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Escherichia coli Q78 strains are frequently associated with extraintestinal diseases, such as airsacculitis and
septicemia, in poultry, livestock, and humans. To understand the influence of the pst operon in the virulence
of E. coli, we introduced mutations into the pst genes of the avian pathogenic E. coli (APEC) O78:K80 strain
X7122 by allelic exchange. The mutation of pst genes led to the constitutive expression of the Pho regulon.
Furthermore, the virulence of APEC strain x7122 in a chicken infection model was attenuated by inactivation
of the Pst system. The pst mutant caused significantly fewer extraintestinal lesions in infected chickens, and
bacterial numbers isolated from different tissues after infection were significantly lower for the mutant than
for the wild-type strain. Moreover, resistance to the bactericidal effects of rabbit serum and acid shock was
impaired in the pst mutant, in contrast to the wild-type strain. In addition, the MIC of polymyxin was twofold
lower for the mutant than for the wild-type strain. Although the pst mutant demonstrated an increased sus-
ceptibility to rabbit serum, this strain was not killed by chicken serum, suggesting the presence of differences
in host innate immune defenses and complement-mediated killing. In APEC Q78 strain x7122, a functional Pst
system is required for full virulence and resistance to acid shock and polymyxin. Our results suggest that the
mutation of pst genes induces a deregulation of phosphate sensing and changes in the cell surface composition
that lead to decreased virulence, indicating the importance of the Pst system for the virulence of pathogenic

E. coli strains from different hosts.

Avian pathogenic Escherichia coli (APEC) is a frequent
cause of extraintestinal infections, collectively called colibacil-
losis, in poultry. Each year, the poultry industry absorbs im-
portant financial losses due to the high morbidity and mortality
rates caused by APEC. Housing conditions and coinfections by
other microorganisms are major physical and biological risk
factors that predispose poultry to colibacillosis. Most infections
occur via aerosol transmission and colonization of air sacs
(4). E. coli strains causing extraintestinal diseases have been
termed extraintestinal pathogenic E. coli (EXPEC) (44). APEC
078:K80:H9 strain x7122 possesses several EXPEC-associated
attributes which are involved in the development of diseases
such as septicemia, perihepatitis, and pericarditis, and it be-
longs to one of the most prevalent serogroups that cause avian
colibacillosis (48). E. coli O78 strains can also cause diseases in
hosts other than poultry, such as swine, sheep, and humans (2,
21). Research conducted on E. coli O78 strains from different
hosts revealed that pathogenic strains are clonally related.
Moreover, this phenomenon is host independent. Therefore,
pathogenic O78 strains of animal origins represent a high risk
of zoonotic infections (1, 11, 63, 64).
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The ability to sense microenvironments encountered within
the host is an essential virulence property of bacterial patho-
gens (35). Sensing is followed by the coordination of virulence
factor expression, promoting bacterial survival and replication
(24, 28). In E. coli, the expression of many proteins is induced
by growth under limiting conditions. For example, the expres-
sion of the Pho regulon is activated during growth conditions
of phosphate limitation, whereas its expression is inhibited
when phosphate is in excess (60). The Pho regulon is con-
trolled by the two-component regulatory system PhoB/PhoR,
which responds to the phosphate concentration. The PhoR
sensor protein, located in the inner membrane, transmits a
signal by phosphorylating the response regulator protein
PhoB, which in turn activates transcription by binding to the
“Pho box” sequence of the targeted promoters. The PhoBR
two-component regulatory system controls the expression of
several genes, and currently at least 39 of these genes have
been identified (7, 30). The Pho regulon could possibly include
as many as 137 proteins (56). The specific phosphate transport
system (Pst) belongs to the Pho regulon and is encoded by the
pstSCAB-phoU (pst) operon. This system consists of a periplas-
mic P; binding protein (PstS), two transmembrane proteins
(PstA and PstC), an ATP binding protein (PstB), and PhoU
(42, 49). The two transmembrane proteins and PstB mediate
the uptake of phosphate from the outside to the inside of the
cell, whereas the function of PhoU is not clear. PhoU probably
plays a regulatory role in the negative control of the Pho
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TABLE 1. Bacterial strains and plasmids used for this study

Bacterial strain or plasmid

Relevant characteristics”

Reference or source

Bacterial strains

SM10Npir thi-1 leu tonA lacY supE recA::RP4-2-Tc::Mu \pir Km" 37
XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F' proAB lacl"ZAM15 Tnl0 (Tet")] Stratagene
Xx7122 Avian pathogenic strain, O78:K80:H9 gyr4, Nal" 41
X7122(pAN92) Xx7122 + pAN92 This work
K3 X7122 ApstCAB::kan This work
CK3 K3 + pAN92 This work
Xx7145 X7122, rfb deleted by replacement with E. coli K-12 region at 45 min 9
Plasmids
PAN92 pACYC184::;pst operon, Cm" 26
pCR2.1 Cloning vector Invitrogen
pKNG101 Suicide vector, Sm' sacB 27
pKNGS800K pKNG101, ApstCAB::kan sacB, Sm" Km" This work
pUC71K Contains aphT with transcription terminator, Kan" 40, 57

“ Km", kanamycin resistant; Cm", chloramphenicol resistant; Sm", streptomycin resistant; Nal’, nalidixic acid resistant; Tet", tetracycline resistant.

regulon and is required to repress the Pho regulon under high-
phosphate conditions (61). Interestingly, the Pst transport sys-
tem itself appears to be directly involved in the regulatory cas-
cade and might serve as the primary sensor of the extracellular
phosphate concentration (59). An intact Pst system and the PhoR
protein are necessary for Pho regulon repression, as constitutive
expression of the Pho regulon, including phoA, was observed
when genes of the pst-phoU operon and the phoR gene were mu-
tated (62). Under phosphate-replete conditions, PhoB activation
is blocked in a PhoR- and PhoU-dependent manner (23, 46, 47).

Several reports have described an association between the
Pst system, the Pho regulon, and bacterial virulence (6, 12, 18,
34, 58). PhoB of APEC strain x7122 was reported to be ex-
pressed during infection (14), as discovered by the use of a
technique that selectively captures unique transcripts (selective
capture of transcribed sequences [13, 22]). Moreover, other
Pho-regulated genes were also shown to be expressed in vivo
by EXPEC strains (3, 29). Inactivation of the pst operon in a
porcine EXPEC strain resulted in constitutive expression of the
Pho regulon and rendered the strain avirulent. APEC strain
Xx7122 (O78:K80:H9) (39) shares many virulence attributes
with the porcine EXPEC strain, including the ability to persist
systemically and resist serum (12, 15). Although the inactiva-
tion of pst has been shown to affect the virulence of several
bacterial pathogens, the mechanisms underlying this attenua-
tion have not been elucidated. One hypothesis to explain the
decreased virulence due to abrogation of the Pst system is that
the inactivation of pst genes causes an alteration in the bacte-
rial cell surface composition.

For this study, we generated a Apst mutant of APEC strain
x7122 and demonstrated that the abrogation of the Pst system
influences multiple virulence attributes associated with the cell
surface composition. Moreover, we demonstrate here that the
deletion of pst genes significantly reduces the virulence of
APEC strain x7122. These results extend the importance of the
Pst system in the virulence of pathogenic E. coli strains belong-
ing to different serogroups and being pathogenic for different
animal hosts.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The E. coli strains and plasmids used
for this study are listed in Table 1. In general, bacteria were grown in Luria-
Bertani (LB) broth at 37°C. LB broth is a high-phosphate medium. Low-P; (LP)

broth was used for alkaline phosphatase assays and reverse transcription-PCR
(RT-PCR) experiments [LP broth is composed of 50 mM Tris-HCI (pH 7.4),
10 mM KCl, 10 mM (NH,),SO,, 0.4 mM MgSO,, 0.1% yeast extract, 20 mM
glucose, and 1 mM methionine]. For experimental infections of chickens, beef
heart infusion broth and MacConkey-lactose agar plates were used. Antibiotics
or supplements were used at the following final concentrations, when required:
ampicillin (Amp), 100 pg/ml; chloramphenicol, 12.5 wg/ml; kanamycin (Kan),
50 pg/ml; nalidixic acid, 40 pg/ml; streptomycin (Sm), 100 wg/ml; and 5-bromo-
4-chloro-3-indolylphosphate (XP), 40 pg/ml.

Generation of pst mutant by allelic exchange. E. coli strain XL1-Blue was used
for cloning experiments. A 2,914-bp PCR fragment containing the pstSCAB
genes was amplified from strain x7122 (41) with the PstF (CTGCCGGATAGT
GTAGT) and PstBrev (CATCATGTCCGTGCTCC) primers and then cloned
into the pCR2.1 vector by use of an Original TA cloning kit (Invitrogen) accord-
ing to the manufacturer’s instructions. A deletion (ApstCAB) in the pst operon
was obtained by removing an internal EcoRV fragment. A kanamycin resistance
cassette, carried on a HincllI fragment from pUC71K (40, 57), was then ligated
to the EcoRYV site, resulting in ApstCAB::kan. The construct was digested with
Xbal and BamHI, and the ApstCAB::kan fragment was ligated to the pKNG101
suicide vector (27) cut with the same enzymes. The resulting construct, pKNG800K,
was transferred to strain SM10Npir (37) and was then mobilized in x7122 by
conjugation. Single-crossover integrants of strain x7122 were selected on M9
agar containing appropriate antibiotics (Amp, Kan, and Sm). Selection for dou-
ble-crossover allele replacement was obtained by sacB counterselection on LB
agar plates without NaCl but containing 5% sucrose (27) and XP. A x7122 de-
rivative, strain K3, was confirmed to contain a deletion in the pst operon, as
determined by PCR amplification and Southern blot hybridization (data not
shown). The pANO92 plasmid (26) carrying a functional pst operon was used to
complement the ApstCAB::kan mutant K3 and the wild-type parent strain x7122
to create strains CK3 and x7122(pAN92), respectively. The pAN92 plasmid is a
derivative of the medium-copy-number pACYC184 plasmid.

Alkaline phosphatase assay. Alkaline phosphatase was measured as described
previously (12, 52, 61). Briefly, cells grown under different conditions were
adjusted to an optical density at 600 nm (ODgg,) of 1.0, and 4 pg/ml of p-
nitrophenyl phosphate was added to cells permeabilized by 50 wl of 1% sodium
dodecyl sulfate (SDS) and 50 pl of chloroform. Color development was moni-
tored at 420 nm, and PhoA activity was expressed in enzyme units per minute,
calculated as follows: 1,000 X [OD,,5 — (1.75 X ODss))/T (min) X V (ml) X
ODy0-

RNA isolation and RT-PCR. Strains were grown in high-phosphate (LB) or
low-phosphate (LP) medium and were harvested during the mid-log growth
phase. An RNeasy mini kit from QIAGEN was used for the isolation of total
RNA from bacteria. Quantification of the total amount of RNA was achieved by
spectrophotometry. A QIAGEN OneStep RT-PCR kit was used for RT-PCR,
with 1 pg of RNA template used for each reaction. Two primer pairs were used
to target pstA and phoB expression. The rpsL gene was used as a housekeeping
control. The reverse transcription reaction was achieved at 50°C for 30 min. The
DNA polymerase (HotStart Tag) was then activated at 95°C for 15 min as
indicated by the manufacturer. For each sample, 25 cycles of PCR amplification
were performed with each different primer pair. The annealing temperatures
used were 67°C, 62°C, and 65°C for the pstA-, phoB-, and rpsL-specific primer
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pairs, respectively. The sequences of the pstA-specific forward and reverse prim-
ers were 5'-CAAACCACTGCGGCGCTGGCTGAATCTCG-3' and 5'-GTGC
TCCATCTGCGCCACCACAATGGTG-3', respectively. The sequences of the
phoB-specific forward and reverse primers were 5'-CGTATTCTGGTCGTAGA
AGATGAAGCTC-3" and 5'-CACGGTCTGCACCATGCGGTCA-3', respec-
tively. The sequences of the rpsL-specific forward and reverse primers were
5'-GTTAACCAGCTGGTACGCAAACCACGTGC-3' and 5'-GGACGCTTC
ACGCCATACTTGGAACGAG-3', respectively.

Experimental infection of chickens via air sacs. Three groups of five 3-week-
old White Leghorn specific-pathogen-free chickens (SPAFAS Farms) were
reared in separate Horsfall isolator cages with food and water available ad
libitum. Each group of chickens was inoculated in the right thoracic air sac with
0.1 ml (107 CFU) of a bacterial inoculum consisting of a diluted 24-h beef heart
infusion broth culture of either E. coli x7122, the pst mutant, or the comple-
mented strain. Blood samples were collected aseptically from each chicken 6, 24,
and 48 h following bacterial inoculation and were plated directly or diluted 1:4
in phosphate-buffered saline (pH 7.4), after which 0.1 ml was plated on Mac-
Conkey-lactose agar plates (Difco) supplemented with nalidixic acid (40 pg/ml)
and appropriate antibiotics in the cases of the E. coli pst mutant and comple-
mented strains. All birds were euthanized at 48 h postinfection and then nec-
ropsied. Macroscopic lesion scores for the air sacs and combined lesion scores for
the internal organs (heart/pericardium and liver) were determined based on a
scheme similar to that used by Melatta et al. (36). Lesions in the caudal thoracic
air sacs were scored from 0 to 4 for each of the left and right air sacs based on
the following criteria: 0, no lesions (normal); 1, slight opacity/edema; 2, mild
diffuse thickening and fibrinous exudate, mild neovascularization; 3, moderate
fibrinous exudate, opacity, thickening of membrane, and neovascularization; 4,
severe extensive fibrinous exudate, opacity, and neovascularization of the air sac.
The mean score value for the left and right air sacs was then used as the com-
bined air sac lesion score for each individual. The maximal possible lesion score
for the air sacs of an individual chicken was therefore 4. Combined lesion scores
for pericarditis and perihepatitis were based on the following criteria. For the
heart and pericardium, the following scores were used: 0, normal; 1, vascular-
ization, opacity, and cloudy pericardial fluid; and 2, acute pericarditis (extensive
fibrinous exudate covering the pericardium). For the liver, the following scores
were used: 0, normal; 1, slight fibrinous exudate or decoloration of lobes; and 2,
severe perihepatitis (extensive fibrinous exudate). The values for lesions of the
heart/pericardium and liver were then added for each individual, giving a max-
imal possible combined individual score of 4 for lesions of the heart/pericardium
and liver. The mean lesion scores * standard deviations for either the air sacs or
internal organs of individuals belonging to each of the infection groups were used
for statistical analyses between groups. Organs were aseptically removed. The
left lung, liver, and spleen of each animal were weighed, suspended in phosphate-
buffered saline, and homogenized with an Omnimixer homogenizer. Dilutions of
homogenates were plated onto MacConkey-lactose agar plates with appropriate
antibiotics for bacterial quantification. Several randomly selected colonies per
organ were verified by serotyping using O78-specific antiserum.

Serum bactericidal assay. The serum bactericidal assay was adapted from the
work of Taylor and Kroll (51). Briefly, bacteria were grown overnight in LB broth
at 37°C. Bacterial cultures were then resuspended in fresh medium at a 10-fold
dilution, incubated at 37°C, and harvested during the logarithmic growth phase.
Bacteria were washed at room temperature with gelatin-Veronal-buffered saline
pH 7.35 and then resuspended to a concentration of 10’ CFU/ml. A volume of
0.1 ml of the bacterial suspension was added to 0.9 ml of normal rabbit serum or
chicken serum and then incubated at 37°C. Viable cell counts were estimated at
0, 1, 2, and 3 h by spreading out dilutions of the suspension on LB agar plates.
A strain was considered resistant if the bacterial count increased or did not
change, intermediate if a decrease in the bacterial count of up to 2 orders of
magnitude was observed, and sensitive if a decrease in the bacterial count of >2
orders of magnitude was observed. The survival rate was calculated as the CFU
determined at each time point divided by the initial CFU present at time zero.

Polymyxin assay. Strains were grown overnight and cultures were diluted in
fresh LB medium to obtain exponential-phase cultures (ODg,, = 0.7). Cultures
were then diluted to obtain 10° CFU/ml. Microwell plates were loaded with 90 .l
of the 10°-CFU/ml cultures, and 10 ul of polymyxin at different concentrations
was added to each well to obtain final concentrations of polymyxin between
0.5 pg/ml and 2.5 pg/ml. The plates were incubated overnight, and bacterial
growth in the wells was evaluated by spectrophotometry. The MIC was consid-
ered the lowest drug concentration that reduced growth >50% compared with
growth in the control well (19).

LPS analysis. Two milligrams of whole bacterial cells were solubilized in
Laemmli buffer (31), boiled, and treated for 1 h with proteinase K (0.5 mg/ml) at
60°C. Proteinase K was then inactivated by boiling the samples for 2 min (25).

INFECT. IMMUN.

Classical SDS-polyacrylamide gel electrophoresis (SDS-PAGE) or Tricine SDS-
PAGE (33) was used for lipopolysaccharide (LPS) analysis. A volume of 10 pl of
each sample was added to each well. Silver staining was used to reveal LPS bands
(54). Western blot analysis was performed according to a standard procedure
(53). Briefly, LPS bands were transferred onto a 0.2-pm nitrocellulose sheet at
100 V for 1 h. The membrane was incubated with a rabbit anti-O78 antiserum.
Anti-rabbit immunoglobulin conjugated to peroxidase was used as the secondary
antibody. O-chain LPS bands were revealed with a 4-chloro-1-naphthol solution.

Acid shock. Acid shock of the cell cultures was performed by using protocol A
as described by Chang and Cronan (10). Since survival following acid shock is
influenced by the growth phase, preliminary growth curves were done for all
strains by growth of the strains in LB broth at 37°C with agitation (150 rpm).
Growth was monitored spectrophotometrically at 600 nm. For the acid shock
treatment, strains were grown to early stationary phase in LB broth. Prior to acid
shock, viable cell counts were done by spreading out dilutions of the suspension
on LB agar plates (pH 7). HCI (1.7 N) was then rapidly added to cultures grown
in LB medium until a pH of 3.0 was reached. The pH values were monitored by
pH measurements of identical but separate cultures. After the addition of acid,
the cultures were shaken at 37°C, and at different times, aliquots were diluted
and plated for colony formation on LB plates. The survival rate was calculated as
the CFU determined at each time point divided by the initial CFU present at
time zero.

Statistical analyses. Statistical analyses were performed with the data analysis
package SYSTAT 10.0. Analysis of variance followed by Tukey’s multiple com-
parison test was used for the analysis of bacterial counts, lesion scores, and the
results of the serum, polymyxin, and acid shock assays. For in vitro assays, mean
values were obtained from a minimum of three independent values. Statistical
significance was established at P values of <0.05.

RESULTS

To evaluate whether a pst mutation affects the virulence of
an avian pathogenic O78 strain, we inactivated the pst genes in
strain x7122 by suicide vector-mediated allelic exchange (27).
The inactivation of pst was confirmed by PCR and Southern
blot analyses, and a confirmed mutant was named K3 (Table
1). Restoration of the Pst system in this strain was achieved by
complementation with the plasmid pAN92, which contains a
functional pst operon. This generated strain CK3. Mutations of
the pst operon are known to deregulate the repressed state of
the Pho regulon under high-phosphate conditions and to lead
to the constitutive expression of Pho-regulated genes (47).
Thus, an evaluation of the state of activity of the Pho regulon
in strains grown in high-phosphate medium (LB) or low-phos-
phate medium (LP) was achieved by measurements of the
alkaline phosphatase (AP) activity and by RT-PCR. These
experiments revealed that the K3 pst mutant exhibits a consti-
tutive Pho phenotype (2,948 AP units), in contrast to the wild-
type x7122 strain (0 AP units), the complemented strain CK3
(16 AP units), and the wild-type x7122 strain carrying pAN92
(0 AP units). RT-PCR experiments were used to evaluate the
transcriptional states of both the pst operon and the Pho regu-
lon. As expected, the expression of the pst operon, as measured
by pstA expression, was higher in the wild-type strain grown in
low-phosphate medium than that in the same strain grown in
high-phosphate medium (LB) (Fig. 1). The pst4 expression
level was also low in the wild-type strain and the pst mutant
complemented with pAN92 (CK3) (Fig. 1). There was no pstA
transcript detected from strain K3 since the pstCAB genes were
absent from this strain. However, the Pho regulon was consti-
tutive in the pst mutant strain K3, since phoB expression in this
strain grown under high-phosphate conditions showed similar
transcription levels to those of the wild-type strain grown un-
der low-phosphate conditions (Fig. 1). In the complemented
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FIG. 1. Transcriptional analysis of the pst operon and the Pho regu-
lon in E. coli strain x7122 and its mutants. RT-PCR was performed to
detect the presence of pst4 (A), phoB (B), and rpsL (C) mRNAs in
strain x7122 and its isogenic pst mutants. cDNAs from x7122 (wild
type) grown in low-phosphate (LP) medium and from x7122, x7122
(pPAN92), K3 (ApstCAB::kan), and CK3 [K3(pAN92)] grown in high-
phosphate (LB) medium are shown in lanes 1 to 5, respectively. RNAs
were isolated from mid-log-phase cells. There was no pstA transcript in
K3 since the pstCAB genes were absent from this strain. The rpsL
transcript was used as a housekeeping control.

strain, the repression of transcription of phoB was restored in
high-phosphate medium.

Pathogenicity. To characterize pst mutant strain K3, we first
evaluated the virulence potential of this strain compared to
that of the wild-type APEC strain x7122 in a chicken experi-
mental model. Colibacillosis lesions were present in the air
sacs, livers, and hearts of chickens infected with APEC strain
X7122 at 48 h postinfection (Table 2). In contrast, such lesions
were minimal or absent from the organs of chickens infected
with pst mutant strain K3. Complementation of the pst muta-
tion restored the severity of the colibacillosis lesions to a level
similar to that observed for chickens infected with the wild-
type parent strain x7122. Also, for chickens infected with strain
K3, fewer bacteria were isolated from the bloodstream and all
tissues at 48 h postinfection than from those of either the
wild-type parent or the complemented mutant (Fig. 2). Viable
bacterial counts of the pst mutant were significantly reduced in
blood, lungs, and spleens at 48 h postinfection. No significant

TABLE 2. Score-based evaluation of colibacillosis lesions

Mean lesion score = SD

Strain

Airsacculitis® Pericarditis/perihepatitis”
Xx7122 2.56 £ 0.25 2.43 = 1.07
K3 1.63 = 0.50¢ 1.06 = 0.207
CK3 229 = 1.01 2.70 = 0.90

“ Lesion scores for airsacculitis in both caudal thoracic air sacs. See Materials
and Methods for scoring scheme.

> Combined lesion scoring values for pericarditis and perihepatitis. See Ma-
terials and Methods for scoring scheme.

P = 0.046 compared to lesions observed in the wild-type strain-infected
group.

4P = 0.0017 compared to lesions observed in the wild-type strain-infected
group.
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FIG. 2. Experimental infection of chickens with APEC strain x7122
or derivatives via the air sacs. The results are reported as CFU per
gram of tissue or milliliter of blood at 6 and 48 h postinfection. The
strains used were x7122 (wild type), K3 (ApstCAB::kan), and CK3
[K3(pAN92)]. Asterisks indicate significant differences observed be-
tween bacterial quantification of the wild-type x7122 and the pst mu-
tant strain K3 in blood (P = 0.0048), lungs (P = 0.0059), and spleens
(P = 0.0003) at 48 h postinfection. No significant differences in bac-
terial numbers were observed between the wild-type x7122 strain and
the complemented strain CK3.

differences in bacterial numbers were observed in tissues or
blood from chickens infected with either the wild-type strain or
the complemented pst mutant CK3.

Resistance to serum, polymyxin, and acid shock. To provide
further insight as to why the pst mutant of strain x7122 was
attenuated and to determine whether the inactivation of pst
alters cell surface components, we investigated the capacity of
the wild-type and mutant strains to resist serum, acid, and
polymyxin. The K3 pst mutant was sensitive to the bactericidal
effect of rabbit serum (Fig. 3A). In contrast, the wild-type
strain x7122 was resistant to the bactericidal effect of serum
and was able to multiply in 90% rabbit serum after a 3-h
period. Statistical analysis showed that the differences between
the wild-type and K3 mutant strains were highly significant at
1, 2, and 3 h. There was no difference between the wild-type
strain and CK3. In contrast to the results obtained for bacterial
susceptibility to rabbit serum, the wild-type strain x7122 and
the pst mutant strain K3 were both resistant to the bactericidal
effects of chicken serum (Fig. 3B). However, the O78-negative
LPS mutant x7145 (9) was rapidly killed by chicken serum and
was not recovered from samples 1 h following serum exposure
(data not shown).

Strain K3 was more sensitive to polymyxin than the wild-type
strain x7122 since the MIC for the mutant strain was twofold
lower (1 pg/ml compared to 2 pg/ml) than that for the wild-
type strain (P < 0.001) (Fig. 4). Resistance to polymyxin was
only partially restored in the complemented pst mutant strain
(CK3). Since the O78 LPS antigen is an important factor that
contributes to the resistance of strain x7122 to serum (36) and
since the modification of LPS can affect polymyxin resistance,
we examined the LPS profiles of the strains. No differences
were observed between strains regarding their LPS profiles, as
assessed by silver staining (Fig. 5) or by Western blotting with
an O78-specific antiserum (data not shown).

The pst mutant strain K3 clearly lost the ability to resist acid
shock compared to the ability of the wild-type strain x7122.
Indeed, 2 h following acid shock, the viability of the K3 pst
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FIG. 3. Bacterial resistance to serum. The survival and growth of the E. coli wild-type strain x7122 and the pst mutants were measured in 90%
rabbit (A) or chicken (B) serum for various periods of time. @, strain x7122 (wild type); A, strain K3 (ApstCAB::kan); m, strain CK3 [K3(pAN92)].
The results presented are means of three distinct tests. (A) The survival rate of the pst mutant strain K3 was significantly lower than the survival
rates of both the wild-type strain x7122 and the complemented strain CK3 at each time point. From 1 to 3 h of exposure to rabbit serum, the pst
mutant K3 was significantly more sensitive to serum than either strain x7122 (P < 0.006) or CK3 (P < 0.004). No significant differences were
observed between the wild-type x7122 strain and the complemented strain CK3. (B) No statistical differences were observed between the survival
rates of strains x7122, K3, and CK3 after exposure to chicken serum. The control strain x7145 (x7122 rfb™) did not survive after 1 h of exposure

to 90% chicken serum (data not shown).

mutant cells was dramatically decreased (Fig. 6). In contrast,
the wild-type strain x7122 was more resistant to acid shock and
the CFU stabilized after 2 to 4 h of exposure to acid. The dif-
ferences between the wild-type and mutant strains were signif-
icant 1, 2, 3, and 4 h following acid shock. The complemented
pst mutant strain CK3 was very sensitive to acid shock. One
hour after acid exposure, CK3’s viability was reduced >4 log,
and no CFU were present after 2 h of acid-treated culture. The
survival rate of the pst mutant strain K3 was significantly lower
than that of the wild-type strain x7122 at each time point (P <
0.035). However, the complementation of mutant K3 with
PAN92 did not restore the wild-type survival rate. The presence
of the pAN92 plasmid in the wild-type strain [x7122(pAN92)]
also decreased the survival rate at each time point compared to
the wild-type survival rate.

2.5
o
% 1
0.5
0
¥7122 K3 CK3
Strain

FIG. 4. Polymyxin assay. The graph shows the MICs of polymy-
xin necessary to inhibit the growth of the different strains. The MIC
was considered the lowest drug concentration that reduced growth
>50% compared with the growth in the control well. The MICs of
polymyxin for strains x7122 (wild type), K3 (ApstCAB::kan), and CK3
[K3(pAN92)] are shown. The MIC for the pst mutant strain K3 was
significantly lower than that for the wild-type x7122 strain (P < 0.001).
The MIC differences between the complemented strain CK3 and ei-
ther strain x7122 or strain K3 were significant (P = 0.044).

DISCUSSION

APEC strain x7122 is highly pathogenic for poultry and
belongs to the O78 serogroup. This is one of the most preva-
lent serogroups associated with avian E. coli infections. In this
study, we showed that a pst mutation reduces the virulence of
APEC strain x7122 and that certain virulence traits are mod-
ified. Indeed, in vivo experiments revealed that the ability of
this strain to cause colibacillosis lesions and to survive system-
ically was significantly reduced in a chicken experimental in-
fection model. Also, the resistance of APEC strain x7122 to
the bactericidal effect of rabbit serum and to acid shock was
diminished in the pst mutant. In addition, sensitivity to the
cationic peptide polymyxin was increased in the pst mutant
strain K3. A decreased capacity to resist these conditions sug-
gests a decrease in cell surface integrity and could explain, at
least in part, the loss of virulence attributed to the deletion of
pst genes.

Multiple virulence traits were affected in the pst mutant

() Tricine SDS-PAGE  (B) SDS-PAGE
12 12 3

o O |

FIG. 5. Analysis of LPS by Tricine SDS-PAGE (A) and SDS-PAGE
(B). No differences in LPS profiles were observed among strains. Lanes
1, wild-type x7122; lanes 2, pst mutant strain K3 (ApstCAB::kan); lanes
3, complemented strain CK3 [K3(pAN92)].
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FIG. 6. Acid shock resistance experiment. The graph shows the
survival rates of wild-type strain x7122 and its mutant derivatives
exposed to LB medium (pH 3) for various periods of time. @, strain
X7122 (wild type); A, strain K3 (ApstCAB::kan); m, strain CK3 [K3
(PAN92)]; ®, strain x7122(pAN92). In vitro acid shock tests were
performed with early-stationary-phase cultures without habituation at
37°C.

strain K3, and its virulence was significantly reduced. The pst
mutant was present in the bloodstream at 6 h postinfection in
experimentally infected chickens, but its numbers were consid-
erably reduced in blood and tissues at 48 h postinfection. This
is in contrast with the O78-negative LPS mutant strain x7145
(9), which is rapidly cleared from the blood and extraintestinal
organs of infected chickens (36). The capacity of the pst mutant
strain K3 to survive in early stages of infection correlated with
its ability to resist avian serum (Fig. 2B), since only serum-
resistant APEC strains are normally able to invade and persist
in the bloodstream early in the infectious process and then
disseminate systemically (9, 36). Despite its ability to resist
avian serum, the pst mutant strain K3 demonstrated a marked
and significant reduction of virulence in chickens. The pst mu-
tant strain K3 was clearly less able to persist and caused re-
duced lesions compared to the wild-type parent. Since the pst
mutation did not contribute to decreased sensitivity to chicken
serum or to early survival in the chicken infection model, the
attenuation was likely due to other changes that resulted in
decreased virulence. These may include changes in surface
composition or, possibly, deregulated environmental sensing
that may be linked to constitutive expression of the Pho regu-
lon regardless of the environmental conditions encountered in
host tissues.

In a porcine experimental infection model using an ExXPEC
strain, a pst mutation drastically affected the systemic survival
of the mutant, as the strain was not able to colonize extrain-
testinal organs and was rapidly cleared from the bloodstream
(12). The differences in the kinetics of infection and attenua-
tion of the porcine and avian pathogenic E. coli strains in in-
fection models are possibly due to intrinsic differences between
the strains and/or differences between porcine and avian innate
immune defenses. The clearly different results for serum sus-
ceptibility of the pst mutant when challenged with avian serum
versus mammalian serum support a role for differences in host
innate immune defenses. On the other hand, the pst mutants of
the porcine and avian pathogenic E. coli strains were both less
resistant to in vitro stresses, including acid shock and poly-
myxin (unpublished results), suggesting that the Pst system is
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equally important for the proper functioning of certain viru-
lence traits in either of these strains.

There is a correlation between resistance to the bactericidal
effects of serum and the capacity of APEC strains to cause
septicemia and mortality (32, 36). For strain x7122, this is
exemplified by the O78-negative LPS mutant, which is serum
sensitive and unable to persist in body fluids and internal
organs of infected chickens (36). Resistance to the bactericidal
effect of complement is a multifactorial phenomenon. Bacte-
ricidal resistance to serum can correlate with the expression of
proteins and of certain capsular K antigens that in many cases
can act in concert with the O polysaccharide (65). However, an
analysis and comparison of the LPS O chains by SDS-PAGE
and Tricine SDS-PAGE (Fig. 5) did not reveal important dif-
ferences between the wild-type strain x7122 and the pst mutant
strain K3. Indeed, no apparent differences were seen in the
pattern and length of the O chains or in the estimated molec-
ular weight of lipid A. However, we cannot rule out the pos-
sibility that subtle modifications could occur in LPS molecules
as consequences of the pst mutation. Thus, finer approaches
are necessary to detect these kinds of modifications, and this
will be the subject of future investigations. Strain x7122 has a
K80 capsular antigen which is not a typical capsular polysac-
charide antigen, but is more similar to an O-antigen capsule.
Atypical K antigens have been shown to be implicated in re-
sistance to serum and are important for full virulence (20, 38,
39). The capsular contents of the strains were tested by a
colorimetric assay (16) with strain x7122 and the pst mutant
and were found to be similar (data not shown). The K80 cap-
sule has not been characterized yet. However, it is known that
these types of K| pg are anchored to the cell surface by a lipid
A moiety. Thus, a perturbation of the cell surface could also
affect the proper anchoring of the K80 antigen.

The increased sensitivity of strain K3 to polymyxin further
suggests that the mutation of pst causes some surface structure
modification. Since polymyxin is a cationic peptide, the bacte-
rial resistance to polymyxin is due, at least in part, to cell sur-
face components. In gram-negative bacteria, some cationic
peptides have low affinities for the K antigen and LPS, and
these structures repel cationic peptides from the outer mem-
brane. Changes of the bacterial surface net charge, such as
modifications of lipid A, can confer sensitivity to polymyxin (8).
In Rhizobium meliloti, mutations in the phoCDET genes, which
are homologues of the E. coli pst genes, result in a significant
reduction in the membrane phospholipid content (18). Pertur-
bations of the cell surface, including an alteration of fluidity
and modifications of some components, could explain, at least
in part, the increased sensitivity of the pst mutant strain K3 to
mechanisms affecting the cell membrane, such as those in-
volved in resistance to serum, polymyxin, and acid.

Acid resistance is an important feature of pathogenic bac-
teria. The persistence of APEC in poultry facilities is associ-
ated with its capacity to resist acidic environments (32, 66). In
addition, coprophagy of poultry leads to the ingestion of con-
taminated feces. Thus, bacterial cells must repetitively survive
gastric challenge as well as membrane attack by volatile fatty
acids in the less acidic environment of the intestine to persist in
poultry facilities (43). The deletion of the pst operon signifi-
cantly reduced the acid resistance of APEC strain x7122. In-
deed, the pst mutant K3 had a 3-log lower survival rate than
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that of the parent strain x7122 after a 4-h challenge at pH 3
without habituation. The Pho regulatory system has been sug-
gested to sense external acidity and to regulate the transcrip-
tion of genes that are important for acid shock resistance. It
was reported that the acid-inducible asr (acid shock RNA)
gene in E. coli is under the transcriptional control of the phoBR
operon (50, 55). Asr may play a role similar to that of the peri-
plasmic protein HdeA by serving as a proton well or chaperone
that protects other periplasmic proteins from the deleterious
effects of low pH and/or by preventing the aggregation of de-
natured proteins (17, 45). Thus, it is possible that inactivation
of the pst system contributes to sensitivity to acid shock in
APEC strain x7122 by affecting the regulation of such genes
that are part of the Pho regulon and are implicated in acid
resistance mechanisms. Complementation of the mutant strain
did not restore the wild-type acid resistance phenotype (Fig.
6). The acid sensitivity of the complemented mutant could be
due, at least in part, to gene dosage due to the use of a
medium-copy-number plasmid.

Altogether, alterations of virulence traits in a pst mutant of
APEC O78 strain x7122 contributed to its reduced virulence in
a chicken infection model. Since a constitutive expression of
Pho is observed in pst mutants, the pleiotropic effects observed
in these mutants could be indirectly due to the activation of the
Pho network, directly due to effects on phosphate transport, or
both. Our results showed that the deletion of the pst operon
reduced the virulence of avian and porcine EXPEC strains and
conferred an increased susceptibility to rabbit serum, acid, and
polymyxin (this study; F. Daigle et al., unpublished data).
These phenotypic changes suggest that alterations in the bac-
terial surface composition may occur in the absence of the pst
operon. A more in-depth investigation needs to be done to
identify the functions associated with E. coli virulence genes
that are under the control of the Pho regulon. Functional ge-
nomics and proteomics could provide opportunities to advance
such findings. The central control element of the Pho regulon
is the PhoB-PhoR two-component system. It has been shown
that some compounds are potent inhibitors of specific bacterial
two-component systems and possess antibacterial activity (5).
Drugs that induce the expression of the Pho regulon could
have some utility as therapeutic agents that would compromise
bacterial virulence and facilitate the elimination of the patho-
gen through host immune defenses. Thus, the Pst system and
the associated Pho regulon could be potential drug targets for
the treatment of extraintestinal diseases associated with patho-
genic E. coli.
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