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ABSTRACT

The Rhsfamily of composite genetic elements was assessed for variation among independent Escherichia
coli strains of the ECOR reference collection. The location and content of the RhsA-B-CF subfamily
correlates highly with the clonal structure of the ECOR collection. This correlation exists at several
levels: the presence of Rhs core homology in the strain, the location of the Rhs elements present, and
the identity of the Rhs core-extensions associated with each element. A provocative finding was that an
identical 1518-bp segment, covering core-extension-bl and its associated downstream open reading
frame, is present in two distinct clonal groups, but in association with different Rhs elements. The
sequence identity of this segment when contrasted with the divergence of other chromosomal segments
suggests that shuffling of Rhs core extensions has been a relatively recent variation. Nevertheless the
copies of core-extension-bl were placed within the respective Rks elements before the emergence of
the clonal groups. In the course of this analysis, two new Rks elements absent from E. coli K-12 were
discovered: RhsF, a fourth member of the RhsA-B-C-F subfamily, and RhsG, the prototype of a third Rhs

subfamily.

HE Rhs elements represent a novel category of ge-
netic elements (HiLL et al. 1994). There are five

Rhs elements in Escherichia coli K-12 (FEULNER et al. 1990;
SADOSKY et al. 1991; ZHAO et al. 1993), and a sixth has
been isolated from strain ECOR-50 (ZHAO and HiLL
1995). Together, they comprise a family of complex ge-
netic composites. Some of their components are highly
conserved throughout the family, while other compo-
nents show little or no sequence homology. The nonho-
mologous components, however, do share analogous
features. A prototypical Rhs clement is depicted in Fig-
ure 1A. Each known element varies somewhat from the
structure shown even though all of the features repre-
sented are seen in most elements. The most prominent
feature of each element is a large open reading frame
(ORF) that can potentially encode a protein in excess
of 150 kD. The function of this protein has yet to be
established, but properties predicted from its primary
sequence suggest that it may be a cell surface, ligand-
binding protein (HILL et al. 1994). This large ORF is
itself a mosaic, being comprised of two distinct compo-
nents, a 3.7-kb conserved core and a highly divergent
core extension. The G+C contents of the core and its
extension are radically different, the cores being close
to 62% G+C, while the core extensions are typically
<40% G+C. Both of these values are distinctly different
from the typical 51% G+C observed for E. coli se-
quences. This and other considerations led to the idea
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that these Rhs components evolved separately in back-
grounds that were respectively GC rich and GC poor,
and that they later joined together and entered the E.
coli species (FEULNER et al. 1990; HILL e al. 1994). A
second, much smaller ORF lies in the AT-rich region
immediately downstream from the core extension (Fig-
ure 1A). These downstream ORFs have dissimilar se-
quences, but most have N termini with characteristics
expected of a signal peptide for export from the cyto-
plasm. This capability has been demonstrated in two
cases, RhsCand RhsD (ZHAO et al. 1993; HILL et al. 1994).
The positions of six Rhs elements with respect to the E.
coli K-12 map (BACHMANN 1990) are shown in Figure 2.

Two additional features of the Rks elements were of
special importance for this study. The first is that the
Rhs elements are divided into subfamilies, according to
sequence divergence of the core components. The
cores of the RhsA-B-C-F subfamily differ from the RhsD-
E subfamily by 22% at the nucleotide level, while diver-
gence within subfamilies is limited to about 4% (Sa-
DOSKY ef al. 1991; ZHAO et al. 1993; ZHAO and HilL
1995). Second, several Rhs elements exhibit a curious
feature in that one or more partial repetitions of the
core occur downstream from the primary core (Figure
1B). These core fragments vary in size, but always in-
clude the 3’ end of the core. Furthermore, they are
always bordered by AT-rich extensions of the remnant
core ORF. The fragments do not appear to be part of
intact reading frames in that they do not maintain the
start codon that defines the 5’ end of the core nor do
they have alternative start codons. The significance of
the 3'-core fragments is not clear, but a plausible hy-
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FIGURE 1.—Structural components of an Rhs element. (A) Schematic representation of an idealized Rhs element. The various
components are identified above the diagram, while the extended core ORF and downstream ORF are shown below. Positions
of a repeated peptide motif present in the core ORF are shown as black bars. Several different IS-like sequences have been
found as parts of Rhs elements (ZHAO et al. 1993; ZHAO and HiLL 1995). Of the various Rhs components, only the cores are
clearly homologous for all elements. No known Rhs element has precisely the arrangement shown. (B) Schematic representation
of an Rhs element containing 3'-core fragments and associated core extensions. Strategy for the selection of probes used in the
analysis is illustrated: left flank, genomic DNA common to both Rhs® and Rhs™ strains upstream from the element; right flank,
genomic DNA common to both Rhs® and Rhs™ strains downstream from the element; 5’ core; ext-1 and ext-2, DNA encoding

different core extensions.

pothesis is that they and their extensions were once
part of a primary core unit and that subsequently a new
extension attached to the primary core by a mechanism
that left a piece of the core and the old extension
nearby. In strain K-12, there are a total of nine core
extensions, five associated with the primary cores and
four with a secondary 3’-core fragment. All nine are
distinctly different in sequence. We have adopted a no-
menclature for these extensions based on the following
conventions: extensions present in K-12 are named ac-
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FIGURE 2.—E. coli K-12 genetic map showing positions of
the Rhs elements. RhsFis not in K-12, but the site of its inser-
tion is indicated.

cording to the Rhs element with which they are associ-
ated and according to their position within the element.
Thus ext-al is the extension associated with the primary
core of K-12 RhsA, whereas ext-a2 is the extension asso-
ciated with the first partial core repetition of RhsA. If
the extension is subsequently found at a different loca-
tion in a different strain, the original designation is
nevertheless maintained.

Many kinds of accessory genetic elements have been
described for E. coli species, including plasmids, pro-
phages, insertion sequences and transposons (CAMP-
BELL 1981). The content of accessory elements tends
to be different for each independent strain of E. col.
Of the various types of accessory elements, insertion
sequences may be the most common and widespread
in E. coli populations. Their numbers and locations,
however, vary considerably from strain to strain and
may vary between subcultures of individual clones
(GREEN et al. 1984; LAWRENCE et al. 1989, 1992; NAAS et
al. 1994; UMEDA and OHTSUBO 1990). In fact, insertion
sequence profiles may be sufficiently variable that they
distinguish strains so closely related as to appear identi-
cal to sensitive techniques such as multilocus enzyme
electrophoresis (MLEE) (SAWYER et al. 1987).

Two considerations led us to question whether the
Rhs elements of natural E. coli populations would be
highly variable. First, by analogy to other accessory ele-
ments, we might expect Rhs elements to vary in number
and position. Second, the presence of a different core
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extension adjacent to each of the nine 3'-core ends in K-
12 might be an indication that there are many different
extensions in the population. To assess these aspects of
the Rhs elements, we surveyed a set of independent
natural E. coli for their Rhs element content. The ECOR
reference collection was chosen because it contains 72
natural E. coli isolates selected to embrace the genetic
diversity of the species (OCHMAN and SELANDER 1984).
MLEE has shown that clonal relationships exist among
the ECOR strains (SELANDER et al. 1987), and four ma-
jor clonal groups have been designated (HERZER ef al.
1990). In addition to the four groups, the collection
contains four outlying strains. This work demonstrates
that the Rhs elements correlate closely with the clonality
of the E. coli population, and that placement of core
extension, ext-bl, must have occurred in at least one
lineage between the time of clone divergence and the
selective sweep that brought that clonal group to promi-
nence.

MATERIALS AND METHODS

The ECOR strain collection was obtained from ROBERT SEL-
ANDER and THOMAS WHITTAM. The E. coli K-12 strain used
was CGSC No. 4401. It contains an F factor and is lysogenic
for lambda (BACHMANN 1973). Methods for DNA isolation
and analysis were as described previously (ZHAO ¢t al. 1993),
with the exception that the more recent E. coli genomic DNA
preparations utilized G-Nome DNA isolation kits (Biol01),
and DNA transfers for Southern analysis used HyBond N
membranes (Amersham Corp.). For hybridization studies,
DNA fragments were separated by agarose gel electrophoresis,
and labeled with (**P)-nucleotide using a Boehringer-Mann-
heim random primed DNA kit. The DNA probes are listed
in Table 1. Hybridization was done in 50% formamide, 0.75
M NaCl, 0.075 M sodium citrate, 0.02 M sodium phosphate,
pH 6.5, 10% polyethylene glycol 8000, denatured calf thymus
DNA (0.1 mg/ml) and Denhardt’s reagent. The hybridization
temperature was 42°, except 37° was used when reduced strin-
gency was desired to enhance cross hybridization between Rhs
core-specific probes. Aqueous washes were done at 42°. The
RhsA element was cloned from ECOR-32 on a 20-kb Sall geno-
mic DNA fragment using pUC-19 as the cloning vector, re-
sulting in pGF3510 (FEULNER 1990). The sequence of a 6980
bp segment, commencing at the Miul site 762 bp upstream
from the left boundary of RisA was determined and submitted
to the GenBank database (accession number U16247). A por-
tion of RhsG from ECOR-50 was cloned as a 7-kb BgillI frag-
ment resulting in pSZ3952 (ZHAOC 1992). The sequence of
the first 471 bp of its core was determined (accession number
U25142). PCR amplification of genomic DNA was used to
facilitate sequencing of the ext-bl homologies from ECOR-2,
16, 24, 27 and 28. Specifically, two primers (5’-TGAATGAA-
GAGAACCCGCATCAGC-3' and 5'-CTGGAGTCCTCCACC-
TAC-3") were selected from the sequence of K-12 RhsB and
used to amplify a 1121-bp segment that includes ext-bl and
the overlapping downstream ORF. The PCR primers were
used along with a set of primers from within the fragment to
sequence a 950-bp segment of each; this sequence included
the last 105 bp of the core as well as the entire ext-bl and
downstream ORF. Direct sequencing of the PCR products
utilized the CircumVent Thermal Cycle (New England Bio-
labs) sequencing system.
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TABLE 1
DNA hybridization probes

Probe source® Plasmid’ Identification®
RhsC 5’ core pIG1637 0.4-kb EcoRV-EcoRV
RhsD 5’ core pIG1997 0.2-kb BssHII-EcoRV
RhsA, left flank pJG1634 exoC 0.56-kb Sall-exolll
RhsA, right flank  pGF3504 0.4kb Poull-Poull
RhsB, left flank pJG1634ex0l0L  0.3-kb Tagl-exolll
RhsB, right flank  p]G1890 0.5-kb HindIII-Bgill
RhsC, left flank pJG1637ex012C 0.6-kb EcoRI-exolll
RhsC, right flank  pJZ3712 0.4-kb Accl-Poull
RhsD, left flank pAS3188 0.6-kb BstEII-EcoRI
RhsD, right flank  pJG1883 0.3-kb Nrul-Miul
RhsF, left flank pSZ3848 0.4kb Acc-Smal
RhsF, right flank ~ pSZ3844 1.1-kb Smal-Bgl 11
ext-al pDV1868 0.2-kb Sspl-exolll
ext-a2 pJG1702 0.4-kb Kpnl-Sphl
ext-bl pGF3545 0.5-kb EcoRV-Psil
ext-c2 pSZ3966 0.2-kb exollI-Mscl
ext-f3 pSZ3846 0.4-kb EcoRI-Nde 1
iso-IS1 (RhsF) pSZ3847 0.5-kb Hindl-Hpal

“Conventions are as specified in Figure 1B. The various
left flank, right flank and extension probes are all nonhomol-
ogous.

*All plasmids were derived from strain K-12 except
pGF3545, which was from ECOR-2, and pSZ3836 and
pSZ3847, which were from ECOR-50.

“ exollI refers to fact that the segment end was generated
by controlled exonuclease III digestion.

RESULTS

Distribution of Rhs elements: The first questions ad-
dressed were whether the Rhs elements are widespread
and whether the same elements found in E. coli K-12
are found in other strains. It should be emphasized
that the Rhselements are defined by their location, not
by their specific structure or content. Therefore, we
screened the ECOR strains for sequences homologous
to the Rhs core, then attempted to locate their position
within the bacterial genome.

Genomic DNA was prepared from each ECOR strain
and from K-12, and the DNA was digested with Mlul and
with a combination of HindIIl and Sall. The resulting
fragments were tested for homology to various Rhs com-
ponents. After fractionation by agarose gel electropho-
resis and transfer of the genomic DNA to membranes,
the Southern blots were probed with a succession of
probes. The initial probings were performed with DNA
fragments derived from the 5’ ends of the RhsC and
RhsD cores. Selection of these probes was based on two
considerations. First, probes specific for the 5’ ends
were used so that only the primary cores and not the
3'-core fragments would be detected (see Figure 1B).
Second, the degree of homology between the subfami-
lies is such that a probe from a particular element gives
a strong signal with other members of the same subfam-
ily, but a weak signal with members of other subfamilies.
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TABLE 2

Rhs core homology in the ECOR reference collection

ECOR
Group Rhas* ECOR strains Rhs* ECOR strains
A 1,5,8,10,11, 25, 2, 3,9, 12, 4, 6, 16, 22, 7, 14,
13, 18, 19, 20, 2, 17, 24, 15, 23
B1 58, 67, 26, 27, 69, 28, 45, 29, 32, 33, 34, 30, 68,
70, 71, 72
B2 51, 52, 54, 56, 57, 55, 65, 61, 62, 63,
64, 53, 59, 60, 66
D 46, 49, 50, 48 35, 36, 38, 39, 40, 41, 44, 47
Outlying 31, 43, 37, 42

Use of a probe from each subfamily allows the subfam-
ilies to be distinguished.

Initial tests revealed that DNA from 23 ECOR strains
had no detectable homology to either core probe.
These 23 strains were classified as Rhs® (Table 2). The
other 49 ECOR strains displayed multiple bands and
were classified as Rhs”. Inspection of Table 2 reveals
that the Rhs* and Rhs® strains were not randomly dis-
tributed among the four ECOR groups. All 15 group
B2 strains were Rhs®, while all group A and all group
Bl were Rhs™. In addition, the four outlying strains of
the collection were Rhs". Only group D contained both
Rhs* and Rhs® strains, with four of the 12 strains testing
positive. It should be noted that K-12 is closely related
to the group A strains, especially to ECOR-2 and its
nearest neighbors (HERZER et al. 1990).

In the early stages of this project, the absence of
Rhs elements from some strains was used to define the
chromosomal boundaries of individual elements. Spe-
cifically the corresponding region from a negative
strain was cloned, and its sequence compared with that
of a strain containing an Rhs element. The element
boundaries were defined as the points of divergence
between the Rhs* and Rhs® strains. For RasA and RhsC,
ECOR-55 (Rhs®) was compared to K-12. In contrast to
RhsA and RhsC in K-12, 32 and 10 bp, respectively, of
unrelated DNA were found at the same location in the
ECOR-55 chromosome (FEULNER ¢t al. 1990). For RhsD,
comparison of ECOR-39 with K-12 showed that RhsD
was found in place of a 224-bp sequence (SADOSKY et
al. 1991). Finally, an 807-bp alternative to RAsB was
detected when ECOR-32 was compared to K-12 (ZHAO
et al. 1993). This knowledge was used to develop a set
of probes that permitted the assignment of the core
homologies to specific locations. For each element,
probes specific for the common regions on the left
flank and on the right flank were selected (Figure 1B).
The resulting patterns were compared. Coincidence of
left flank, right flank and core signals was evidence
that the particular RhAs element was present. In some
instances where the left and right flank probe signals
did not themselves coincide, the left flank signal never-
theless coincided with a core probe signal. Those strains

were also scored as positive for that element. In the
Mlul analysis, this situation occurred only nine of 143
times for the RhsA-B-C-Fsubfamily. If the left flank and
right flank signals coincided with one another but not
with a core signal, that particular element was scored
as being absent.

The results are tabulated in Figure 3. The elements
hybridizing strongly with the RhsCcore probe, but
weakly with the RhsD-core probe will be considered first.
Of the 49 strains originally scored as Rhs*, 46 had RhsA
with an overlapping set of 46 having RhsC. However,
only 27 of the 49 Rhs™ strains had RAsB. A number of
strains had an additional element whose core hybrid-
ized strongly to the RhsG-core probe and weakly to the
RhsD-core probe, but which was not RhsA, RhsB or RhsC.
This indicated the presence of at least one additional
member of the subfamily. The additional element was
characterized from ECOR-50, a group D strain (ZHAO
and HiL 1995). The new element was named RhAsF,
and it was found to replace 12 bp of the genome at a
position corresponding to 89.2 min on the K-12 map
(Figure 2). Based on this characterization, left flank
and right flank probes for RhsFwere prepared and Rhsl
was found in 24 of the 49 Rhs™ strains. All Rhs elements
in the ECOR collection giving strong signals with the
RhsCGcore probe were shown to be either RhsA, RhsB,
RhsC or RhsF. Consequently, the subfamily has been
redesignated RhsA-B-C-F. Inspection of Figure 3 reveals
that there is a strong inverse correlation between the
presence of RhsB and RhsF within the ECOR clonal
groupings. RhsB is common in group A, but almost
absent from group Bl, whereas the opposite is the case
for RhsF.

The results for elements hybridizing strongly with the
RhsD-core probe, but weakly with the RAs(core probe
were more difficult to interpret. This was due in part
to the presence of internal HindIIl and/or Miul sites in
many RhsD and RhsE elements and to the much greater
complexity within the RAsE structure. Overall, RhsD is
present in all but 11 of the 49 Rhs™ strains (Figure 3).
Investigation of RAsE continues, and results concerning
RhsE are not reported here.

Prototype of a new core subfamily: In addition to
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hybridization signals that could be assigned to one of
the six known Rhs elements, one or more additional
bands hybridizing very weakly to both core probes were
seen in some strains. One of these elements, from
ECOR-50, was named RhAsG, and has been partially char-
acterized. Based on the 471-bp sequence nearest the 5’
end of its core, RhsG appears to be the prototype of a
third core subfamily. Its sequence diverges from RksD
by 23% and RhsA by 27% at the nucleotide level. Its
position relative to the K-12 map has yet to be estab-
lished. No RhsG-core homology was detected in the Rhs®
strains listed in Table 2.

Distribution of core extensions: We next deter-
mined the extent of variation among the core exten-
sions. DNA probes were prepared to detect specific Rhs
core-extensions among the Rhs™ strains. Because RhsA
is widely distributed among the ECOR strains, we first
tested for ext-al, which is the primary core-extension
associated with K-12 RhsA. Ext-al homology was found
in only 24 of the 46 RhsA strains (Figure 3). If ext-al
was present in a particular strain, it was always associated
with RhsA. Extension location was judged by coinci-
dence of its signal with those produced by probes spe-
cific for the left flank and right flank of particular ele-
ments. Simple inspection of Figure 3 shows that the
presence of ext-al homology correlates strongly with
the ECOR grouping. Ext-al homology was most gener-
ally associated with strains of group A. Despite the fact
that all 16 group Bl strains had RAsA, only three (the
ECOR-70, 71 and 72 cluster) had ext-al. None of the
group D or outlying strains had ext-al homology even
though several had RhsA.

We next tested for ext-bl, which is the primary core
extension associated with K-12 RhsB. Considering that
RhsB has a much more limited distribution than RAsA,
we were surprised to find that ext-bl homology oc-
curred in more strains than had ext-al (37 strains com-
pared with 24; Figure 3). Even more interesting was its
location, where 12 group BI strains that did not even
have RhsB nevertheless had ext-bl. In these group Bl
strains ext-b1 was associated with RhsA. In group A, ext-
bl was associated with RAsB (save for two strains that
lacked RhsB and ext-bl altogether). Besides the group
A and group B1 strains, the ext-bl homology was pres-
ent in only one other strain, ECOR-43. In this outlying
strain, it was associated with RhsA.

Some of the core-extensions found in K-12 Ris ele-
ments were associated with secondary 3'-core fragments
rather than primary cores (Figure 1B). It has been pos-
tulated that these were once associated with primary
cores, but were displaced by rearrangements that intro-
duced other extensions. Ext-a2 is the more proximal of
two secondary core extensions associated with K-12
RhsA. Ext-a2 homology was found in 45 of the 49 Rhs™
strains. It was associated with RhsA in all 256 members
of group A and all 16 members of group Bl and the
outlier ECOR-37. However, as described elsewhere

(ZHAO and HILL 1995), it was associated with RAsF in
the group D cluster of ECOR-46, 49 and 50. For at least
ECOR-50, it serves as the primary extension of RhsF.
RhsF of ECOR-50 also has a secondary core extension,
ext-f3. Ext-f3 has no homology in K-12. When the Rhs”
strains of the ECOR collection were tested for ext-f3,
however, there was a complete correlation between its
presence and the presence of RhsFin the strain. Only
strains with RhsF had homology to ext-f3, and it was
always associated with RhsFin those strains. Adjacent to
ext-f3 in RhsF of ECOR-50, there is an IS sequence that
is a distant relative of ISZ. Using a DNA probe from the
interior of this IS, we found that every Miul band that
had shown extf3 homology also hybridized with the
iso-IS7 probe. Furthermore, no bands were observed
with the iso-IS1 probe that had not been observed with
the extf3 probe, save a weak band in ECOR-21. Thus
this particular IS may have an exclusive relationship
with RhAsF.

Finally, another secondary core extension, ext-c2, was
found to be associated with more than one element.
Ext-c2 is associated with a 3’-core fragment of K-12 RhsC
(Figure 3). A homologous sequence was detected in
44 strains, generally in association with RAsC. The four
exceptional strains were all from group D. Ext-c2 was
associated with RAsB in ECOR-46, 49 and 50, and with
RhsA in ECOR-48.

Sequence conservation of the ext-bl core extension:
The preceding has shown a striking correlation between
the location of extbl and the ECOR groupings de-
duced from MLEE. In some cases, ext-b1l was associated
with RhsB (as in K-12), and in others it was associated
with RhsA. To better understand this relationship, RhsA
was cloned from ECOR-32 and characterized by restric-
tion mapping and nucleotide sequencing (Figure 4).
The sequence data included a continuous 6980-bp seg-
ment that covered the 609-bp ORF immediately to the
left of RhsA through the first 3'-core fragment (see Ma-
TERIALS AND METHODS).

ECOR-32 RhsA showed many conserved features
when compared with K-12 RhsA (Figure 4). The left
and right boundaries were the same, confirming more
precisely the correspondence of the two RhsA elements.
The leaders separating the cores from the left bound-
aries were similar, differing by 9 of 190 bp. These leader
regions are believed to contain the promoters for core
expression, but the leaders of different Rks elements
are quite different (ZHAO et al. 1993). ECOR-32 RhsA
contained a primary core that differed from that of K-
12 RhsA by 92 of 3714 bp (2.5%). This is comparable
to the 2.9% divergence that was found between the K-
12 RhsA and RhsC cores (ZHAO et al. 1993). The core
reading frame in ECOR-32 RhsA remained uninter-
rupted. The two 3'-core fragments of K-12 RhsA were
preserved in ECOR-32 along with adjacent sequences.

The prominent difference between the RhsA ele-
ments of ECOR-32 and K-12 was that the primary core
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FIGURE 4.—Comparison of ECOR-32 RhsA to K-12 Rhs ele-
ments. The RhsA element of ECOR-32 is aligned with RhAsA
and RhsB of K-12. K-12 RhsBis in turn aligned with the analo-
gous region of the ECOR-32 chromosome. The large white
rectangles indicate the extent and positions of the whole Rhs
elements. Relevant Rhs components and flanking ORFs are
shown by smaller rectangles, with homologous structures sig-
nified by identical fillings. LF, left flanking ORF; RF, right
flanking ORF; ds, downstream ORF; al, core-extension ext-
al; bl, core-extension ext-bl. The nucleotide sequence diver-
gence of homologous structures is expressed as a percentage,
and the 1518-bp identity between ECOR-32 RhsA and K-12
RhsB is emphasized by shading. The structure of ECOR-32
RhsA beyond the first 3’-core fragment is based primarily on
restriction site mapping and limited sequencing to verify key
structures.

extension in ECOR-32 was ext-bl instead of ext-al. Also
the downstream ORF immediately following ext-bl was
the same in both ECOR-32 RhsA and K-12 RhsB. The
percentage divergence of RhsA from ECOR-32 with re-
spect to homologous regions of RhsA and RhsB from K-
12 is shown in Figure 4. One notable finding was that
the sequence of a 1518-bp segment beginning in the
core and covering the ext-bl core extension and down-
stream ORF was absolutely identical in ECOR-32 RhsA
and K-12 RhAsB. Other homologies showed more diver-
gence.

To determine whether the ext-bl sequence identity
seen in ECOR-32 and K-12 held true generally for
groups A and Bl, a 950-bp segment containing ext-bl
and the adjacent downstream ORF was sequenced from
three group A strains (ECOR-2, 16 and 24) and from
two group BI strains (ECOR-27 and 28; MATERIALS AND
METHODS). These five examples were found to be identi-
cal in sequence to the corresponding 950-bp sequence
of both K-12 and ECOR-32. The seven strains for which
ext-bl was sequenced are indicated by circles in Figure
3. Because they represent different clusters from within
group A and group Bl, we conclude that the high se-
quence conservation can be generalized to be typical
of ext-bl within these groups.

DISCUSSION

The Rhs elements share, along with other accessory
elements, the property of substantial variation among

independent E. coli strains. However, Rhs element varia-
tion is restricted and correlates with established genetic
groupings to a degree unprecedented for other acces-
sory elements. This correlation is observed at three lev-
els: the simple presence or absence of Rhs core homol-
ogy, the presence of specific Rhs elements, and the
association of specific core extensions with different Rhs
elements. Our current analysis focuses on the RhsA-B-
C-F subfamily; however, it should be emphasized that
the Rhs® strains (Table 2) had no detectable homology
to any of the three core subfamilies. The Rhs® class
included all ECOR group B2 and some group D strains,
while groups A and Bl were all Rhs™. Of the four
groups, group D was the only one that contained both
Rhs” and Rhs® strains. According to the MLEE data
(HERZER et al. 1990), the phylogeny of group D is consis-
tent with its subdivision into four clusters (Figure 3):
a) ECOR-35, 36, 38, 39, 40 and 41; b) ECOR-46, 49 and
50; ¢) ECOR-44 and 47; d) ECOR-48. The first and third
of these clonal subgroups were Rhs®, while the second
and fourth were Rhs™ (Table 2); thus the presence of
Rhs elements correlates within group D with the clonal
relationships.

Assignment of core homologies to specific Rhs ele-
ments led to finer resolution of the Rhs™ strains. Both
RhsA and RhsC were widely distributed among Rhs”
strains providing limited opportunity for discrimina-
tion, if the matter of core extensions is left aside. There
was one interesting point with regard to RhsA; namely,
of the three Rhs™ strains that lacked RhAsA, two are clos-
est neighbors in group D (ECOR-49 and 50). In ECOR-
50, a 32-bp alternative appears instead of RhsA (FEUL-
NER 1990; FEULNER et al. 1990), and this 32-bp sequence
differs by two bases from the otherwise identical se-
quence found in the Rhs” strains, ECOR-55 and 39.

The occurrence of RhsBand RhsFwas more restricted
among the ECOR strains, and their distribution corre-
lated well with the MLEE data. RhsF was present and
RhsB was absent throughout group B1, with the excep-
tion of ECOR-72. In contrast, RhsB was present in 23
of 25 group A strains, whereas RhsF'was present in only
four of the 25 strains. The only group A strain to have
RhsF but not RhsB was ECOR-23, which is outlying
among group A strains. For group D, the interrelated
subgroup of ECOR-46, 49 and 50 had both RhsB and
RhsF, while the group D outlier, ECOR-48, had neither.

A key question at the beginning of this study was
whether the number and diversity of core extensions
observed in K-12 reflects a reservoir of enormous varia-
tion in the E. coli population. In the extreme, the same
extension might never be observed in two independent
strains. The results show that the variation is not nearly
that great. The same extensions are seen in many strains
(Figure 3). However, the survey does establish an im-
portant type of variation, namely that the same exten-
sion can be associated with different elements in differ-
ent strains. Several examples of this were seen. For
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TABLE 3
Group specific Rhs profiles
Rhs Rhs profile
profile Example characteristics”
I K-12, ECOR-1, 5, 10, A" (ext-al and a2)
11,2, 3,9, 12, 6, C* (extc2)
16, 7, 14, 18, 19, B” (extbl)
17, 24 P
I ECOR-58, 26, 27, 28, A" (ext-bl and a2)
45, 29, 32, 33, 34, C* (extc2)
30, 68 B°
F* (extf3)
111 ECOR-70, 71, 23 A" (extal and a2)
C* (extc2)
BO
F* (extf3)
v ECOR-49, 50 A°
C" (ext?)
B* (extc2)

F* (ext-a2 and f3)

“ Core extensions associated with various Rhs elements are
listed, but there is no implication as to the association with
primary cores or with 3'-core fragments.

instance, ext-bl is the primary extension of K-12 RAsB,
and its association with RhsBwas conserved in 23 ECOR
strains. However, it was associated with RAsA in 13 other
ECOR strains. Ext-a2 is a secondary extension of K-12
RhsA, and its association with RhsA was seen in 41 ECOR
strains. However, it was associated with RAsF in three
strains. Extc2, a secondary extension of K-12 RhsC was
also associated with RhsC in 40 ECOR strains. However,
it too varied in location, being associated with RhsB in
three strains and RhsA in one. In contrast, ext-al and
extf3 had exclusive associations with RhsA and RhsF,
whenever these core extensions were present.

The presence and location of core extensions corre-
lated with the ECOR groupings in much the same way
as the complete elements, but there were some refine-
ments. For example, the cluster of nearest neighbors
within group D, ECOR-46, 49 and 50, had ext-a2 associ-
ated with RAsF and ext-c2 associated with RhsB. These
were the only three strains where either of these rela-
tionships held. Within group B1, only three strains had
ext-al associated with RhsA. These were the cluster of
ECOR-70, 71 and 72, which, along with ECOR-68, form
an outlying cluster of group Bl strains. Based on the
RhsA-B-C-F subfamily results, we propose that there are
group-specific Rhs profiles (Table 3): Rhs profile I
shared by 15 group A strains including K-12; Rhs profile
II shared by 11 group Bl strains, including ECOR-32;
Rhs profile III shared by ECOR-70 and 71, both from
group B1; Rhs profile IV shared by ECOR-49 and 50,
both from group D.

Recombinants of these four profiles were also evi-
dent. ECOR-72, which is a nearest neighbor of ECOR-
70 and ECOR-71 in the phylogeny determined by

MLEE, provides such an example. These three strains
all have Rhs profile III, except that ECOR-72 has an
RhsB element similar to the one found in K-12. Because
RhsBis otherwise absent in group B1, the simplest expla-
nation is that a progenitor of ECOR-72 acquired RhsB
through recombination. The same reasoning can be
extended to ECOR-22 and ECOR+4. In their case, the
presence of RhsF distinguishes their profiles from the
Rhs profile I of their nearest neighbors. It is probable
that progenitors of ECOR-22 and ECOR-4 acquired
RhsF by recombination.

The genetic distance between ECOR groups should
be related to the divergence of their homologous DNA
sequences, and a considerable amount of sequence data
has accumulated that allows such a comparison (DU-
BOSE et al. 1988; DYKHUIZEN and GREEN 1991; MILKMAN
and BRIDGES 1993; HALL and SHARP 1992; NELSON and
SELANDER 1992). Most comparisons have found that
genes from group A and group Bl strains are more
closely related to each other than they are to genes
from groups B2 and D, although there are exceptions.
Individual genes from group A strains appear to diverge
from group Bl between 0.8 and 5.6%, depending on
the gene, but values in the 1-2% range seem most
typical. Divergence of genes within a clonal group tends
to be less, on the order of 0.0-0.3%, although there
are exceptions involving the gndlocus where divergence
of 15% is seen (DYKHUIZEN and GREEN 1991). Recombi-
nation can both reduce variation of sequences between
strains of different groups (DUBOSE et al. 1988) and
increase variation between strains within groups (GUTT-
MAN and DYKHUIZEN 1994a).

In this context, the sequence conservation of ext-bl
and its adjacent downstream ORF in RhisB of K-12,
ECOR-2, 16 and 24 and RhsA of ECOR-32, 27 and 28
is exceedingly provocative. The identity of the 1518-
bp segment of K-12 and ECOR-32 (Figure 4) contrasts
starkly with the divergences of adjacent structures. Spe-
cifically, the 609-bp ORF immediately to the left of RhsA
diverges 0.5% between K-12 and ECOR-32, and the se-
quences of ORFs flanking RhsB diverge somewhat
more, ~3%. Consequently, the chromosomal frame-
work bordering the elements seems typical of the re-
spective strains in terms of mutual divergence. Further-
more, the core of ECOR-32 RhsA diverges ~2% from
the cores of either RhsA or RhsB of K-12 over the first
3200 bp. The probability of finding a particular 1518-
bp identity if the expectation of divergence is 1% per
nucleotide is <107°. The absolute sequence conserva-
tion of ext-bl and the adjacent downstream ORF ap-
plies to all group A and group BI strains that possess
it, judging from the identity of the 950-bp subsegment
in three additional group A strains and two additional
group B1 strains.

These considerations produce an interesting enigma.
While the general chromosomal frames of group A and
group Bl strains diverged long enough ago for their
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various genes to become =1% divergent, the ext-bl/
downstream ORF structures are so recently related that
they remain identical. Nevertheless, ext-bl is present
throughout the respective groups. The fact that the ext-
bl structures are at different chromosomal locations in
the groups adds to the complexity.

The enigma resolves partially if we keep in mind that
the divergence of the clonal groups does not necessarily
coincide with their emergence as prevalent in the E.
coli population. The linkage disequilibrium observed
for the E. coli population implies that a limited number
of highly successful clones comprise the bulk of E. coli
in the world today (SELANDER et al. 1987). The factor(s)
responsible for the success of these clones are un-
known, but apparently the emergence of the successful
clones is recent compared to the time required to ob-
scure traces of clonality through recombination (GUTT-
MAN and DYKHUIZEN 1994a,b). The conservation of the
ext-bl structure can be explained if it was transferred
from a member of one group to a member of the other
group long after the groups diverged, but before the
emergence of the second group as prevalent. If this
recipient happened to be a progenitor of the founder
cell responsible for the blossoming of the second clonal
group, then ext-bl would hitchhike on the periodic
selection event and be observed as widespread. The
great conservation of the ext-bl structure would indi-
cate that this happened in a cell much closer to the
recent founder than to the more ancient common pro-
genitor of groups A and B1. It is also possible that the
ext-bl structure was introduced from a more exotic
source into the lineages of both clonal groups before
the final periodic selection events. If this happened,
the founders responsible for the blossoming of their
respective clonal groups must be recent descendants of
cells that received ext-bl. The absolute sequence con-
servation of the 950-bp segment among multiple strains
of both group A and group Bl is consistent with this
latter course.

A similar conserved relationship may exist for ext-a2,
although available data is less extensive. Ext-a2 occurs
as the primary extension of the RhsF core in ECOR-50,
but as a secondary one in RhasA of K-12 (ZHAO and HILL
1995). Comparative sequence data is only available for
173 bp, yet the two versions of ext-a2 are identical within
this limited region.

Additional questions concerning the establishment
of Rhs profiles remain. The evidence suggests that the
Rhs elements were in place long before the placement
of the ext-bl sequences at their current locations. First,
there are only four locations for the RisA-B-C-Fsubfam-
ily, yet each element occurs in two or more forms when
the core extensions are considered (Figure 3). This
is most readily understood by assuming that elements
inserted only once at a location, then diverged by acqui-
sition/loss of their core extensions. The relationship
between the respective segments separating the left

boundary and the core of K-12 and ECOR-32 RhsA sup-
ports this idea. On the one hand, these leaders (which
contain the presumed core promoter) are much more
similar in sequence than either is to the leaders of RhsB,
RhsC or RhsF. Those leaders are mutually highly diver-
gent (ZHAO et al. 1993; ZHAO and HiLL 1995). On the
other hand, the two RhsA leaders have nine differences
in 190 base pairs. Together, these facts suggest a com-
mon origin for RhsA in K-12 and ECOR-32. Multiple
independent insertions at a given location cannot be
ruled out absolutely, but the absence of any tell-tale
homologies at the boundaries of the Rhs elements
makes it seem unlikely.

These results and considerations discussed elsewhere
regarding G+C content, sequence divergence and co-
don selection of Rhs components (FEULNER et al. 1990;
HiLL et al. 1994), suggest to us the following account
of their development. The cores evolved in a GC-rich
background, the three core subfamilies diverging long
enough ago to permit 20-25% sequence divergence.
Separately, the core extensions and the adjacent down-
stream ORFs evolved in an AT-rich background. Al-
though limited homology can be seen between certain
pairs, most extensions are so dissimilar as to leave no
traces of common origin. At some point, cores and
extensions became joined and at least one member of
each core subfamily entered the E. coli species. We see
nothing compelling that causes us to favor one of these
events as preceding the other. Once in the E. coli spe-
cies, the RhsA-B-C-F subfamily established itself (mini-
mally) at the four known locations, the RhsD-E subfam-
ily at the two known locations and the RAsG subfamily
at two or more unknown locations. The divergences of
the cores of the RhsA-B-C-F subfamily are small enough
(<5%) that the divergence may have occurred after
introduction of a single prototype into E. coli. For each
element (i.e., location), both Rhs* and Rhs® alternatives
exist, and different combinations were presumably pro-
duced by general recombination. The elements were
in place before the divergence of the ECOR clonal
groups. A much later event consisted of the shuffling
of core extensions, and possibly the acquisition of core
extensions from exotic sources. Finally, periodic selec-
tion resulted in the emergence of clonal groups with
specific Rhs profiles brought along by hitchhiking.

The development of Rhs profiles seems to have in-
volved four different kinds of recombination. Insertion
of the elements into the host chromosome required
a nonhomologous mechanism. There seem to be no
circumstances suggesting site specificity of insertion. In-
deed, the events were ancient and possibly rare. The
original attachment of core extensions to cores cer-
tainly required a site-specific mechanism (HILL ¢ al.
1994), although the details of the mechanism are ob-
scure. One could envision that chromosomes with dif-
ferent combinations of elements (i.e., Rhs profiles, Ta-
ble 3) could readily be produced by homologous
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recombination that excluded participation of the ele-
ments themselves. Finally, there is the matter of shuf-
fling of extensions between elements. Many mecha-
nisms could be imagined, and the results summarized
in Figure 4 may offer some insight. The 1518-bp identity
segment covering ext-bl also included the last 483 bp
of the core. To the left of this point, considerable diver-
gence was observed for the core sequences. This sug-
gests that a homology-based cross-over occurred in the
3’ end of the core during the movement of ext-bl. The
nature of the event defining the right end is less clear,
however. The insertion sequences generally found
within Rhs elements (Figure 1) may contribute to core-
extension shuffling.

Despite evidence discussed for the shuffling of core
extensions between Rhs elements and the occurrence
of recombinant Rhs profiles, a curious circumstance ex-
ists. To date, no core extension has been observed to
occur twice in the same strain. This could be due to
chance, but it raises the question of whether a cell with
such a profile would be at a selective disadvantage.

The functions, let alone the nature of selective pres-
sures exerted on the Rhs elements, are completely un-
known, yet the selective pressures must be very strong.
As discussed elsewhere (HILL et al. 1994), the mainte-
nance of such large ORFs as seen in the Rhs cores would
demand strong, independent selection for each given
the extent of mutual sequence divergence. The conser-
vation of complex Rhsprofiles (Table 3) is also sugges-
tive of strong selection. Understanding their function
has been hampered by the fact that core ORFs are not
expressed under conditions of routine laboratory culti-
vation, at least in K-12 (HILL et al. 1994). We suspect
that they respond to environmental signals and play a
role in the success of the cell in natural settings. A
legitimate question is whether this function might re-
late in a key way to the periodic selection event(s) that
influence E. coli population structure.
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