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The uropathogenic Escherichia coli strain 536 (O6:K15:H31) possesses pathogenicity islands which are
incorporated into two tRNA genes, the selC and the leuX gene. The leuX gene influences the expression of
different putative virulence factors. We demonstrate an effect of the leuX-specific tRNA on adherence and
uropathogenicity.

Escherichia coli strains are the main causative agents of uri-
nary tract infections (23). The majority of uropathogenic
E. coli strains express virulence or pathogenicity factors, such
as fimbriae, hemolysin, iron-binding proteins, and O and K
antigens, which enable the bacteria to colonize the urinary
tract, to adhere to and destroy uroepithelial cells, to avoid
activation of serum complement, or to resist activated comple-
ment complexes (2, 3, 9, 13).
The genes coding for pathogenicity factors of pathogenic

E. coli may be organized on so-called pathogenicity islands
comprising several virulence determinants in the form of clus-
tered genes. The pathogenicity islands of uropathogenic strain
536 (O6:K15:H31) carry two hemolysin determinants (hemo-
lysins I and II) as well as P-related fimbria-encoding sequences
(4, 10). Interestingly, the two pathogenicity islands of uro-
pathogenic strain 536 also carry tRNA-specific loci as flanking
sequences. Pathogenicity island I is associated with the selC
gene, which codes for selenocysteine-specific tRNASec (5),
while pathogenicity island II is associated with leuX, which
codes for leucine-specific tRNA5

Leu (15).
Spontaneous deletions of the pathogenicity islands of uro-

pathogenic E. coli strains occur frequently and result in non-
virulent mutant strains (3, 11, 14). As a consequence of the
pathogenicity island deletions of E. coli 536, the tRNA loci selC
and leuX were also destroyed (4). Transcomplementation ex-
periments in which cloned intact tRNA genes were transferred
into tRNA-negative mutants revealed an influence of the sel-
enocysteine-specific tRNA (tRNASec) on anaerobic growth.
This is due to the fact that selenocysteine is an essential con-
stituent of formate dehydrogenase, which is involved in mixed
acid fermentation (5). The leucine-specific tRNA (tRNA5

Leu)

was shown to be responsible for the expression of properties
such as type I fimbria production, flagellation, production of
enterobactin, and serum resistance (25). However, to date, the
contribution of tRNA genes to nephropathogenicity in vivo has
been unclear.
In this paper we describe the influence of both tRNA genes,

leuX and selC, on adherence to cultured renal tubular epithe-
lial cells (TEC) and the nephropathogenicity of the uropatho-
genic E. coli strain 536 in an ascending rat pyelonephritis
model.
The E. coli wild-type strain 536 (O6:K15:H31) was isolated

from a patient suffering from a urinary tract infection. The
avirulent mutant 536-21 was obtained by screening for spon-
taneous loss of virulence properties, including alpha-hemolysin
production (2, 23). The plasmids pGBB50 and pGBB51, which
encode selC and leuX, respectively, were transformed into
strain 536-21, delivering the following strains: (i) E. coli 536-21
(pGBB50), which codes for the selC-specific tRNA (tRNASec),
and (ii) E. coli 536-21(pGBB51), which codes for the leuX-
specific tRNA (tRNA5

Leu). Strain 536-21(pSU2716/pBR322)
was used as the vector control (23). The relevant properties of
strains and clones are given in Table 1.
The nonobstructed pyelonephritis model was used for the in

vivo assay as previously described (19). In this model, a sus-
pension of E. coli (1.5 ml; 5 3 107 CFU/ml) is injected into the
bladder via the urethra. This results in a vesicoureteral reflux
and renal inflammation (12, 19, 26). The rats were sacrificed 7
days following infection, and the number of CFU per gram of
kidney were determined as the measure of nephropathogenic-
ity; 16 rats were used per bacterial strain in two tests with eight
animals each.
For statistical evaluation the mean number of CFU per gram

of kidney for each group of infected rats was calculated. The
renal bacterial counts, which were not normally distributed,
were compared by the Kruskal-Wallis test (8).
Kidneys of rats killed 7 days after infection were prepared

for light microscopic examination by fixation in Bouin’s fluid
(15 ml of pikric acid, 5 ml of formalin, 1 ml of acetic acid).
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Paraffin sections 5 mm thick were stained with hematoxylin and
eosin.
For immunohistology, rat kidney tissue that had been fixed,

paraffin embedded, and sectioned as described above was re-
hydrated through descending grades of ethanol to phosphate-
buffered saline (PBS). Endogenous peroxidase activity was
blocked by exposing the sections to 1% hydrogen peroxide in
absolute methanol for 30 min, and this was followed by several
rinses in PBS. Nonspecific binding of immunoglobulin G was
prevented by blocking the sections with 2% native goat serum
for 30 min. Thereafter, the sections were exposed to specific
polyclonal rabbit anti-E. coli 536 serum for 1 h at 258C. Fol-

lowing several washes in PBS, the bound primary antibodies
were visualized with a polyclonal goat anti-rabbit immunoglob-
ulin G coupled to horseradish peroxidase (A-0545; Sigma, Dei-
senhofen, Germany) as a tracer and diaminobenzidine as the
chromogen. The sections were counterstained with hemalaun.
Specificity of immunostaining was controlled by incubating
with the secondary immunoreagents alone.
Primary human renal proximal TEC were isolated by the

method of Detrisac et al. (7) and cultured as described recently
(16). Bacterial adherence to TEC was determined by a modi-
fied enzyme-linked immunosorbent assay (ELISA) as de-
scribed previously (20). Each experiment consisted of at least
eight parallel measurements and was done in triplicate. The
values given are the mean values and standard deviations.
The adherence of the E. coli strains described in Table 1 was

tested by an adapted ELISA. As indicated in Fig. 1, the wild-
type strain, 536, showed strong adherence while the control
strain, 536-21(pSU2716/pBR322), showed only weak adher-
ence. This roughly corresponded to a decrease of the mean
number of adhering bacteria from 1 to 0.1 per primary tubu-
lar cell. In comparison, a relatively low level of cellular adher-
ence was found for strain 536-21(pGBB50), which codes for
the selC-specific tRNA (tRNASec). In contrast, strain 536-21
(pGBB51), which codes for the leuX tRNA (tRNA5

Leu), bound
relatively strongly to TEC, reaching 62% of the level of the
wild-type (strain 536) signal. The data clearly show a significant
influence of the tRNA-specific gene leuX on adherence of uro-
pathogenic E. coli.
The nephropathogenicity of E. coli 536 and its derivatives

was tested by the rat pyelonephritis model. After transurethral
injection of a bacterial suspension of strain 536, the infected
animals developed an acute pyelonephritis persisting for at
least 7 days with bacterial cell counts of 2 3 106/g of kidney
(see Fig. 2 and 3). This led to the histological finding of acute
pyelonephritis with leukocyte-filled tubules and thickened ep-

FIG. 1. Adhesion assay of the E. coli wild-type strain 536 (O6:K15:H31) and
mutant strain 536-21 and its transcomplemented derivatives to human renal
TEC, demonstrating the influence of leuX-specific tRNA expression (tRNA5Leu)
on bacterial adherence. Each strain was tested for adherence on TEC isolated
from three different patients. Measurements differed by only 6% and are ex-
pressed as mean values. OD, optical density.

FIG. 2. Nephropathogenicity in a rat pyelonephritis model of wild-type
E. coli 536 (O6:K15:H31) and mutant 536-21 and its derivatives, showing the
influence of tRNA genes selC and leuX on the CFU per gram of kidney. For
statistically significant differences, strain 536 was compared with 536-21(pSU2716/
pBR322) and 536-21(pGBB50) or 536-21(pSU2716/pBR322) was compared with
536-21(pGBB51).

TABLE 1. Properties of E. coli 536 and its derivativesa

Property 536
536-21

(pSU2716/
pBR322)

536-21
(pGBB50)

536-21
(pGBB51)

selC 1 2 1 2
leuX 1 2 2 1
Hemolysin production 1 2 2 2
Enterobactin 1 2 2 1
Serum resistance 1 2 2 1
P-related fimbriae 1 2 2 2
S fimbriae 1 2 2 2
Type I fimbriae 1 2 2 1
Flagella 1 2 2 1
Motility 1 2 2 1
Anaerobic growth 1 2 1 2
Formate dehydrogenase
production

1 2 1 2

a The E. coli strains were grown on Loeb agar (1% tryptone, 0.1% yeast
extract, 0.1% glucose, 0.8% NaCl, 1.5% agar). For maintenance of plasmids,
chloramphenicol (30 mg/ml) and tetracycline (15 mg/ml) were added as supple-
ments.
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ithelial layers of the tubules. The control strain, 536-
21(pSU2716/pBR322), showed a dramatic reduction of renal
counts compared with those of the wild-type strain. This was
accompanied by distinctly less histopathological alterations.
Introduction of the cloned selC gene (pGBB50) into strain

536-21 markedly increased its ability to colonize rat kidney
cells compared with that of the plasmid control strain 536-21
(pSU2716/pBR322) (Fig. 2). The cloned tRNA gene leuX,
however, had a much more pronounced effect on nephro-
pathogenicity. Renal histology following infection with strain

536-21(pGBB51) showed severe pyelonephritis which was not
distinguishable from the infection with the parental wild-type
strain 536 (see Fig. 3). It can be concluded that the tRNA
genes leuX and, to a minor extent, selC influence in vivo ne-
phropathogenicity of uropathogenic E. coli.
The histology of the infected kidneys is seen in Fig. 3. Kid-

neys of rats infected with strain 536-21(pGBB51) or wild-type
strain 536 (data not shown) displayed the histological picture
of acute pyelonephritis. We found a preferential localization of
bacteria in the lumens of the collecting tubules as well as

FIG. 3. Renal histology showing rat renal tissue 7 days after infection with E. coli 536-21(pGBB51). Immunohistology of renal tissues stained with an anti-E. coli
antiserum (a, c, and e) and hematoxylin and eosin (b, d, and f) is shown. (a and b) Uninfected kidney; (c and d) kidney from rat infected with E. coli 536-21(pGBB51);
(e and f) kidney from rat infected with E. coli 536-21(pGBB) 50. Bar represents 50 mm. å, cell and bacterial infiltration of collecting tubules; p, tissue necrosis and
hemorrhagy.
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disseminated bacterial infiltration of the kidney parenchyma.
Interestingly, a distinct staining of TEC of some tubules could
also be observed, suggesting a tight association of bacteria with
this cell type. Experimental infection with strain 536-21
(pGBB50), which codes for the selC tRNA, however, resulted
in a sparsely distributed immunostaining, indicating the pres-
ence of infectious bacteria. The infection with the control
strain, 536-21(pSU2716/pBR322), showed little inflammation.
These data confirm our previous observation (see above)

that the tRNA genes, especially the more pronounced leuX but
also selC, contribute to the clinical picture of pyelonephritis in
an animal model.
In this paper we provide evidence for the fact that expression

of two tRNA-specific genes of a uropathogenic E. coli strain,
selC and leuX, plays an essential role in the establishment of
pyelonephritis in a rat model. It has previously been demon-
strated that the tRNA gene leuX contributes to virulence in
mice following intravenous injection (25). In addition, leuX was
shown to play an important role in the ability of the E. coli
strain F-18 to colonize mouse intestines (24). In contrast to the
mouse model with intravenous injection, the rat pyelonephritis
model closely fulfills the histological and bacteriological crite-
ria of acute pyelonephritis.
The influence of the two tRNA genes selC and leuX on

nephropathogenicity of E. coli was tested, because these two
loci are part of so-called pathogenicity islands (4). Strain 536
carries two of the pathogenicity islands which carry the genes
responsible for hemolysin production and P fimbriae. The selC
gene is also the target site for a pathogenicity island of an
enteropathogenic E. coli isolate (21). In addition, the toxin-
converting bacteriophage f CTX of Pseudomonas aeruginosa
as well as virulence-associated genes of Dichelobacter nodosus
is located next to a serine tRNA gene (for references, see
reference 25).
Surprisingly, not only leuX but also selC contributed to

E. coli nephrovirulence in a rat model. Despite the fact that the
renal bacterial counts per kidney following transfer of selC did
not occur to the extent it did following transfer of leuX, selC
was shown to significantly contribute to the colonization of the
kidneys by uropathogenic E. coli. The selC product is necessary
for anaerobic growth, and its gene product selenocysteine is
part of the enzyme formate dehydrogenase, which is involved
in mixed acid fermentation (5). The ability to grow under
anaerobic conditions via mixed acid fermentation may be im-
portant for the colonization of E. coli in the kidney, because
oxygen-limiting conditions are found in deeper regions of the
kidney.
In contrast to the effect of selC, the effect of the leuX gene on

nephrovirulence demonstrated by this study is very strong. leuX
is important for the expression of a number of properties which
obviously influence nephrovirulence (25). One of these prop-
erties is the expression of type I fimbriae, which is directly
influenced by leuX. It has been demonstrated that phase vari-
ation which involves the switch of a 314-bp large DNA element
located in front of the fimA gene is directly influenced by leuX
(25a). Despite the fact that type I fimbriae are not considered
specific virulence factors of uropathogens, this adherence sys-
tem seems to contribute to general bacterial colonization of
certain organs, including the kidney. In addition, the expres-
sion of flagella is regulated by leuX. Studies with species other
than E. coli have demonstrated a correlation between motility
and pathogenicity (1, 18). However, recent findings indicate
the capability of E. coli flagella to activate plasminogen (17).
This makes it likely that flagella can also contribute to the
virulence of certain E. coli strains.
The expression of enterobactin is also influenced by leuX.

Enterobactin is an important compound involved in the uptake
of iron from the environment (6). Iron uptake might also be an
important factor under iron-limited conditions in the kidney.
Another important factor seems to be serum resistance, which
is considered a main virulence property of extraintestinal
E. coli strains. It remains to be elucidated which serum resis-
tance factors are regulated by leuX. It has recently been shown
that leuX is necessary for the expression of three outer mem-
brane proteins of 69, 71, and 74 kDa (24) and additionally
seems to be necessary for the expression of more than 20
proteins, analyzed by two-dimensional gel electrophoresis
(24a), some of which might also play a role in serum resistance.
In addition to in vivo virulence, leuX but not selC contributes

to binding of E. coli strains to primary renal TEC. Strain 536
produces three different adhesins, S fimbriae, P fimbriae, and
type I fimbriae. The P fimbriae genes are deleted in strain
536-21, and the S fimbriae genes are not further transcribed
(22). The leuX gene directly affects expression of type I fim-
briae but not that of S fimbriae, which argues for an effect of
type I fimbriae on binding of the bacteria to primary human
renal epithelial cells.
In view of the presented data, it has clearly been shown for

the first time that two pathogenicity island-associated tRNAs,
selC and leuX, are necessary for in vivo virulence of uropatho-
genic E. coli in a rat pyelonephritis model. While the mecha-
nism of the contribution of selC seems to be rather clear, the
molecular events which lead to the contribution of leuX still
require further investigation. Studies are under way to eluci-
date the mechanisms which lead to the pronounced leuX-de-
pendent in vivo effects demonstrated in this study.
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