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Abstract. Fimbrial adhesins allow bacteria to interact Recombination may act to separate the diverse evolu-
with and attach to their environment. The bacteria postionary forces in different regions of tHfenA peptide.

sibly benefit from these interactions, but all external

structures including adhesins also allow bacteria to bd<ey words: Diversifying selection — Surface protein
identified by other organisms. Thus adhesion molecules— Escherichia coligenetic variation

might be under multiple forms of selection including
selection to constrain functional interactions or evolve
povel epitopes 'Fo avoid r'eco.gnlthn. .We addre_ss _thes?ntroduction
issues by studying genetic diversity in tEscherichia
coli type-1 fimbrial major subunitfimA. Overall, se-
guence diversity irfimAis high - = 0.07) relative to
that in othelE. coligenes. High diversity is a function o

Type-1 fimbria are adhesive protein fibers produced by
¢ Escherichia coli(Klemm 1984) and other members of

positive diversifying selection, as detected dyy/ds ra- the Enterobacteriaceae (Eisenstein 1987). Fimbria medi-

tios higher than 1.0, and amino acid residuces subject tBte b_acterial a!ttaChmePt t(_) host tissue and play a ce_ntral
diversifying selection are nonrandomly clustered on the©l€ In bacterial colonization and pathogenesis (Elliott
exterior surface of the peptide. In addition, McDonald and Kaper 1997; Hultgren et al. 1996). In addition, fim-

and Kreitman tests suggest that there has been historicgr'a, probably act- as targer for the |mmunolo.g.|ca_l rec-
but not current directional selection &inA betweene.  ©9nition of bacteria (Tewari et al. 1993). Thus, itis likely
coli and Salmonella.Finally, some regions of thémA that adhesion molecules are under multiple forms of se-

peptide appear to be under strong structural constraiAFCt!on' including selchoq to maintain funct|on gryd Se-
within E. coli, particularly the interior regions of the lection to evolve novel epitopes to avo!d re.cognltlon..
molecule that is involved in subunit to subunit interac-h The molecular' structure cif type-1 fimbrial ?|Ubun'trs1
tion. Recombination also plays a major role contributing aﬁ be(zjehn deternluned receﬂty by X-ra?/ cr;:jst? ograpny
to E. coli fimAallelic variation and estimates of recom- (Choudhury et al. 1999). The structural model proposes

bination () and mutation (Ru.) are about the same. that type-1 fimbria are_complex_haw-llke structl_Jres com-
posed of many protein subunits. The subunits form a

hollow right-handed helix, with three subunits per turn.

Along the hollow interior of the fimbrial structure, the
Correspondence toAndrew S. Peek, Cytoclonal Pharmaceutics Inc., subunits mteract_ by donor strand c.omplement.atlon,
9000 Harry Hines Boulevard, Dallas, TX 75235, USaA:mail:  Where one ?Ubumt complemer!ts the mcompletg Immu-
apeek@cytoclonal.com noglobulin-likeB-barrel of an adjacent subunit. This mo-
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lecular structure ensures that fimbrial proteins have dishosts and geographic origins (Table 1). The 21 strains represent a
tinct external and internal domains. diverse sampling o. coli, including both human and nonhuman hosts

. . e . as well as pathogenic and nonpathogenic strains. We amplified and
. Four prqtelns make Up_ typ(_-}-l ﬂmbnd_’mA’ fimC, sequenced ?he C(?mpleﬁmA genepfromgeach of the 21 isolatgs.
fimG, and fimH. Of these,fimA is predominant, repre-
senting 98% of type-1 fimbria by weigHt. colifimbriae
have long been known to be polymorphic and the gengCR and Sequencing
encodingfimA is also known to be highly polymorphic,

possibly as a result of immunological selection (Boyd Genomic DNAs from bacterial strains were purified for each isolate by
and Hartl 1998; Klemm et al. 1982; Marc and Dho- CsCl gradient centrifugation. PCR primer pairs were designed from the
Moulin 1996; Salit et al. 1983). However, these studiesE- coliK-12 MG1655 (Blattner et al. 1997) genome sequence and used

- . o amplify the fimA locus (position -97 from start, forward,’-5
of fimA relied on a small sample of sequences and th CTGTGCAGTGTTGGCAG-3; position +63 from stop, reverse€-5

molecular structure was inferred from primary S€qUENCEGTTATTTTTATCGCACAAGG). PCR amplifications included 2i8
not by direct methods. Given the important function of of 10x polymerase buffer, 2.5l of 25 mM MgCl,, 2.5 ul of 2 mM
type-1 fimbria, the availability of structural information, dNTPs, 1.0ul of a 10pM concentration of each primer, 0.1 of DNA
and potentially interesting selection regimes, additionafemplate, 0.3l of 10 U/ul Taq DNA polymerase (Promega, Madison,
study of the molecular evolution dfmA is merited. WI), and ddHO to 25p.l. The PCR profile (95°C for 1 min, 60°C for

.. . . . . 1 min, 72°C for 1 min) continued for 30 cycles, followed by a final
Here we revisit the issue of selectionfimA, with the extension at 72°C for 10 min. Five microliters of reactions was checked

goal of better understanding the evolutionary forces acthy agarose gel and the remaining 20was precipitated at 4°C with 10
ing onfimAin the context of its molecular structure. It is w8 M NH,OAc and 40ul 95% EtOH for direct sequencing. Each PCR
well known that functional and structural regions can peproduct was sequenced with both amplification primers separately, as
under different selective constraints (Kimura 1983) AsweII as an additional reverse primer (position +4 from stop, reverse

. . '-TAGGTTATTGATACTGAACC-3') by cycle-sequencing accord-
one of several possible examples, a classic study of MHG g to the manufacturer’s instructions (ABI, Foster City, CA).

genes demonstrated that antigen-recognition sites are

subject to diversifying selection, whereas other regions

of MHC molecules are subject to structural constraintSequence Analyses

(Hughes and Nei 1988; Hughes et al. 1990). Diversifying

selection can be inferred directly by measuring the ratiorhe 21 fimA sequences generated for this study (AF206639—

of nonsynonymous_to_synonymOus SubstitutionS, WheréFZOGGSQ) were combined with 7 previously publishigdcoli fimA

a ratio higher than 1.0 provides evidence of positive seS€duences (GenBank accession Nos. D13186, M27603, U14003,

lecti Oth f selecti be inf df U20815, X00981, Y10902, and Z37500; Table 1) arfulréd sequence
ection. Other types of selection can be inferre "OMom Salmonella entericgserovar Typhimurium LT2; GenBank ac-

tests of neutrality that compare genetic polymorphismeession No. L19338). The sequences were aligned by inferring amino
within and between closely related species (e.g., Akashacids and aligning corresponding codons with GDE 2.2a (Smith et al.
1999 Fu 1996: Hudson et al. 1987: McDonald and Kreit-1994). ThefimA gene contained two insertion/deletion (indel) poly-
man ’1991; Taj,ima 1989). ' morphisms of one or two codons in length wittin coli, and there

T t structural d uti inf ti were four indels fixed betweeh. coli andS. entericaserovar Typhi-
0 connect structural and evoluuonary information, ,,j;m LT2; GenBank accession No. L19338) (Figs. 1 and 4). We did

we sequencedimA from 21 E. coli that were isolated ot use indels in analyses.

from a broad range of natural hosts. We combined these Nucleotide sequence diversity was measured by the number of
data with seven publishefimA sequences and used the segregating sites with Watterson’s (19bjand by, the average
sequence data to address four questions: (i) Is there eyfaWise differencel per site fr = Kisites) (Kimura 1969), as imple-

d f lecti fi thianA fE l mented in Sites 1.1a (Hey and Wakeley 1997). Standard deviations
ence lor selection acting on thenA gene oi. coll, as (SD) of estimates were calculated assuming minimal recombination,

suggested previously? (i) If so, what is the history of sp estimates were derived from Eq. 8, andSD estimates were
selection in different regions of tHenA protein? (iii) Is  derived fromV,, [K] Eq. 16 of Tajima (1993)6 and were estimated

it necessary to have a structural model to make accuratf@ruall sites and for nonsynonymous and synonymous sites separately.
inferences about the evolutionary history of protein I,e_Tajlma’sD was calculated with the program Sites 1.1a (Hey and Wake-

. . L. . ley 1997).
gions, or is structural prediction from primary sequence ~ ;- bonald—Kreitman (MK) (1991) tests, as implemented in

sufficient to study the relationship between structure antbnAsP 3.0 (Rozas and Rozas 1997), were applied to the data, using

evolution? and (iv) Finally, what is the interplay between the singleS. entericasequence to measure divergence. It is important
genetic recombination and natural selection atfthre? to note that the two programs used in analyses, Sites and DNASP,
locus? count synonymous sites and nonsynonymous sites differently, and this

contributes to the differences in Tables 2 and 3. More specifically,

complex codons with histories of multiple substitutions were excluded

. from MK tests and logistic regression but included in polymorphism
Materials and Methods estimates. Excluded positions correspond with amino acids 20, 66,
70, 92, 105, 106, 148, and 168 in Fig. 1 and nucleotide sites 58-60,
196-198, 208-210, 274-276, 313-318, 439441, and 503-504 in Fig.
4. The important feature is that exclusion of these codons is conserva-
tive with respect to MK test results. Logistic regression was based on

A sample of 21Escherichia coliisolates was chosen from the Souza JMP v. 4.0 (SAS Institute), using sites counted by DNASP (Table 3).
collection (Souza et al. 1999) (and unpublished) to represent a range of The likelihood method of Nielsen and Yang (1998) was used to test

Strains



Table 1. GenBank accession numbersfohA and mdhsequences and thel. coli strains and hosts of origin

fimA GenBank No.

Strain ID code

Strain host/information

Host genus species

D13186

M27603

U14003

u20815

X00981

Y10902

Z37500

AF206642
AF206639
AF206643
AF206644
AF206645
AF206646
AF206647
AF206648
AF206640
AF206649
AF206650
AF206651
AF206641
AF206652
AF206653
AF206654
AF206655
AF206656
AF206657
AF206658
AF206659

PDI-386
J96
K-12 MG1655

536
MT78

2

58

78

162

268

276

271

287

288

298

820

1684

1698

2165

2274 (B-427)
2314 (TA 126)
2339 (TA 237)
4981

4999

5026

5028

Avian (chicken), pathogenic O78
Human, uropathogenic,
Human, OR:H?
Human, O157:H7
Laboratory strain K-12
Human, uropathogenic,
Avian (chicken), pathogenic O2:K1
Domestic dog, 08:H49, Mexico
Golden eagle, Mexico
Painted spiny pocket mouse, O112:H2, Mexico
Flycatcher (bird), Mexico
Puma, O11:H15, Mexico
JaguaF, 0159:H46, EPEC, Mexico
Jagué&rQ159:H46, EPEC, Mexico
Merriam’s kangaroo ret,0138:H28, Mexico
Merriam’s kangaroo rét,0138:H28, Mexico
Pack rat, 019:H?, Mexico
Desert pocket mouse, O88:H9, Mexico
Nectar feeding bat, Mexico
Grey four-eyed opossum, O?:H4, Mexico
Human, DEC 4E 0157:H7, EHEC, Denmark
Savanna baboon, O?:H?, Tanzania, Africa
Narrow footed marsupial mouse, O?:H?, Australia
Broad footed marsupial mouse, OR:H6, Australia
Human, Ol111ab:H12, EPEC, Cairo Egypt
Human, O55:H7, EPEC, England
Human, O157:H7, EHEC, Thailand
Human, 0157:H7, EHEC, Mexico

Gallus gallus

Homo sapiens
Homo sapiens
Homo sapiens

Laboratory K-12

Homo sapiens
Gallus gallus
Canis familiaris

Aquila chrysaethus

Lyomis pictus
Empidonaxsp.
Felis concolor
Panthera onca
Panthera onca

Dipodomys merriami
Dipodomys merriami

Neotoma albigula

Perognathus penicillatus
Choeronycteris mexicana
Philander opossum

Homo sapiens

Papio cynocephalus
Sminthopsis delichura
Antechinus flavipes

Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens

@Described by Souza et al. (1999).
b Strains 270 and 271 isolated from different jaguars.
¢ Strains 287 and 288 isolated from the same kangaroo rat.

1 10 20 30 40 50 60 70 80 90 100
| | | | | | | | | | |
L19338 MRHKLMTSTIASLMFVAGAAVAADPTPVSVSGGTIHFEGKLVNAACAVSTRSADQTVTLGQYRTASFTAIGNTTAQVPFSIVLNDCDPRVAANAAVAFSG
D13186 [MKIKTLAIVVLSALSLSSRAALADT--[[TVNGGTVHFKGEVVNAACAVDACIVDOTVOLCOVRTASLKORFATS SAVGFNT QLNDCD I ATKAAVRFLG
[A] (=]
peptide cleavage hydrophilic hydrophilic
transport  signal maximum . . maximum
. cysteine bridge
signal
101 110 120 130 140 150 160 170 180
| | | | | | | |
L19338 QA-DNTNPNLLAV-SSADNSTTATGVGIEILDNTSSPLEKPDGATFSARQSLVEGTNTLRFTARYRATAAATTPGQANADATFIMKYE
D13186 TATRTHTOVLALQSSAAGSATNVGV--QT LDRTGAALRLDGATFJSEITLNNGTNTI PFQAR VHAIrGAATPGA- ANADATFKVQYQ|
hydrophilic N-linked
maximum glycosylation
Fig. 1. Aligned amino acid sequence of the type-1 fimbria major subfini#\, from Salmonella entericétop; L19338) and one haplotype from

Escherichia coli(bottom; D13186).Boxed areasndicate identical amino acid regions within the pregéntoli sample. Amino acids witkl,/dg

higher than 1.0 are identified Imoldfaceon theSalmonellasequence for the analysis includiBglmonelleor theE. coli sequence for the analysis
without SalmonellaRegions of known function are indicated below the aligned sequenceyratetlinecdmino acid positions correspond to the

text below. For example, three regions of maximal amino acid hydrophilicity are underlined. Secondary sgusttarels of thdimA peptide are
designated with aectangular boxbelow the alignment containing the strand letter designation, and a single intramolecular cysteine bridge is
indicated between position 47 and position 86.

for dy/ds ratios higher than 1.0 as implemented in PAML 2.0g (Yang PAUP* (Swofford 1999) and topologies were visualized with Treeview
1997). To perfornd,/dg ratio analyses we reconstructed allelic gene- 1.5.2 (Page 1996).

alogies with the neighbor-joining (NJ) method based on Kimura (1980) We studied recombination among sequences with four methods.
two-parameter distances as implemented in Phylip 3.57 (Felsensteiiihe first method was Sawyer’s (1989) test for recombination. Sawyer’s
1989). Maximum-likelihood reconstructions were performed with test is based on 10,000 permutations for the sum of the squares of
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Table 2. Genetic diversity estimates at tfienA locus in natural isolates dEscherichia coli

fimA partition All sites Nonsynonymous Synonymous
Complete molecule (546 sites)
No. polymorphic sites 119 54 70
k (SD) 40.6 (3.81) 19.4 (2.64) 23.8(2.92)
6 per site (SD) 0.05606 (0.00513) 0.02544 (0.00346) 0.03297 (0.00394)
 (SD) 0.07436 (0.00698) 0.03560 (0.00483) 0.04367 (0.00535)
Tajima’'s D 0.4347 0.6198 0.3487
B-strand (174 sites)
No. polymorphic sites 18 2 16
k (SD) 4.4 (1.26) 0.8 (0.53) 3.6 (1.14)
0 per site (SD) 0.02753 (0.00627) 0.00306 (0.00209) 0.02447 (0.00591)
7 (SD) 0.02551 (0.00724) 0.00454 (0.00305) 0.02098 (0.00657)
Tajima’s D -0.5867 1.0094 -0.8318

Non-3-strand (303 sites)
No. polymorphic sites
k (SD)
0 per site (SD)
 (SD)
Tajima’sD

Interior (147 sites)
No. polymorphic sites
k (SD)
0 per site (SD)
 (SD)
Tajima’s D

Exterior (330 sites)
No. polymorphic sites
k (SD)
0 per site (SD)
 (SD)
Tajima’'s D

79
32.0(3.38)

0.06705 (0.00754)
0.10577 (0.01118)
0.9516

13
3.6 (1.13)

0.02273 (0.00630)
0.02433 (0.00770)
-0.2463

84
33.4 (3.46)

0.06667 (0.00714)
0.10110 (0.01047)
0.8248

36
16.1 (2.40)
0.03055 (0.00509)
0.05303 (0.00791)
1.2394

1
0.07 (0.16)
0.00175 (0.00175)
0.00049 (0.00109)
-1.1514

37
17.1(2.47)
0.02937 (0.00474)
0.05173 (0.00749)
1.3472

48
18.6 (2.58)
0.04074 (0.00587)
0.06157 (0.00853)
0.7202

12
3.5(1.12)
0.02098 (0.00606)
0.02385 (0.00762)
-0.0869

52
19.0 (2.61)
0.04127 (0.00561)
0.05763 (0.00791)
0.4471

Table 3. McDonald and Kreitman tests féimA®

Total Fis Fe P P p
All sites 187 113 83 21 81 <16
Mature peptide 159 85 78 18 73 <10
B-strand 58 25 30 2 18 57x1d
Non-3-strand 101 60 48 16 55 1.3x71T0
Interior 50 24 31 1 14 7.3x18
Exterior 109 61 a7 17 59 4.0x 19

Structural Analyses and Partitions

Many of the analyses depended on partitioning fiheA amino acid
residues into different structural categories based on homology to the
pilin domain offimH. The categories were based on the X-ray crystal-
lography data for the pilin domain difmH in the fimH-fimC complex
(PDB accession No. 1QUN) and followed the alignmentfiofH to
positionfimA peptidex carbons (Choudhury et al. 1999). Peptide struc-
tures were analyzed and visualized with RasMol and MolScript. Infer-
ential methods from primary sequence for secondary structure predic-

@Total is the number of amino acid positions in aligned sequenggs. F tion were based on Predator (Frishman and Argos 1996) and tertiary
is the number of fixed nonsynonymous differences betvweeroli and
S. entericaFs s the number of fixed synonymous differences between hydrophilicity index.

E. coliandS. entericapP, ¢ is the number of polymorphic nonsynony-
mous sites withirE. coli, and R is the number of polymorphic syn-
onymous sites withirE. coli. The probabilityp was calculated by a

two-tailed Fisher’s exact test.

structure prediction was based on Hopp and Woods’ (1981) amino acid

From X-ray crystallography data, we partitionf#hA on the basis
of two functional and structural categories: secondary structure and
tertiary structure. We presume that positions involved in secondary and
tertiary structure formation may have different functional constraints
than other positions. Regions of secondary structure were defined as

condensed fragment lengths (SSCF), the maximum condensed fraghose involved in the formation of th@-barrel, and individual
ment length (MCF), and the analogous metrics with uncondensed fragB-strands are depicted as rectangles below the aligned sequences in Fig.
ment lengths (SSUF and MUF). The second method was Stephens’ tedt Briefly, positions 36-41, 46-50, 55-58, 83-86, 93-98, 124-130,
for deviations from random distributions of polymorphic sites. These 142-146, 159-166, and 176-187 of the mature peptide were in
tests were applied to all congruent nucleotide partitions according tg3-strands, while all others were within the “n@astrand” category.
Stephens’ (1985). Egs. 5, 9, and 10. The third method was Maynard The fimA tertiary structure can be summarized as follows. The
Smith’s (1992) maximuny? (max-?). This method was used to detect N-terminal region (labeled G in Fig. 1) of ofieMA molecule completes
significant recombination boundaries, and results were based on 10,008 immunoglobulin-like3-barrel between strand A and strand F of a
nucleotide sequence permutations of the allelic pair under considersecond adjacent molecule along the fimbria’s hollow interior
ation. Sawyer’s, Stephens’, and Maynard Smith’s methods were imple{Choudhury et al. 1999). Regions G;,MA”, and F are exposed to the
mented in programs written by the authors. Finally, the methods of Hey25-A-diameter hollow center of the fimbria and are involved in the

and Wakeley (1997)y) and Hudson (1987)Q) were used to estimate

the population recombination paramete

function of intersubunit interaction and chaperone binding, while
strands B, C, D D", and E face to the 70-A-diameter exterior but are
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still involved in B-barrel formation. Based on the tertiary structure, we trally, but the MK tests indicate both similarities and

defined interior and exterior regions. Interior regions correspond t0gifferences among regions of the molecule. One similar-
positions 28—-61 and 172-187 in the mature peptide, while exterior.t is the direction of deviation from neutralit i in
correspond to positions 62—-171 (Fig. 1). Note that secondary and IEIJ—y s the ection of devialio 0 eutrality—i.e.,

tiary structure positions overlap slightly but are not identical (i.e., about€aCh molecular region there is a high ratio of nonsyn-
half of thep-strand positions are interior and half exterior). Finally, we onymous-to-synonymous fixed differences relative to

m_ention_ that the mature_ peptide staris at amino acid positior_1 24, bUhonsynonymous-to-synonymous polymorphisms. Differ-
this region offimA contains some amino-terminal heterogeneity, and oy o5 4 ong regions are more subtle. For example, both
excluding indel polymorphism we defined amino acid positions 28—-187 . . .
as the mature peptide (Fig. 1). the interior and theB-strand regions segregate low
amounts of nonsynonymous polymorphism witHn
coli and contain fewer nonsynonymous than synony-
Results mous fixed differences. In contrast, exterior and iffen-
strand regions segregate relatively high amounts of non-
synonymous polymorphism withifE. coli and also
contain more nonsynonymous than synonymous fixed

The nucleotide sequence of tfimA locus had been de- differences betweelk. coli and S. enterica(TaibIe 3).
termined from sevek. coliisolates (Blattner et al. 1997; Altogether, the MK tests suggest that all regions of the

Klemm 1984: Marc and Dho-Moulin 1996: Orndorff and molecule are evolving nonneutrally but that different re-
Falkow 1985; Sekizaki et al. 1993). To increase the num9ions may have slightly different evolutionary histories.
ber of isolates and to increase statistical power for analy- 10 €xamine these dynamics more closely and to con-
ses, we determined tHemA sequence for an additional trol for nonindependence among MK tests, we recoded
21E. coliisolates. The total sample of 1A sequences Table 3 data in a multifactorial design and applied logis-
represents 20 unique nucleotide sequence haplotypeﬁ.c regression. The independent variables for logistic re-
Overall, there is a large amount of polymorphism Segregression were tertiary structure (internal or external),
gating at thefimA locus, and increasing sequences fromsecondary structure (ngdstrand andg-strand), and

7 to 28 raisedr from 0.061 to 0.074 (Table 2). Alsa; ~ change type (nonsynonymous or synonymous). The de-
at replacement sites over the entire molecule (0.035) wagendent variable was the variable state (fixed or poly-
slightly lower thanm at synonymous sites (0.043) (Table morphic). Log linear models including tertiary structure
2). Tajima’s (1989)D for all sites was positivel¥ = and change type were significantly better at predicting
0.043; Table 2) but not significantly different from zero. the dependent variable than models without tertiary
Despite the large amount of nonsynonymous polymor-structure and change type, at probability valuep 6t
phism atfimA, amino acid positions proposed to be in- 0.02 andp = 0.001, respectively. Conversely, models
volved in the transport signal, cysteine disulfide bond,that included secondary structupe 0.14) and second-
and a glycosylation site are invariant (Fig. 1). order interactions among independent variables (data not
shown) were not a significant improvement. (It was not
possible to test third-order interactions among indepen-
dent variables because of cells with low counts in the

We tested neutrality with the MK test (McDonald and Multifactorial table.) Biologically, these results imply
Kreitman 1991) and found Significant deviations from two thlngs The first is that the distribution of fixed and
neutrality for the mature peptide k 1077, Fisher's exact Polymorphic sites varies among nonsynonymous and
test (FET)] (Table 3). In addition, we divided the peptide Synonymous sites; in short, this result corroborates the
into partitions defined by either secondary or tertiary MK test (Table 3). The second is that the distribution of
structure based on the homology fifhA to the pilin  fixed and polymorphic sites varies with tertiary structure,
domain offimH (Choudhury et al. 1999). With respect to implying that evolutionary dynamics differ between in-
secondary structure, amino acid residues were defined derior and exterior sites of the molecule.
either B-strand or norB-strand. This definition resulted To characterize further differences among molecular
in 58 B-strand amino acid residues and 101 fieetrand  regions, we estimated polymorphism metrics for differ-
amino acid residues. We applied MK tests@estrand  ent structural partitions (Table 2). Considering only
and nonB-strand regions separately, and tests of neutralwithin-species variation, honsynonymous and synony-
ity also showed significant deviations from neutrality for mous polymorphism was nonrandomly distributed be-
both B-strand p = 0.005) and norg strand sitesf < tween interior (1 nonsynonymous, 12 synonymous) and
104 (Table 3). With respect to tertiary structure, we exterior (37 nonsynonymous, 52 synonymous) regions of
defined amino acid residues as either interior or exteriothe molecule§ = 0.0282, FET), with a higher ratio of
(see Materials and Methods). Both interipr € 0.007)  nonsynonymous-to-synonymous polymorphism in exte-
and exterior | < 10°°) regions rejected neutrality by the rior regions. These differences also extenddtstrand
MK criterion (Table 3). and nong-strand regions = 0.0143). Furthermore, the
These tests all indicate thAimA is evolving nonneu- interior andB-strand regions contained much lower lev-

fimA Genetic Variation

Nonneutral Evolution ofimA
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els of variation B-strandw = 0.02 and interiorm = S. enterica
0.02) than their complements (= 0.06). Finally, none AF206645

of Tajima’s tests deviated significantly from zero, but D13186

interior and@-regions of the fimbrial protein exhibit a {",2'\,:206644

negative value rather than positive value for Tajima’s

AF206642
AF206641
AF206648
90
AF206651
7
AF206657
AF206654
AF206655
Y10902
7
Z37500
AF206639
AF206640

(Table 2). Overall, MK tests, logistic regression, and
polymorphism metrics suggest that different structural
regions are segregating different amounts and patterns of
polymorphism. 77

Sites of Highd,/dg

One objective of this study was to identify sites of posi- 56
tive diversifying selection withir. coli and test whether —

these were nonrandomly distributed across the structural

model of thefimA peptide. We tested the hypothesis of

positive diversifying selection by comparing two models

9

of amino acid evolution (Nielsen and Yang 1998). The oo AF206643
first model was a neutral model that had two categories AF206656
of codon sites: a neutral site where thgto-dg ratio was 100l AF206646
1.0 and a purifying selection site whetlg/ds was 0.0. AF206649

The second model was a positive selection model that 82 AF206653
contains both types of codon sites in the neutral model

and also included positively selected codon sites where 92222?):5 50
dy/ds was allowed to be higher than 1.0. The models i

were applied to two data sets. One data set contained the 27603
28 E. coli alleles and theSalmonellaoutgroup (Fig. 2), xg| = U14003
and the second data set included only the 28 alleles from AF206647
within E. coli. U20815

Y9
o] AF206658

AF206659

Comparisons between the neutral and the positive se-
lection models for the data set includirfalmonella
yielded a significantly better fit of the data to the positive
selection model relative to the neutral model by a like- AF206652
lihood-ratio (LR) test (LR= 22.9;p = 1.06 x 105, df Fig. 2. The neighbor-joining phylogeny d&. coli fimA sequences,
— 2)’ and the positive selection model yieldedi,\ads with an S. enterica fimAsequence as outgroup. OTU labels Eorcoli

. : re Genbank accession numbers given in Table 1. Bootstrap percent-
estimate of 2.64. Comparisons between models for thgges, based on 1000 bootstrapped data sets, are givatids either

data set including onl§. coli sequences also showed a below or to the right of nodes; percentages greater than 50 are shown.
significantly better fit of the data to the positive selection The scale bar indicates the level of per-site sequence divergence.
model compared to the neutral model (:R29.88;p =
3.25 x 107), with a correspondingl,/ds estimate of
2.74. These results are not dependent on the neighboresidues in the mature subunit were highly nonrandom in
joining tree topology since several candidate trees frondistribution, with 27 of the 29 in exterior exposed regions
heuristic maximum-likelihood searches also yielded sig-{27 positive exterior, 82 nonpositive exterior, 2 positive
nificant differences between the two models (not shown)interior, and 46 nonpositive interiop = 0.0015, FET)
These results suggest that positive diversifying selectiomnd 25 of the 29 in nog-strand structuresp(< 10°%).
has acted on some amino acid residues withircoli. Nineteen amino acids were inferred to be under positive
The location of codons where the ratio of nonsynony-selection in thekE. coli data set. Eighteen of these 19
mous-to-synonymous substitution exceeds 1.0 may helpmino acids were also identified as positively selected in
reveal the nature of positive selection occurring at thethe data set that include®l entericaFig. 1). Sixteen of
fimA gene both within and betweda. coli and S. en-  the 19 positively selected amino acids are in the mature
terica. For the data set including. enterica34 of 179  peptide, and all of these 16 occurred in exterior exposed
amino acid residues were inferred to evolve under posiregions p = 0.0031). Fifteen of the 16 were in ng:-
tive selection (Fig. 1). Five of the 34 positively selectedstrand structuregp(= 0.0059).
amino acid sites were in the leader peptide region in the The physical location of positively selected amino
fimAmolecule and 29 were in the mature subunit. The 29cid positions are shown in Fig. 3. Amino acid positions
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Fig. 3. Location of fimA peptidea carbons.Blue sites are on the  G-strand to the left; anfiv) exterior to the front, G-strand to the right.
interior of the fimbrial structure andray sites are on the exterior. A Side views (i and ii) reveal the hollow interior channel involved in
subset of the exterior sites under positive diversifying selection withindonor-strand complimentation in blue and the exterior surface of red
E. coliis shown inred. Four perspectives of thBmA peptide are(i) positively selected sites. Interior view iii also reveals the A-strand and
exterior up, G-strand (involved in donor-strand complimentation) to theF-strand regions involved in donor-strand complimentation in blue, and
front; (ii) exterior up, G-strand to the rea(iji) exterior to the rear, exterior view iv shows the exterior surface of red positively selected sites.

under positive diversifying selection . coliare exclu- accurately inferred according to structural information.
sively located on the exterior regions fifnA, the fim-  For tertiary structure prediction, hydrophilic amino acid
brial tertiary structure, and tend not to be involved in theregions tend to be exposed to exterior regions (anti-
secondary structure formation of the immunoglobulin-genic), while hydrophobic regions tend to be associated
like B-barrel. with the interior of globular proteins (Hopp and Woods
1981). We examined thBmA gene for overall correla-
ftions between hydrophilicity and genetic variation, ex-
pecting a positive correlation if hydrophilic regions are
more variable. A series of sliding-window analyses was
An additional question we addressed was whether thgerformed to compare amino acid hydrophilicity to
secondary and tertiary structural information from X-ray variation, but no significant correlations were observed
crystallography was necessary for effectively assignincgand most correlations were negative. Finally, amino ac-
the molecular location of sites under positive selectionids under positive selection do not have significantly
We estimated secondary structure from primfamyA se-  different hydrophilicities than other amino acid postions.
quences (Frishman and Argos 1996) and found few site®verall, secondary and tertiary structure predictions

Comparisons Between Direct and Indirect Estimates o
Fimbrial Structure
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from primary sequence would not be useful for identi- distribution of fixed and polymorphic sites differs be-
fying sites of different constraint catagories. tween interior and exterior regions of the molecule. Dif-
ferences among molecular regions are also supported by

o other polymorphism metrics. Fourtt,/ds analyses de-
Recombination tect amino acid residues with ratios higher than 1.0, and
these are clustered nonrandomly in the exterior and non-
%—strand regions of théimA peptide. Finally, there is
much evidence for recombination withfimA; estimates
suggest that recombination and mutation occur at similar
rates.

Positive diversifying selection appears to be responsibl
for some of the variation observed at tfi;mA locus
within E. coli. To examine whether recombination also
contributes to allelic variation, we applied Sawyer’s
(1989) tests on thE. coli nucleotide sequences. All four
of Sawyer’s metrics were highly significanp € 10°).
Stephens’ (1985) tests identified 19 phyIogeneticaIIyDiverSifying Selection
congruent partitions, where 14 of these contained signifi-

cantly (0 < 0.05) nonrandom distributions of sites and 10

: - P
of the 14 were highly significantp(< 10°). Lengths of of fimA evolution. First consider high variability in the

the significant partitions identified by Stephens’ testsﬁmAIOCUS which could be caused by numerous factors.
rgnged fr.om 210 .130 nucleotide ;ite; Oyerall, these sty e concérn is that high polymorphismfaA reflects
give the impression that recombination is a common OCour sampling strategy more than it reflects a property of
currence at th@mA_ locus. . . fimA evolution. Two points argue against this notion.
Close examination of polqurph{c sites (Fig. 4) also First, the seven previously publishéchA sequences also
suggests prevalent recombination. For eX‘r’lmpleexhibited extremely high nucleotide polymorphism

AF206653 is identical to the K-12 allele U14003 from

. . (Boyd and Hartl 1998). Second, we sequenced the house-
position 1 to position 302p(< 103, maxx?) (Maynard keeping gene malate dehydrogenasedly from the
Smith 1992) and identical to the AF206648 allele from same 21 wild isolates (Genbank accession Nos.

position 304 to position 52Ip(< 10°%, maxx®). ASeC-  Aroan56g  AF230569, AF230571-AF230589) and
ond example of recombination is the AF206641 aIIeIe,found thatrr{dhpolymorpr;ism(-r — 0.01) is very similar

which contains regionally distinct similarity to both al- ;
to polymorphism formdh sequences sampled from the
3
lele Z37500 and allele AF20665p & 10™). Other al- ECOR collection (Boyd et al. 1994; Pupo et al. 1997).

leles such as Y10902 appear to contain a region in th%h : o .
) ) . ., Thus, high polymorphism in ofimA sample cannot be
leader peptide between nucleotide site 59 and nucleotldg gh polymorp P

. . ttributed solely to our sampling strategy.
site 65 that does not occur elsewhere in our sample but y ping 9y

h lted f binati s with A more likely reason for high variability is positive
may have resufted irom recomboination events With ahyg|ection for diversity, and evidence from this and a pre-
unsampled allele.

. . N vious study (Boyd and Hartl 1998) strongly suggests that
Estimates of Rl.c per site recombination also suggest y (Boy ) gly sugg

that bination i ot ¢ et | diversifying selection is acting ofimA. Evidence for

Ea' recom ;I&la lonis a pgwe|_r| u org?Na K Tm 109%'73 diversifying selection comes not only from high genetic
:u(rjnates 109 87eC per ?:ted y ( eyoag 87 62 2e €y 0.0 67) GCZlvariabiIity but also from analyses that detelgids ratios

( hL.jl son ) rfn;t od were 9.06 b or 9. higher than 1.0, particularly on the exterior of tfimA

\(’)V 0|7e422t|maée§5% 0 6‘-‘” per S'tff mlutago? yrd;)‘rg ;;I\I €€ " molecule. Moreover, it is biologically reasonable to pre-
' or . , respectively. Rallos MA2Neb. — gyme that diversifying selection acts imA, because

compare relative amounts of recombination to mutation

. . X diversifying selection can be fueled by frequency-
per nucleotide site and are about 1, suggesting that redependent avoidance of immune responses. There are

_combiqation and mutation occur at roughly the same rat%pproximate} 1 x 10 fimA subunits per fimbriae, 5 x
in the fimA gene. 10 fimbriae perE. colicell, ard 1 x 10 E. coli cells per
ml within the intestine, for a total of roughl5 x 102
_ _ fimA subunits per ml in the intestine (Eisenstein 1987;
Discussion Selander et al. 1987). With these large numbers, it is not
hard to imagine the potential for immune system medi-
We have made the following observations about geneti@ted selection on thémA peptide.
variation in thefimA locus of E. coli. First, the gene is One can consider additional alternative interpretations
highly variable, even more variable than the unusuallyto diversifying selection, but none of the alternatives ap-
variable gnd locus @ = 0.04) (Nelson and Selander pear likely in this case. For example, the interpretation of
1994), which has been suggested to segregate high polyk/ds values implicitly assumes that synonymous substi-
morphism due to selection acting at the nearby O surfacéutions are neutral, and,/dg values can be inflated if
antigen locugfb. Second, significant MK tests suggest synonymous substitutions are highly constrained. How-
nonneutral evolution betweds. coli andS. entericaor  ever, there is no strong evidence of synonymous con-
within E. coli. Third, logistic regression indicates that the straint infimA. Furthermore, if there were synonymous

These observations contribute to a comprehensive view
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constraint, thefimA gene would have either low total chaperone transport peptides (Choudhury et al. 1999).
amounts of synonymous variation or particularly low This view is consistent with the low ratio of nonsynony-
variation in regions where higth,/dg ratios are detected mous-to-synonymous polymorphisms in this region and
(Smith et al. 1995). In addition, this would require puri- also consistent with the slightly negative Tajim&dor
fying selection to act differently on synonymous substi-the interior region. Also, the single variable amino acid
tutions on the exterior of the molecule. If this were the position in the interior region (position 53; Fig. 1) occurs
case, one might expect codon usage indices [e.g., coddn only a singlefimA allele, and this pattern is consistent
adaptation index (CAl), third-position G+C content] to with a slightly deleterious model for this polymorphism
differ between regions. We observe no significant dif- (Akashi 1999). Thus, we favor the view that the interior
ferences, suggesting elevated synonymous constraint e¢égion—and probably3-strand regions as well—is
locations with highed,/ds ratios for CAl (Sharp and Li  evolving under strong selective constraint witlincoli.
1987) or third-positia G + C content in either interior One surprising aspect of our analyses is that the re-
(CAlI = 0.408 G + C = 0.414) versus exterior (0.416, gions presumably dominated by purifying selectiortin
0.447) orp-strand (0.473, 0.422) versus nfrstrand  coli (i.e., interior andB-strand regions) also reject the
(0.384; 0.445) regions. neutrality hypothesis of the MK test, suggesting that they
may not have evolved neutrally since the divergence of
E. coli from S. entericalt is difficult to determine the
Other Kinds of Selection dimA forces acting on these regions of molecule, but there are
several possibilities. These include (i) recent adaptive
The evidence for diversifying selection is strong, butselection ing-strand and interior regions that have re-
diversifying selection alone does not explain all of ourmoved amino acid polymorphism, (ii) historically re-
observations. For example, MK tests suggest that theluced selective constraint in these regions during the
processes contributing to low nonsynonymous-to-divergence ofE. coli and S. enterica,and (iii) some
synonymous polymorphism do not represent the procombination of linkage and selection that has skewed
cesses that acted during the divergenc&.ofoliandS.  historical or current ratios of nonsynonymous-to-
enterica. MK tests that deviate toward a high ratio of synonymous polymorphism. We cannot discriminate
nonsynonymous:synonymous fixed differences are oftemong these possibilities, but the first seems unlikely
interpreted as indicative of directional selection—i.e.,since an equal reduction of synonymous polymorphism
adaptive selection after divergence (Long and Langleyis expected and not observed.
1993; McDonald and Kreitman 1991). Perhaps, then, the
fimA locus has had a history that features episodes of
directional selection in addition to diversifying selection. Recombination, Structural Inference, and the Evolution
Another possible cause of significant MK tests could beof fimA
the result of weak selection during the divergence be-
tweenE. coli and S. entericaat either synonymous or A previous study of bacterial adhesins included seven
nonsynonymous positions (Akashi 1995). If weak selec-alleles from thefimA locus and suggested that positive
tion were occurring at synonymous positions, the relativediversifying selection is predominantly responsible for
contributions of codon usage selection and mutationafimA allelic variation within E. coli (Boyd and Hartl
bias would be difficult to know, but thEEmAlocus has an  1998). With an increased number of haplotypes, we ob-
overall low CAl, thus the majority of synonymous poly- serve extensive evidence for recombination and this re-
morphism may be slightly deleterious. In the end, we aresult is consistent with other evidence for recombination
uncertain about the cause of rejection of MK tests, butin this region of theE. coligenome (Louarn et al. 1994).
the data are consistent with diversifying selection withinln fimA, we calculate that the ratio of recombination rate
E. coli and directional selection betweén coliandS. to mutation rate is roughly equal to one. This ratio has
entericaat nonsynonymous positions. also been estimated for othEr coli genes and found to
Another observation that is not easily explained solelyrange from about 1 to 10 (Guttman 1997; Whittam
by diversifying selection is the differences in patterns 0f1996). ThefimAlocus is on the low end of this range, but
polymorphism among molecular regions. More specifi-it must be noted that this ratio is estimated with neutral
cally, our analyses detect fety/ds values higher than models. Under these models, diversifying selection
1.0 within the interior orB-strand regions of the mol- likely decreases th&mA ratio estimate. In any event,
ecule, and logistic regression indicates that the distriburecombination plays a large role in the evolutiorfiofA
tion of fixed and polymorphic sites varies between inte-and probably uncouples the forces of diversifying and
rior and exterior regions. It is not unreasonable topurifying selection that act in different regions of the
presume that the interior aifidstrand regions are subject molecule.
to strong selective constraint, because these regions are Finally, we incorporated X-ray structural information
important for the structural integrity of individual sub- of the type-1 fimbria major subunfimA to partition the
units, intersubunit interactions, and interactions withmolecule into regions of known function. Structural in-
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formation is not available for most gene products, and weFisenstein Bl (1987) Fimbriae. In: Neidhardt FC, Ingraham JL, Low
were interested in whether inferential techniques were XB.Magasanik B, Schaechter M, Umbarger HE (eBispherichia

. . . S coli and Salmonella typhiuriuncellular and molecular biology.
useful in identifying structural regions for genetic diver- © - Society for Microbiology, Washington, DC, pp 84-90

sity analyses. Inf_erring secondary structure from the Pri'EIIiott SJ, Kaper JB (1997) Role of type | fimbriae in EPEC infections.

mary sequence is generally about 65% accurate (Frish- Microbial Pathogen 23:113-118

man and Argos 1996), and this is close fionA since 15  Felsenstein J (1989) PHYLIP—Phylogeny inference package (version

of the 22 (68%) predicted i-strands were correctly _ 3;]-2)- Cl'j‘d/'f“cs 551(‘3‘;;2‘)5? tom of nomocal interactions |

. g . i rsnman D, Argos ncorporation of non-iocal interactions In

|dent_|f|ed. However, a Igrger prOblem n Secondary Stmc protein secondary structure prediction from the amino acid se-

ture inference was the mcprrect aSS|gnme_nt of mo.st SiteS quence. Protein Eng 9:133-142

that are actually involved i-strand formation. Assign- Fu Y-X (1996) New statistical tests of neutrality for DNA samples

ment of tertiary structure by amino acid hydrophilicity is  from a population. Genetics 143:557-570 _

also ineffective for the highly hydrophobfinA peptide GU“’f“g” ?\5 (_13_97) RI_eTC°mS'”E“°T ;”dlci‘;“fgtgzn natural populations
. . ) ; Ol Escherichia coll.lrends ECol EVO! .10—.

(Eisenstein 1987; Klemm 1984; Klemm z_;md Hedegaarq%y J, Wakeley J (1997) A coalescent estimator of the population

1990). Anomalous tert|a_ry st_ructure estlm_ates_ may be “ecombination rate. Genetics 145:833-846

due partly to the hollow interior of type-1 fimbria con- Hopp TP, Woods KR (1981) Prediction of protein antigenic determi-

taining hydrophilic amino acids (see Fig. 1) and the in- nants from amino acid sequences. Proc Natl Acad Sci USA 78:

terior region is likely subject to purifying not diversify- = 3824-3828

. - . . Hudson RR (1987) Estimating the recombination parameter of a finite
ing selection. Overall forfimA, direct methods for population model without selection. Genet Res 50:245-250

structure a.ssign.ment appear to be' necessary f_o_r the afudson RR, Kreitman M, Aguddd (1987) A test of neutral molecular
curate designation of specific amino acid positions to evolution based on nucleotide data. Genetics 116:153-159

functional and structural regions. Without accurate desHughes AL, Nei M (1988) Pattern of nucleotide substitution at major
ignation of amino acid positions, it would have been histocompatibility complex class | loci reveals overdominant selec-

- . . . tion. Nature 89:167-170
difficult to appreciate fully the disparate evolutionary Hughes AL, Ota T, Nei M (1990) Positive Darwinian selection pro-

forcgs acting on exterior and interior regions of fimeA motes charge profile diversity in the antigen-binding cleft of class
peptide. I major-histocompatibility-complex molecules. Mol Biol Evol 7:
515-524
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