.05).

In contrast to papG-II, the haplotype diversity of
the fimH External zone was not statistically different
from that of the fimH Primary zone, according to the
DS index. However, we hypothesized that, similar to
papG-II, the upward shift in the DS value for fimH
External zone haplotypes could be significant com-
pared to the zonal differences in other genes. There-
fore, we computed the differences of k values of the
External and Primary zones as (kE – kP) for all genes.
(k is used here in place of DS for ease of calculation,
and it should be kept in mind that k is inversely
proportional to the increase in diversity measured by
DS.) As expected, the genes with negative values for
(kE – kP) are fimH and papG-II (Fig. 3). The fimH
(kE – kP) value was significantly different from those
of adk (p = 0.011), fumC (p = 0.002), and fimC
(p = 0.03); however, fimH (kE – kP) did not differ
significantly from the fimI value (p = 0.105) or from
0 (p = 0.111). In addition to fimH, fimI (kE – kP) also
deviated significantly from the adk (p = 0.035) and
fumC (p = 0.018) values. The difference of fimC
(kE – kP) from the adk and fumC values approached

Fig. 2. The DS values for the Primary (P) and External (E) zones
of six genes. Vertical bars denote standard errors.

Fig. 3. The differences in Simpson index (k) values for the
External and Primary zones, given as (kE – kP). Vertical bars de-
note standard errors.
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the significance threshold (p = 0.067 and p = 0.065,
respectively). On the other hand, papG-II (kE – kP)
deviated significantly from all the rest: adk (p <
0.001), fumC (p < 0.001), fimC (p < 0.001), fimI
(p = 0.002), fimH (p = 0.026), and 0 (p = 0.002).

Thus, the DS index indicated that the diversity of
fimH and papG-II External zone haplotypes might be
greater than that of corresponding Primary zone
haplotypes. Moreover, the External zone haplotype
diversity in fimH exceeded the diversity of haplotypes
in any other zone for the rest of the genes analyzed,
though the differences were not statistically signifi-
cant. However, the (kE–kP) calculation, which mea-
sures the zonal diversity differential for each gene,
demonstrated a significant increase in the diversity of
fimH External zone haplotypes. At the same time,
papG-II (kE–kP) showed the highest relative increase
in External zone haplotype diversity, significantly
different from the other five genes.

Haplotype Diversity Based on the a Index

In order to increase statistical power for detecting
haplotype diversity trends, we moved to a model-
based (but analytically more complex) diversity in-
dex, a. Rather than incorporating frequency values
for each haplotype, the a model assumes that the
abundance for each haplotype follows a Poisson
distribution, which we believe is a reasonable
assumption in our case (see Discussion). Thus, we
used the values of S (number of unique haplotypes)
and N (number of strains) for each zone in all six
genes to determine the values of a (Fig. 4). The trend
in diversity distribution with this approach was sim-
ilar to what we found for DS: for all genes except
fimH and papG-II, there was higher variability in the
Primary zone than in the External zone. The fimH
Primary zone a value was in the range of Primary
zone values for fimI and fimC, while the External
zone a value was significantly higher. In contrast to

DS, the statistical comparisons between a values re-
veal significant differences in haplotype frequency
distribution variability for fimH External zone hapl-
otypes compared to fimH Primary zone haplotypes
(p = 0.03), as well as to the haplotypes from the adk
Primary (p = 0.004), fumC Primary (p = 0.01), fimC
Primary (p = 0.054) and External (p = 0.009), fimI
Primary (p = 0.04) and External (p = 0.005), and
papG-II Primary (p < 0.001) zones. In the case of
papG-II, the Primary zone a value was the lowest of
all a values determined here, but not statistically
different from a values for any other gene, except for
adk Primary zone (p = 0.02). (We did not include the
External a values for adk and fumC in the statistical
comparisons due to small sample size.) However, the
External zone a value of papG-II was significantly
higher than the corresponding Primary zone value
(p < 0.001). The only other significant difference in
zonal diversity was found between fimC Primary and
adk Primary (p = 0.03).

The DS and a indexes were clearly related (Fig. 5),
and the linear regression analysis gave a good fit
(R = 0.86). Curvilinear relationship gave even a
slightly better fit (not shown), since the relationship
was not strictly linear. At lower levels of diversity, DS

and a tracked closely, but at higher levels of diversity,
a values increased more rapidly than DS. In the case
of the fimH External zone—the most diverse of the
zones studied here—a became almost double DS. The
reasons for the rapid increase in a relative to DS were
difficult to ascertain, as we were not aware of an ex-
plicit functional relationship between a (as a param-
eter of the negative binomial distribution) and DS (or
k, from which DS is derived). At the same time, the
more rapid increase in a at higher levels of diversity
provided improved resolution of (aE – aP) values
(Fig. 6) relative to (kE – kP) values as a measure of
differential zonal haplotype diversity. Specifically, the
(aE – aP) values for fimH and papG-II represented the
only two positive values among the six genes of

Fig. 4. The a values for the Primary (P) and External (E) zones of
six genes. Vertical bars denote standard errors.

Fig. 5. Plot of DS vs. a for both the Primary and the External
zones of six genes. The linear fit of the plot is shown (R = 0.86).
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interest, and were significantly different from 0
(p = 0.03 and p < 0.001, respectively) and from the
(aE – aP) of the remaining genes—adk (p = 0.014 and
p < 0.001), fumC (p = 0.005 and p < 0.001), fimC
(p = 0.011 and p < 0.001), and fimI (p = 0.012 and
p < 0.001)—though not significantly different from
each other (p = 0.67). At the same time, no pairwise
(aE – aP) comparisons between any non-fimH genes
were significant.

To assess the possible role of recombination in
creating excessive haplotype diversity in the fimH
External zone, we removed an approximately 220-bp
region within fimH that had shown a high level of
recombination (unpublished observations). Analysis
of the modified fimH haplotypes revealed a pattern of
diversity similar to the pattern obtained with the full-
size fimH (not shown), suggesting that intragenic
recombination was not responsible for creating excess
fimH external zone diversity.

Thus, use of the a diversity index demonstrated that
fimH and papG-II haplotypes from the External zone
had a significantly higher level of diversity than Pri-
mary fimH and papG-II haplotypes, respectively, while
the diversity level of fimH External zone haplotypes
was significantly higher than that of haplotypes from
either zone for the other genes studied, except for the
External zone haplotypes of papG-II . The a statistic
captured diversity information similar to that captured
by DS, but in a more statistically sound way.

Haplotype Richness and Evenness Factors

The increase in fimH and papG-II External zone
diversity could be due to the increase in one or both
major parameters of the diversity indexes: haplotype
richness (the number of unique haplotypes) and
haplotype evenness (similarity in the size of different
haplotypes). Richness (S) is used directly in the cal-
culations of both DS and a, while evenness directly
affects only DS and is equivalent to the DS/S ratio.

Table 1 shows that the haplotype richness, S, for the
fimH External zone was the highest of all the zones
and was twice as high as the richness of the fimH
Primary haplotypes. The opposite was true in the
other genes except papG-II, where the External zone
S was the second highest of all the zones and was
almost eight times the Primary zone S. In contrast,
the evenness values of the External zone haplotypes
(given by DS/S; Table 1) were lower than the even-
ness of Primary zone haplotypes for fimH and papG-
II but were higher for the other four genes analyzed.
(Again, however, the evenness values in the External
zones of adk and fumC could not be estimated reli-
ably due to small sample size, producing values very
close to 1, the maximum level of evenness.) There-
fore, the increased diversity of fimH and papG-II
haplotypes in the corresponding External zones was
due to increased richness, rather than evenness.

Ewens-Watterson Test

Observed homozygosity (Fobs) values of any Primary
zone haplotypes were not significantly different from
the expected homozygosity value (Fexp) obtained for
the haplotype distribution based on neutral evolution,
as we computed Fnd, the normalized difference be-
tween the two (Table 1), thus showing no sign of
directional selection for the Primary zone alleles of
any gene tested. Fobs values of haplotypes from the
External zones of fimI and fimC genes were also not
different from the corresponding Fexp, while the
housekeeping genes External zone haplotypes were
not considered in the analysis due to the negligible
sample size. In contrast, Fobs values for the fimH and
papG-II haplotypes from External zone were signifi-
cantly higher than obtained for the corresponding
Fexp (though for fimH the two-tailed significance was
at the borderline level of 0.05 < p< 0.10, with the pF
of normalized deviate value, Fnd, being 0.968; see
Methods). This suggested the presence of directional
selection through the significant differences in fitness
between bacterial clones carrying various fimH and
papG-II alleles in the External zone. This result could
arise from a combination of pathoadaptive alleles and
slightly detrimental alleles in the external zone, but it
also could signify that some pathoadaptive alleles are
more fit overall than others. This was in concordance
with the notion above that the increased diversity of
External fimH and papG-II haplotypes was due to
richness, not evenness.

Discussion

We present here the analysis of E. coli genes by zonal
phylogeny (ZP), which separates protein variants into
two basic categories, or zones: those encoded by

Fig. 6. Differences in the a values for the External and Primary
zones, given as (aE – aP). Vertical bars denote standard errors.
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multiple haplotypes (Primary zone) and those en-
coded by a single haplotype (External zone). We
hypothesize that the multihaplotype variants have
circulated in E. coli over long periods of time and are
relatively well adapted to functioning in an evolu-
tionary stable niche (‘‘source’’ habitat), where they
are under purifying selection against structural
changes.

In contrast, monohaplotype protein variants likely
represent recently derived variants that have not yet
accumulated any silent variability. Though some of
these variants may include rare variants that are un-
der purifying selection, most of the monohaplotype
variants appear to represent proteins that are under
both positive and purifying selection, depending on
the habitat. Our previous studies have shown that the
FimH adhesin of E. coli adapts under positive selec-
tion through acquisition of point mutations that in-
crease its monomannose-binding capability; this
property is adaptive in extraintestinal niches of E.
coli, such as the monomannose-rich epithelium of the
urinary tract, but detrimental in circulation in the
gastrointestinal habitat (Sokurenko et al. 1995, 1998,
2004), though no direct experimental evidence for the
colonization trade-off has been provided yet. Colo-
nization of the urinary bladder and kidney by E. coli
generally manifests as an acute infection that natu-
rally self-resolves within 1–2 weeks and is not typi-
cally transmitted from person to person. Thus, the
urinary tract is a short-term transient habitat, indi-
cating that it could be an unstable ‘‘sink’’ habitat for
E. coli.

The hypothesis of a recent origin for External zone
FimH variants conforms well to a ‘‘source-sink’’
model of E. coli microevolution (Sokurenko et al.
2004, 2006), under which bacteria continuously
spread from an evolutionarily stable niche (source)
into an alternative and relatively unstable habitat
(sink). Under this scenario, a FimH mutation result-
ing in increased monomannose binding to surface-
bound receptors is adaptive in the sink environment
and may lead to the clonal expansion of E. coli there;
at the same time, the mutation is detrimental in the
original source habitat, due to a functional trade-off
in which the mutated FimH is more sensitive to
inhibition by soluble mannosylated glycoproteins
abundant in gastrointestinal mucosa. Thus, the
mutations that enhance monomannose binding by
FimH will be eventually removed by selection over the
long term. It is possible that upon return to the
intestinal habitat, reversion mutations could occur in
the urinary tract-adapted FimH variants, thus re-
adapting the adhesin function to the source habitat.
However, fimH mutations are unlikely to be the only
sink-adaptive/source-detrimental changes accumulat-
ing in the course of alternative niche colonization.
Assuming a high level of competition within the

source habitat, we believe that the survival of sink-
adapted clones via reversion of multiple mutations
seems rather unlikely. However, to date, there are no
published data to address this matter.

We show here that putative sink fimH haplotypes
(comprising the External zone) have significantly
higher diversity than source fimH haplotypes from
the Primary zone. As the External zone haplotypes
represent the monohaplotype FimH variants (most of
which carry mutations adaptive for extraintestinal E.
coli), the increased haplotype diversity could be a
specific characteristic of genes involved in the adap-
tation to sink environments, under the source-sink
evolutionary model. Indeed, haplotypes of fimC and
fimI form External zones with much lower diversity
than the corresponding Primary zone haplotypes.
These two genes encode proteins involved in fimbrial
biogenesis and their function does not have direct
effects on the fimbrial receptor specificity, which is
almost certainly the trait under selection in the course
of niche adaptation. Not surprisingly, the diversity
patterns of fimC and fimI are more similar to the
patterns of the housekeeping genes adk and fumC,
known to be under strong purifying selection against
structural variation due to their importance in
maintaining basic physiologic processes in the bac-
terial cell (Feil and Spratt 2001).

Interestingly, the diversity of Primary fimH hapl-
otypes is very similar to the diversity of Primary
haplotypes of fimC, fimI and housekeeping genes,
indicating that they are subject to similar popula-
tional dynamics. However, fimH diversity exceeds
that of the other genes in the corresponding External
zones. We believe that this increase in the diversity of
External zone fimH haplotypes is due to strong
selective pressure for monomannose-enhancing
FimH mutations in the sink habitat, and to the di-
verse nature and location (Weissman et al. 2006) of
these mutations. This situation leads to the emer-
gence of multiple adaptive variants from the same
source haplotypes of the Primary zone, thus
increasing the relative richness of the haplotypes in
the External sink zone. Indeed, it is the increase in
haplotype richness that is responsible for the increase
in diversity of the External haplotypes, as the hap-
lotype evenness has actually been reduced.

The statistical and biological significance of the
decrease in evenness of the External zone fimH
haplotypes is also supported by the Ewens-Watter-
son test, which shows that the adhesin genes exhibit
more homogeneity (i.e., unevenness) in the External
zone haplotypes than expected, based on the
assumption of neutral evolution. The selection-dri-
ven, uneven distribution of fimH and papG-II alleles
from the External zone could reflect their differential
adaptive value. Indeed, structural mutations in
FimH adhesin were shown to produce various de-
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grees of the presumed uroadaptive functional chan-
ge—the monomannose-binding capability that is
directly correlated with the bacterial urotropism
(Sokurenko et al. 1995). However, fimH haplotypes
that form both the largest and the smallest (single-
ton) nodes in the External zone are commonly
translated into structurally identical FimH variants
(i.e., adaptively equivalent). This suggests that, de-
spite the adaptive equivalency, these alleles might be
carried by bacterial clones that are expanding and
shrinking, respectively, in the population of bacterial
pathogens, consistent with continuous emergence
and extinction of bacterial clones under the source-
sink model of pathogen evolution. The extinction of
bacterial clones is expected to be caused by accu-
mulation over time of multiple sink-adaptive muta-
tions (throughout the genome) that impose
increasing levels of functional trade-off back in the
original source habitats. Thus, the increased
unevenness of the adaptive alleles of FimH and
PapG-II adhesins argues for ongoing source-sink
dynamics of these bacterial pathogens, rather than
for their emergence due to a recent, one-time change
in the habitat.

On the other hand, the decrease in diversity of the
External zone fimC, fimI and housekeeping genes
haplotypes is due to a significant decrease in richness,
compared to the Primary zone haplotypes, as the
haplotype evenness of the former has in fact in-
creased. The relative decrease in richness might reflect
the fact that External zone haplotypes of the non-
adhesin genes are not participating in the adaptive
source-sink dynamics, but are the result of random
genetic drift and might be (mildly) functionally dele-
terious compared to the Primary zone haplotypes.
Thus, these External zone haplotypes could be sub-
ject only to purifying selection and, hence, be less
diverse in haplotype richness—but more even in
haplotype frequency distribution—than the well-
adapted, stable haplotypes from the Primary zone.
This situation may occur because selection is more
efficient compared to drift as the frequency of mildly
detrimental alleles increases.

As mentioned above, the source-sink model of
fimH microevolution has been developed from eco-
logical models of the same name (Pulliam 1988),
which describe species spread from original to alter-
native environments. To characterize haplotype size
and frequency distributions, we have successfully
employed two diversity indexes (DS and a) that also
originated from ecological studies; these studies
evaluated the diversity of species populations, prey-
predator relationships, and host-parasite relation-
ships through randomly collected samples (Pielou
1969; Hill 1973). Thus, it appears that ecological
models and statistics can be productively applied to

the analysis of adaptive microevolutionary events on
the level of single species.

The two indexes show identical trends in the levels
of diversity for the Primary and External zones of six
genes studied; however, the a index provided better
statistical resolution. The DS is a straightforward,
nonparametric, ad hoc diversity measure based on
the calculation of relative abundances of all species in
a sample (Hill 1973). In contrast, a is analytically
complex and does not yield such an intuitive eco-
logical meaning. Also, the a diversity calculation is
based on a Poisson distribution fitted to observed
species-abundance data, given the total number of
individuals (strains) and number of different species
(unique haplotypes) in the sample (Pielou 1969). Be-
cause the E. coli species exists as a diverse set of ec-
otypes, it is possible that random sampling of E. coli
strains from specific habitats may be biased against
some ecotypes and thus would not provide a Poisson
distribution of haplotypes. However, one could argue
that assumption of a Poisson distribution of haplo-
types should not significantly disturb the a analysis,
given that (i) E. coli ecotypes may not be entirely
distinct from one another, either phylogenetically or
environmentally; (ii) no specific lineages are associ-
ated specifically with urinary tract isolates; (iii) type 1
fimbrial clusters are subject to frequent horizontal
transfer between different E. coli lineages (Weissman
et al. 2006); and (iv) all genes compared in this study
have derived from the same set of strains. Indeed, DS

and a produce similar results and are not affected by
sample size, although the latter index tends to provide
better resolution. We also expect these indexes to
demonstrate similar trends for the E. coli datasets of
other ecotypes, including strains of nonhuman/non-
animal origin (e.g., found in environmental sites or
agricultural products), depending on the differential
stability of the alternative habitats.

Thus, we believe that both these indexes, as well
as the (kE – kP) and (aE – aP) measures introduced
here, could be used to track quantitatively the
overall haplotype distribution diversity based on the
relative abundances of unique haplotypes and the
total number of unique haplotypes. In conjunction
with the ZP analysis of DNA trees, these diversity
indexes can be used to understand the microevolu-
tionary dynamics of source-sink evolution of bac-
teria and, thus, the emergence of microbial
virulence. This approach may have broader appli-
cation. When enough multiple genomes of the same
species accumulate, it could be used to identify
candidate genes that are under short-term or source-
sink selection.
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