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Escherichia coli serotype O157:H7 do not exhibit 8-glucuronidase (GUD) activity but carry
the gusA gene (uidA) that encodes for GUD. In trans-complementation, the gusA4 gene cloned
from the GUD-positive variant strain 493-89 effectively restored GUD activity in O157:H7
strain 35150. Comparison of gusA4 sequences from the GUD-negative 35150 strain to that of
493-89 revealed several base mutations, including a guanosine (G) dinucleotide insertion that
caused a frameshift in the 35150 gusA4 gene and introduced a predicted premature termination
codon. This explains the absence of GUD activity in O157:H7. A 35150 gusA construct from
which the G-G insertion was deleted restored activity in GUD-negative O157:H7 transfor-
mants. The G-G insertion was present in all GUD-negative O157:H7 strains but was absent
in their GUD-positive variants. The G-G insertion that produced the characteristic GUD-
negative phenotype to O157:H7 strains appeared later than the other gus4 mutations in the

evolutionary emergence of O157:H7.

The enzyme -glucuronidase (GUD) is prevalent in Escheri-
chia coli [1], including most pathogenic strains [2], except for
enterohemorrhagic E. coli O157:H7 serotype [3]. Consequently,
the GUD-negative phenotype often is used to differentiate
O157:H7 from other E. coli. The E. coli GUD is encoded by
the chromosomal gusA (uidA) gene, which is regulated by 2
repressors [4]. GUD expression also is sensitive to cAMP-de-
pendent catabolite repression [5] and to other physiologic fac-
tors [6]. Although O157:H7 strains do not exhibit GUD, they
carry the entire gusA gene, including regulatory regions [7].

The absence of GUD activity in O157:H7 is not to due to
the lack of enzyme induction, catabolite repression by lactose,
or other physiologic factors, which suggests that the defect may
be genetic. In an earlier study [7], the gus4 gene of O157:H7
was compared with that of E. coli K12 [8] (GenBank accession
no. M14641) and was found to contain several mutations, in-
cluding an A—T substitution in the putative —10 promotor site
[7]. Analysis of the regulatory region, however, showed that the
gusA promoter of O157:H7 was functional [7], hence ruling out
transcriptional repression of GUD expression. Most of the mu-
tations in the O157:H7 gusA structural gene are degenerate,
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except for a few that alter amino acid sequence and charges,
including a putative frameshift at the 3' terminus. Although
these mutations could affect GUD activity, that aspect was not
fully elucidated. The E. coli K-12 gusA sequence has since been
updated, prompting us to reexamine the O157:H7 gusA se-
quence. In this study, the gusA gene from O157:H7 and its
GUD-positive variants were compared to determine whether
these genetic mutations might explain the absence of GUD in
O157:H7 and to determine whether the occurrence of these
mutations are consistent with the proposed evolutionary model
for the emergence of O157:H7 serotype [9].

Materials and Methods

Bacteria.  E. coli 35150 (American Type Culture Collection)
and 13BS88 (a clinical isolate) are GUD-negative O157:H7 strains.
Strain G5101, an atypical O157:H7 isolate [10], and strain 493-89,
an O157:H™ strain [11] (both clinical isolates), are GUD-positive
phenotypic variants. All strains produce both Shiga toxin 1 (Stx1)
and Stx2, except 493-89, which produces only Stx2. All cloning
and manipulation was facilitated in E. coli DH5« [12].

Cloning of gusA. The gusA gene was amplified by polymerase
chain reaction (PCR) by use of the high-fidelity exonuclease-posi-
tive Vent DNA polymerase (New England Biolabs). A 50-uL re-
action contained 1X Thermopol buffer, 6 mM MgSO,, 200 nM
gusA-specific primers PF20 and PF28 [7], 200 uM dNTP, and ~10°
bacterial cells as template. A hot start amplification was done for
32 cycles (95°C for 1 min, 53°C for 45 s, and 75°C for 2.5 min),
with a final extension of 10 min at 75°C. The desired PCR product
was excised from a 1% agarose gel, was ligated into EcoRV-digested
pBluescript SK+, and was electroporated into competent DHS5«
cells [12]. By using vector-specific T3/T7 promoter primers, trans-
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formants were screened for the proper plasmid construct, which
then was digested with HinDIII and BamHI, to determine insert
orientation.

Complementation.  The 35150 strain was transformed with
plasmid constructs containing either the nonfunctional 35150 gusA
gene or the functional GUD-positive 493-89 gusA gene. Transfor-
mants were selected on tryptic soy agar (TSA) plates containing
100 pg/mL ampicillin (Amp) and 75 ug/mL 4-methylumbelliferyl-
B-D-glucuronide (MUG). Amp resistant colonies that exhibited
GUD (bluish fluorescence around colonies under longwave UV)
[1] were tested serologically for the O157 and H7 antigens and by
multiplex PCR for characteristic O157:H7 markers [13].

Sequencing.  gusA plasmid constructs derived from the GUD-
negative strain 35150 and GUD-positive strain 493-89 were CsCl
purified. Using an automated system, sequencing was accomplished
with the universal T3/T7 promoter-specific primers, gusA-specific
primers described elsewhere [7], and 3 additional primers—SM1 (5-
GGTGATGTCAGCGTTGAAC-3), SM2 (5-CTAGTGCCTTGT-
CCAGTTGC-3), and SM3 (5-CAGGAGAAACTGCATCAGC-
3). Both strands of the gus4 sequence were analyzed by GCG
software (Genetics Computer Group).

Inverse PCR.  The guanosine-guanosine (G-G) dinucleotide in-
sertion in the 35150 gusA gene was deleted by inverse PCR [12].
Using pBluescript SK+:35150 gusA as template and 300 nM each
of these site-specific primers (up, 5-CTTGTCCAGTTGCAACCA-
CC-3; down, 5¥-GCACCAGCGGGACTTTGC-3'), the PCR was
done as described above, except that primers were annealed at 52°C
and were extended for 5.5 min. The PCR product was purified and
electroporated back into 35150. Transformants were selected for
on TSA-amp-MUG plates. To verify the presence or absence of
the G-G insertion, the plasmid-borne gusA insert from 2 GUD-
positive and -negative amp-resistant transformants were sequenced,
using the PF25 and PF26 primers [7].

Results

Cloning of gusA. The gusA amplicon from both GUD-
negative O157:H7 strains (35150 and 13B88) and GUD-positive
variants (493-89 and G5101) was ~2100 bp in size. Restriction
of constructs with HinDIII revealed a single ~5000-bp frag-
ment, which confirmed the presence of properly sized insert
within the vector (data not shown). Both gusA4 and the vector
contain single BamHI sites so that constructs that produced
4400- and 700-bp BamHI fragments had the 5 of the gusA gene
adjacent to the vector T3/LacZ promoter, whereas those that
produced the 3700- and 1400-bp fragments had the insert in
the opposite orientation (data not shown).

Complementation. ~ The GUD-negative 35150 strain trans-
formed with gusA cloned from itself remained GUD negative.
In contrast, 35150 transformed with gusA4 from 493-89 exhibited
GUD activity, regardless of the gusA insert orientation within
the plasmid vector, indicating the presence of a functional en-
dogenous promoter. These GUD-positive transformants ex-
pressed O157 and H7 antigens and had all genetic markers for
O157:H7, including stx! and stx2 genes, and the +93 gus4 mu-
tation that is unique to O157:H7 (data not shown).
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Sequencing.  The gusA sequences obtained were submitted
to the GenBank database. The gusA4 sequence of strain 35150
(GenBank accession no. AF305917) and strain 493-89 (GenBank
accession no. AF305918) were compared to each other and to
those of E. coli K12, independently submitted by the Japan E.
coli Genome Sequencing Project (GenBank accession no.
D90805) and by Jefferson et al. [8] (GenBank accession no.
M14641).

The gusA of 493-89 was 2103-bp long, with the open-reading
frame (ORF) initiating at nucleotide (nt) 179 and terminating at
the TGA codon at +1988-1990. Comparison with the same se-
quence from K12 (D90805) showed that the 493-89 gusA differed
by 19 nt, including a base change at —23 that was outside the
OREF (table 1). In comparison, the 35150 gusA was 2105 bp and
differed from that of 493-89 at only 4 sites (+686, +776, +1370,
and +1671) within the ORF. Of these, the +1671 mutation was
cryptic, but those at +776 and +1370 altered amino acid se-
quences in 35150 (table 1). Of more importance, the +686 mu-
tation in the gusA4 of 35150 was a G-G dinucleotide insertion
that caused a frameshift in the ORF, which severely altered amino
acid sequence downstream of the lesion and introduced a TGA
stop codon at +711 that is predicted to cause premature ter-
mination in the GUD translation. Sequencing of the frameshift
mutation region from 2 other O157:H7 strains (G5101 and

Table 1. Comparison of codon differences in the gusA sequence of
the B-glucuronidase (GUD)-positive Escherichia coli K12 and 493-89
(O157:H") and the GUD-negative ATCC 35150 (O157:H7).

Base-change

position® K12° 493-89° ATCC 35150°
-23 A T T

+93 GAT GAG (D3IE) GAG (D31E)
+191 GCG GTG (A64V) GTG (A64V)
+393 ACC ACA ACA

+501 TAT TAC TAC

+686" — GG (frameshift)
+690 ACT ACC ACC

+758 TGC TAC (C253Y) TAC (C253Y)
+776° CAG CAG CGG (Q259R)
+801 CTT CTG CTG

+849 ATT ATC ATC

+882 GGT GGC GGC

+900 GAC GAT GAT

+906 CGT CGC CGC

+942 GAC GAT GAT

+1059 GCT GCA GCA

+1158 CAA CAG CAG

+1308 GAC GAT GAT

+1370¢ AGC AGC ATC (S4571)
+1410 GGA GGT GGT

+1671 TCG TCG TCA

+1704 AAA AAG AAG

+1716 ACT ACC ACC

* With respect to gusA open-reading frame ATG start codon. Sites in bold
represent regions where substitution resulted in alteration of the promoter sites
or incorporation of alternative amino acids into the primary structure of the
protein. Resulting amino acid substitutions are shown in parentheses.

" GenBank accession no. D90805 submitted by the Japan E. coli Genome
DNA Sequencing Project group.

¢ Determined in this study.

9 Nucleotide substitution that is unique to the ATCC 35150 strain.
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13B88) confirmed that both isolates contained the +776 muta-
tion described for O157:H7 strains; however, the G-G dinu-
cleotide insertion at +686 was absent in GUD-positive strain
G5101, although it was present in GUD-negative strain 13BS88.

Inverse PCR.  We deleted the G-G insertion in pBluescript
SK:35150 gusA by site-directed mutagenesis with inverse PCR.
The resulting PCR product consisted of a mixture of the origi-
nal pBluescript SK:35150 gusA4 template that still had the G-
G insertion and the linear PCR product that contained the
altered gusA allele (without the G-G insertion). When this mix-
ture was electroporated back into 35150, which also has a non-
functional gusA allele, a few GUD-positive, but mostly GUD-
negative, transformants were obtained, as expected. Sequencing
of the gusA insert from 2 GUD-positive and -negative trans-
formants showed that all 4 isolates had the +776 mutation
unique to O157:H7; however, the +686 frameshift mutation
was present in only the gusA insert obtained from GUD-nega-
tive transformants. PCR analysis of additional strains by use
of primers specific for the G-G insertion confirmed that the
frameshift was found in all GUD-negative O157:H7 strains but
was absent in their GUD-positive variants (data not shown).

Discussion

The GUD-negative O157:H7 strain 35150 transformed with
the gusA gene from its GUD-positive variant 493-89 exhibited
GUD phenotype. This confirms that GUD inactivity in O157:
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H7 is due to genetic defects and that the gus4 ORF of 493-89
has the necessary transcriptional elements for GUD expression.

The gusA sequences of 493-89 and E. coli K12 (GenBank
accession no. D90805) were both 2103 nt long and carried the
1812-bp gusA ORF, but the 493-89 sequence had 19 point mu-
tations (table 1). The mutation at —23, which is within the
putative —10 promoter, was described elsewhere but was ruled
out as a cause for GUD inactivity in O157:H7, because the
promoter was functional [7]. Of the remaining mutations, only
3 (+93, +191, and +758) resulted in amino acid changes. How-
ever, since both K12 and 493-89 are GUD positive, none of
these mutations inhibited GUD activity.

The regulatory sequences upstream of the gusA start codon
were identical in both 35150 and 493-89. The gus4 ORF of
both strains also had the +93 T to G mutation that was absent
in E. coli K12. Because the +93 mutation is unique and con-
served in O157:H7 and its Stx-producing phenotypic variants
[7, 14], it is often used to detect O157:H7 [9, 13, 14]. Because
of'its close association with O157:H7, a common misconception
is that this mutation is the cause of GUD inactivity in O157:
H7 [15]. However, since the +93 mutation is also present in
GUD-positive O157:H7 variants (493-89 and G5101), it has no
aberrant effect on GUD.

Previously, a putative frameshift caused by an insertion at
+1258 was reported in the O157:H7 gus4 ORF [7] and was
deduced on the basis of comparison with an earlier gusA4 se-
quence for K12 [8]. However, the gusA sequence of this region
determined in this study for 493-89 and 35150 was consistent

O157:H7 Loss of of
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Postulated occurrence of gus4 mutations in the evolutionary emergence of Escherichia coli serotype O157:H7. The amino acid
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in parentheses, are derived from the published emergence model for O157:H7 [9]. Figure is modified from [9]. GUD, -glucuronidase; SOR,
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with the updated K12 sequence (GenBank accession no.
D90805). Thus, no frameshift exists in this region, as postulated
elsewhere [7]. However, the O157:H7 gusA ORF had 3 muta-
tions (+686, +776, and +1370) that changed primary amino
acid sequence; only +776 was reported elsewhere [7]. Of these,
+686 was a G-G dinucleotide insertion, which produced a
frameshift that not only altered amino acid sequence but also
introduced a premature stop codon identical to the one that
terminates the translation of the functional gusA4. Deletion of
the G-G dinucleotide insertion without altering the +776 and
+1370 mutations restored GUD activity in O157:H7 strains,
which confirms that GUD inactivity in O157:H7 strains was
due solely to the G-G insertion mutation at +686.

Because these amino acid altering gusA4 mutations seem to
be highly conserved in O157:H7, we examined other E. coli to
see how these mutations fit into the stepwise evolutionary model
of O157:H7 [9]. The +758 probably appeared the earliest. It is
not present in K12 but is found in the O55:H7 type strain at
Al and in all subsequent strains (figure 1). The +93 mutation
is postulated to have occurred during transition from O55:H7
(A2) to a hypothetical O157:H7 intermediate (A3; figure 1),
because it is found in all strains that follow the A3 intermediate.
The +776 mutation probably appeared after A3, because
strains before A3 and those in A4 divergence (represented by
493-89) did not carry +776, unlike all strains in the A5 branch
(figure 1). gusA mutations in A3 have not been determined,
because this intermediate has not yet been encountered. Finally,
the GUD-positive O157:H7 variant (G5101) at A5 acquired the
+1370 mutation that is not found in preceding strains and the
G-G insertion at +686, which predictively caused the loss of
GUD function, to give rise to the typical GUD-negative O157:
H7 at A6 (35150). Thus, the occurrence of these gusA mutations
is consistent with and supports the proposed evolutionary
model for O157:H7 emergence [9].
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