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Chapter I

INTRODUCTION

DNA hybridization as diagnostical tool.
Since the discovery by Robert Koch in 1877 (26) that bacteria can cause diseaser

bacteriologists have been charged with the detection and identi-fication or patnoteìi
agents in clinical samples, water and food. Two years eadier, cohn p-pdJ
classi-fication of bacteria based on their morphology (ig) an¿ in 1909 tfre úioc^hemic:
characteristics of the bacteria were added as another major criterion in the classificatio
(40). The conventional diagnostical assays, which are still based on these principals, hav
however serious drawbacks. They can only be applied to pure culturcs and therefore the
require culturing stePs. This makes these assays not only time-consuming and labour
intensive but also inaccrrrate because they can not detect organisms that, altiough viablt
are not culturable (16). Furthermore, the biochemical classification requires ttr" pñ"notypì
expression of the traits to be recognized.



The insight in the structure of DNA as postulated by Watson and Crick (55
revolutionized the approach to these diagnostic problems since it opened the possibilit'
to use the genotype rather than the phenotype of the organism for identification. In 1961
Marmur and Doty (32) first described the "in vitro" formation of the double helix fron
two complementary DNA strands. The observation that the conditions that ruled thir
phenomenon, designated nucleic acid hybridization, could be controlled (15, 58), led tr
the recognition of the potential use of this process.
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Fig.1, Schematic presentation of the Polymerase Chain Reaction. Al
tenperpature T1' the double stranded DNA is denaÈured. At, Èemperature T2. thr
primers anneal to their complement,ary sequences. At temperature f3, thl
optimal temPerature of the fag-DNA polymerase, the primers are extended acros!
t.he templates.



AU genotypic tests are based on the following principals:
1. DNA can easily be denatured, by heat or by in"teasing the pH, which le:

to the ¡eversible separation of the two complementary strands.2. A foreign nucleotide chain, introduced in a solution ofdenatured DNA, v
only participate in the hybridization ¡eaction if it contains a certain dágr
of complementårity with one of the strands.

3. The stability of the duplex formed depends on the extent of r
complementarity between the two duplex-forming strands and can
monitored by subjecting the duplex to heat anüor low-ionic stren¡
buffers.

The first tests developed according to these principals were the DNA hybridizati
assays (23).In these assays, the foreþ nucleotidelhainìontains a label and L ca[ed t
probe. After the actual hybridization reaction, the hybridized probe is separated from r
unhybridized probe and is detected by its label. The ôlue in developing *iia and sensiti
diagnostical assays 

_lays 
in the amplification of the probe/targèt tryuåas. one of t

developed ¿rssays is the polymerase chain reaction (PCR). rnis teðnniqu" or", tne catalyr
activiry of a DNA polymerase to synthesize multiple copies of a DNA targ"t ,"gio' få
oligonucleotide primers whjch bind to opposite srrands aì the ends of the tirget J"qu*"
(37, 45) (Fig. 1). Each cycle in the reaction involves the denan¡ring of the 

-DNe 
at ni¡

temperature, annealing of the primers and extending them with DÑA polymerase acro
the templates. Because each newly synthesized oNA s"g-"nt, with the 5' terminr
consisting of the primer, acts as a substrate in the next 

"y"I", 
the original target DNA

exponenrially amplified. In 1988, saiki er al. (M) prccluded rhe need to add fresh DN
polymerase after each denaturing step by using the thermostable DNA polymerase fro
the thermophilic bacterium Thermuts aquaticus, and they were able ìo aoto*ute tl
reaction. Other developed amplifying tests are, for instance, the ligase chain rcactir(LcR) (5), the transcription-based amplification system (TAs) (30) a;d the eß dii;;system (29).

A crucial role in all the Sfsals is played by the forcign nucleotide chain (the prim,
or probe). In order to be specific for a group of organismi to be identifie¿, ii has to r
both sensitive and selective, i.e. it has to recognize all strains and serot5rpes of this grou:
but it may not cross-react with other organisms. Depending on ttre appiication, diãerer
types of oligonucleotides are required. They can be based on highly conserved genes, lil
the rRNA genes' in order 

1o 
obtain a specificity above ttre species-level (13i. protei¡

encoding genes can be used to develop species-specific oligonucleotides 1ìf¡. ny usir
virulence - or vin¡lence-associated genes, it may be possible to develop otìg;o"í"otiJ,
that can differentiate between pathogenic and nonlpathogenic strainì *inin " sirrg
species (13).

Enterobacteriaceae.
The family of Enterobacteriaceae (Fig. 2) consists of a large, biochemically an

genetically related group of bacteria that show subsøntial heterogeneity in their 
""áloghost-range and pathogenic potential for man, animals and plants (12). Enterobacterì,

strains that are pathogenic for man ar€ water- and foodbome pathogens hke Escherichi
coli, Shigella, Salmonella and. Yersinia enrcrocolirica, which cause gasterointestin¡



îí9. 2. DNA relatedness ¿¡mong Enterobacteríaeeae. The numbers represent th(
approxirnate percentage of relatedness (Figure fro¡n reference 12).

infections. Furthermore opportunistic pathogens, like Klebsiella, Enterobacter, Proteus
Providencía and Sercatia marcescens, can causo a wide variety of extraintestinal infectionl
in compromised hosts. Existing detection methods arc generally slow and laborious. Thr
test for Salmonella in food for instance uses bacteriological, biochemical and serologica
procedures and takes fourto seven days to completion (43). A genetically based procedun
like the PCR could potentially increase ttre rapidity and dccreasc the labour-intensivenesr
of the detection and could therefore be of great economical importance.

We were interested in developing a systematic approach to find species-specifi<
DNA sequences for all members of the family Enterobøcteriaceae. Such sequences coulc
be used as tools in the specific dctection of members of the family Enterobacteriaceae
In many cases one is s¡rcifïcally interested in detecting pathogenic species. Sinct
pathogenicity is frequently determined by virulence-plasmids a species-specifir
oligonucleotide is no help in those cases. However the question why Sølmonellae ar
vinrlent is still unanswel€d. Therefore all Salmonella strains should be reated as potentia
pathogens. In some cases, like for example when E. coli is used as an indicator organisn
in the determination of the possible faecal contamination of water and food, the detectior
is focused on the species. Also strains not known to be pathogenic for man can be o:

considerable economic importance because they cause discases in animals or plants likt
for instance Yersinia ruckeri and Erwinia herbicola, respectively (2I,47>. Furthermore
the developed oligonucleotides could have potentials as taxonomic tools and be of he\
in the difftcult classification of members of tbc family of Enterobacteriaceae fL4],.

Thus, since the detection and identification of membcrs of the fami\
Enterobacteriaceae is essential in a variety of studies, including fundamental and applie<



research in the medical, food, environmental and agricultural sectors, the speci
oligonucleotides are expected to have a broad applicatiorirange. For the studies descrit
in this thesis, the structural gene for the outer -ã-uratre prote;n phoE was used as starti
point in the deveþment of species-specific DNA probes for the members of the fam
Enterobacteriaceae,

Outer membrane proteins.
The cell envelope of Gram-negative bacteria, i¡çlurting members of the famj

Enterobacteriaceae, consists of an inner membrane, a peptidogljcan-containing periplar
and an outer membrane (Frg. 3). The outer membrané functiãns as a molecular sieve.
allows the passage of hydrophilic molecules oJ low-molecular weight by passive *rrrpo
but it creates a barrier for *-y, poteltially harmftl compãunds,- like detergån
antibiotics and enzymes (39], It is composed of lipopolysaccha¡iåes (Lps), phosphofrpic
lipoprotein and proteins. The outer membrane- p-tli* can be divideå into sever
categories based upon their function, e.g. proteins that have a pore ñrnction, proteins th
are important for maintaining the stn¡cturc and søbility of thi outer membrane, such
ompA (46) and lipoprotein (11) and enzymes, such as the pldA-encoded phospholþ
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Fiq' 3' Morecular organization of the celr enverope of EnteroÞacterjaceae. ThcytopLasm is surrounded by the cyÊ,oprasmic me¡nbrå"" icMt, Èhe peripri"Ã-i"r!ånd the ourer mernbrane (o[r{). The-cMìonsiscs 
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pu],rpr,àiipio(PL). the outeE ¡nembrane consists of LpS,.er,. iip"protli" ttpl ärra irotãir,"The most abundant proteins are the tri:neric pore proteins ipp) ""a ðrpÃ.-iiconsisrs of rhree Toig!i"", tipid A (r,¡), tfrã ""rà iCi-""d rhe O_ant¡.ä"" tòAq). The dot.s in the pps represent hydraÈed peptiaog-iycan.



(20) and the ompT+ncoded protease (22, U\ The pore-forming proteins can br

subdivided into proteins that form specific- and those that form general pores (38). Thr

specific pores preferentially faciliøte the permeation of specific classes of solutes. Thr
best characterized protein of this group is the LamB protein. It contains a specific bindin¡
site for maltose and maltodextrins and, by binding these substrates, it facilitates thei
uptake (8, 48). The general pores form water-filled channels through which smal
hydrophilic solutes with molecular weights of up to about 700 Daltons can pass in I

difñrsion-like process.
Some of the outer membrane proteins that have been studied most extensively an

the porins which form general pores n E. coli K-12. \Mhen grown under standan
laboratory conditions, E. coli K-12 produces two porins, OmpC and OmpF (31). Wher
cells are grown under phosphate-limitation, the synthesis of an extra porin, PhoE, ir

induced (42).The OmpC and OmpF pores have a preference for cations (7), whereas PhoI
pores are more effrcient for anions (27).The functional unit of all three porins is a trimer
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Fig. 4. Comparison of the amino acid sequences of the porins PhoE, (rniddlr
line), OmpF (upper line) and OmpC (bottom line) . Àmino acids in OmpF and Onp(
are only indicated when they differ from PhoE. The proteins are aligned t,<
give maximal homology. À* indicates a deletion of one amino acid residue. Thr
regions with t,he most pronounced differences between the proteins ar(
indicated and numbered a-h. The residues Arg-158, Àrg-201, c1y-238 and GIy-271
of PhoE, which were shown to be ceJ-l surfåce-exposed, are bo¡red.



Tlûe ompc (33), ompF (25) and phoE (41) genes have been sequenced and comparison
the predicted amino acid sequences revealed a homology of approxim ately 60rio betwe
the different proteins. Most variations ¿re concentrated in eightiègions (Fig. 4). Accordi
to the postulated topology model, the PhoE protein t*.rersãs the outer membrane sixte
times mostly as amphipathic ß-strands, thereby exposing eight regions at the cell surfa
(Fig. 5) (49). This model was originally developeðafter thelsohri,on and characterizati
of missense mutations that interfered with the binding of monoclonal antibodies o¡ t
PhoE-specific bacteriophage TC45 (28,53). It was concluded that the four altered amir
acid residues, which are boxed in Fig. 5, must be located in cell surface-exposed regior
These residues appeared to be regulary spaced, being approximately 4b amino" ac
residues apart in the primary sequence. Fufhermore, the alæred residues were found
be located in hydrophilic maxima of the protein and in four of the regions that a
hypervariable when the primary stn¡ctures of phoE, ompc and ompF ,i"r" "o.p*@ig. a). Combination of these types of observations led to the prediction that *re fo
additional hypervariable regions of the protein (numbered a, b, c and h in Fig. 4) whir
also correspond to hydrophilic maxima, are cell surface-exposed as *eff. iíte origin
model (53) was later refined (49) and the results of many different studies includini tl
use of phoE-ompC and, ompC-phoE hybrid genes (50, 52), small oligonucleotide inseriior
(4' 9) and the insertions of oligonucleotides encoding linear antigenic determinants (1-:
are consistent with this model. The PhoE topotoly correhtà well with ttre tt'e,
dimensional structure of the Rhodobacter capsulatus porin as determined by Weiss er a
(56' 57). The major difference between the model an-d the three dimensionãt sffucure
the fact that the ß-strands of PhoE are presenûed to be embedded perpendicular in tt
outer membrane, whereas the ß-strands of R. capsularus porin are embeàded slangtingl,
T]ne phoE genes of Enterobacter cloacae and, Klebsiella pneumoniae ttave añ be;
sequenced(51). Comparison of the primary structures of the different phoE proteir
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rcvealed a high degree of homology, i.e. 8lVo. Four hypervariable regions were discemed
(Fig. 6), all of which corres¡ronded to regions predicted to be cell surface+xposed (53).
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Fig. 6. Comparison of the prirnary structu.res of three enterobacterial phoE
proteins. The predicted amino acid sequences from K, pneumoniae and E, cLoacae
are comPaled with the E'_coli sequence. Of t,he former t$ro sequences only thoseresidues that differ from t.he latter sequence are showà. Asterisis (*)
represent deretions of amino acids. Residues -2L Eo -1 represent the signar
sequenceg. The four regions where differences are most pronounced are boied.
rncluded are the following features of the proposed moder for phoE topology;(tr), region predicted to be exposed at the cell surface,. (-), transmãmbrã-ne
ß-sheet strand; (-), reverse turn at the periplasmic side.

Topology models, similar to the one prìesented for PhoE, have been proposed for
LamB (18) and for the membrane-embedded domain of ompA (35, 36, 54). ompA is a
protein of 325 amino acid residues, of which the N+erminal part is embedded in the outer

20



membrane, whereas the c-terminal part is located entirely in the perþlasm. The
proteins, which have no sequence homology with phoE, u* uiro supposed to traverse t
outer membrane repeatedly, mostly as amphipathic ß-strands.The proposed cell surfar
exposed regions that are_also regulary spaced, corrcspond to hydrophylic maxima of t
proteins and in case of 9-pA, to regions that are hypervariabi" *t"" ompA sequenc
of different enterobacterial species are compared (lõj.

In conclusion' outer membrane proteins appear to have a characteristic foldir
pattem, consisting of conserved membrane-spaotting regions and hypervariable cr
surface-exposed regions. Since the outer membrane forms the actual surface of d
bacterial cell, it is involved in many interactions with the environment such as adhesir
to animal and plant cells, interaction with molecules and cells of the immune system ar
binding of bacteriophages and bacteriocins. The fact that outer membrane proteins a
involved in the specific binding of for instance bacteriophages and monoclonai antibodie
indicates that (part of) the cell surface-exposed rcgions oflhese proteins are spe"ifi" ,is consistent with the discussed hypewariability of these domains. Thereiore, DN
sequences encoding (part oÐ hypervariable cell surface-exposed regions of out
membrane proteins seem to be good candidaæs for the develof,ment of ipecies-specif
enterobacterial oligonucleotides. However, there is still one imponani poirrt^to ì
considered, i.e' all mgmbery of the family Enterobacteriaceae shoulã porr"r, the gene
question. So far, no Enterobacteriaceae have been described that lack the omp,l, o:, pno
gene, whereas it is known that some E. coti strains lack ompF or ompc I34l: The;for
the phoE (or ompA) genes of -Enterobacteriaceae seþms to be a gooo potential source fr
species-speciñc DNA probes.

Scope of this thesis.
The aim of the investigations described in this thesis, was ro study rhe possibilir

of using nucleotide sequences encoding (part oÐ hypervariable cell ,urr*f**por.
regions of outer membrane protein PhoE, as species-specific oligonucleotides. So fi, w
succesfrrlly developed E. colilshígella - (chapters 2, 3), sãlmoneila - (chapter 4
cítrobacter freundií - (chapter s), K. pneuntonia¿ - (chapier 6) and Klebsieùa iryr*
(Chapter 7) specific oligonucleotides. They werc eithei used in DNA-hybridiltion
(Chapters 2,6) or in PCRs (Chapærs 3-7). The use of oligonucleotides as taxonomic toolis described in chapters 6 ¿nd 7. In ctrapters 3 and 7 it is shown that, by using mor
conserved sequences' the phoE gene can also bc used to develop oligonucleoti¿eJwittl
specificity above the species-level. In the general discussion litraprer g), the use of thphoE gene to develop specific oligonucleotides is compared to othe, systems and th
potential application of the developed oligonucleotides ii evaluated.
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Chapter 2

DEVELOPMENT oF Enterobacterium-sPEcrFrc oLrGoNUCLEorrDr
PROBES BASED ON THE STJRFACE.EXPOSED REGIONS OF' OUTE
MEMBRANE PROTEINS

Gonnie Spíerings, Harmen Hofstra, Jos Huis in't Veld, Wiel Hoel<stra and Jan
Tommassen

SUMMARY

Outer membrane proteins of members of the family Enterobacterìaceae consi
of conserved membrane-spanning segments and hypervariable, surface-exposr
regions. \ile demonstrate that the hypervariable DNA segments corresponding to tl
surface-exposed regions of these proteins can be used to develop specific DNA prob
for the identification of members of the family Enterobøcteriøceae.



The identification of microorganisms is essential in a variety of types of studies
including fr¡ndamental research and applied resea¡ch in the medical, environmental anr
agricultural sectoñt. Existing identification procedures are generally slow and laborious
DNA hybridization techniques (5) could potentially increase the rapidity and decrease rhr
labour-intensiveness of microbial identification. In addition, it could increase precision
because it is independent of the phenotypical expression of identification markers.

The first step in developing specific DNA probes is to find a piece of DNA uniqur
for a group of organisms to be identified. An ideal DNA probe for any particular grou¡
of organisms has to recognize all strains and serotypes belonging to the group, but it mus
not cross-t€act with other bacteria. In this study we investigated whether the gene:
encoding outer membrane proteins of members of the family Enterobacteriaceae can bt
used to develop specific probes.

Under standard $owh conditions, Escherichia coli K-I2 synthesizes two pore.
forming outer membrane proteins, OmpC and OmpF. The synthesis of another porin
PhoE, is induced by growth under phosphate-starvation (9). The genes encoding thest
three porins have been sequenced, and comparison of the deduced amino acid sequencel
revealed an overall homology of approximately 60vo (7). A model for the topology o:
PhoE protein in the outer membrane has been proposed (12,16). According to this model
the polypeptide traverses the outer membrane 16 times in an anti-parallel ß-sheet structure
Eight areas are exposed at the cell surface. Comparison of the primary structures ol
OmpC, OmpF, and PhoE showed that the membrane-spanning segments are conserved
whereas the surface-exposed regions are hypervariable. The phoE genes of Klebsíetlc
pneumoniøe and Enterobacter cloacae have also been sequenced (15). Comparison of thr
primary structures of the different PhoE proteins revealed a high degree of homolog¡
(\l%o). Four hypervariable regions were discemed, all of which corrcsponded to regionr
predicted to be cell surface-exposed (15).

OmpA protein is an outer membrane protein which is not related to the porins, anc
a model for the folding of this protein has been proposed (8). Comparison of thr
sequences of OmpA proteins of several members of the family Enterobacteriaceae showec
that the cell surface-exposed regions are hypervariable (1).

Emanating from the idea that probes based on DNA sequences encoding surface.
exposed regions of outer membrane proteins could be specific, we designed a 23-met
oligodeoxynucleotide (Fig. 1A) based on the fifth cell surface-exposed part of the Pho[
protein of E. colíK-|Z and tested its specificity in slot-blot hybridization experiments. The
oligodeoxynucleotide was s5mthesized on a Biosearch 8600 DNA s¡mthesizer, purified b1
high-pressure liquid chromatography, and labeled by the enzymatically caølyzed transfer
of 32P from ¡y-32l1Att (3,000 CVmmol; Amersham International) with T4 polynucleotide
kinase according to the procedure described by Maniatis et al. (6).

The sensitivity and specificity of the probe was tested in slot-blot hybridizatior
assays (Fig. 2). Strains v/ere gro\¡/n ovemight at 37"C in L-broth (14). Approximatell
l08cells were filtered onto nitrocellulose filters (B485; Schleicher & Schuell, Inc.) in z

slot-blot apparatus (Minifold II; Schleicher & Schuell). The blots were prepared ar

described by carter et al. (3). The DNA was fixed onto the filters by 4 min of u!
irradiation ()" = 32O nm). The blots were prchybridized at 60oC for 45 min in 0.25E
Protifar (1.{utricia N.V., Zoetermeer, Holland), 6 x SSC (900 mM sodium chloride, 90 mM



K.

E.

E.

K.

E.

E.

Pnemoniae

caLi

cloacae

Pnewoniae

coJ-i

cLoacae

A

5, 3,
T TTCGITÀCCCTGGCCGCGGGCCÀ

ACGCTTGCCTGTGCCÀCGGCTTT probe

TTTCTGGCCCTGÀCCåCGCGCCÀ

B

5, 3'
GATGTCGTCÀTCGTTGÀTGCCGÀG

AATAT CÀT CAT T.A,TTÀÃTAT T CåÀ

AATATCÀTCGCTGCTTÀCGCCCÀG

probe

probe

Fí9. 1, Comparison_of t_he DNA sequences of (A) the E. coL¡ probe andK' pneumoniae and E. cloacae probes with the correspondirrg'.eqr_,er.å.sother påo.E qenes.

sodium citrate, pH 7.0). After 20 pmol of radioactively labeled oligodeoxynucleotides w
added, the filters were hybridized for 1.5 h at 60oC. The blots werc washed twice for
min in 6 x SSC at 60oC and autoradiographed.

The sensitivity assay, which tests the capacity of the probe to recognize all differe
strains within a single species, was performed with E. coli itrains with a variety of O arK serotypes (the serotypes arc described in reference 10). Since E. coti and Shigel
species belong to th€ same s¡recies according to Bergey,s Manual of systeitat
Bacteriology (2), different serovars of Shigetla boydii, Shigetta dysenteiiae, Shigel
flexneri and Shigella sonnei were also tested (Fig. 2). The probe recognized all E. col'i w
Shigella strains, except for E. coli K-12 CE1l94, which carries a deletion of the phc
gene (13).

A successful DNA probe should not only show a high degree of sensitivity but
should also be very specific, i.e. it should not cross-react with oiher bacteria. Figure 2
shows that the probe has a high degree of specificity within the fami
Enterobacteriaceae, since it did not react with strains othei than E. coli or Shigella stran
Therefore, we did not expect to find cross-r€actions with nonmembers oi the fami
Enterobacteriaceae. This was tested for a few species,i.e. Aeromonas hydrophila, Bacillt
cereus, Pseudomonas aeruginosa, Sarcina flava and, Staphylococcus aureus, Indeed, r
reactions were observed (data not shown). The results of these experiments show that tl
designed probe is specific for the species E. coli-Shigella.

To test the general applicability of the idea that specific DNA probes can t
developed on the basis of the cell surface-exposed regions àf oute. -"-br-" protein
two other probes were tested. These probes were based on the DNA encoding the eigl
cell surface-exposed regions 9f the PhoE proteins of K. pneumoniae and, E. cõacae (íii
1B). Figurc 3 shows the specificities of these probes. The tests were performed under tt
same conditions as those for Fig.2 except that the hybridizations andìhe wash steps wer
performed at 63"C. The Klebsiella probe reacted exclusively with the K. pneimonic
strain. TJne Enterobacter ptobe only reacted with E. cloacae and not with other member

(B) r
oft
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Eíg. 2. Àutoradiograms of slot-blot hybridizations using the E. coli probe.
E. coli K-12 C81194 carries a phoÛ deletion and C81195 is its påoE+ derivative
(13), E. coli B and E. coli C were from our laboratory stocks. F, S and (
denote E, coli strains isolated from faeces of healthy volunteers. fromblooc
cul-tures of patients with bacteremia, and from urine of patients with urínar1
tract infections, respectS.vely (10). St.rain EIEC, an enteroinvasive E. col:
and the ShigeTTa (Sh) strains were obtained from the Institut.e for Public
HeaJ.th, Bilthoven, The Netherlands, Salmonel-Ia typhimuríum S.t2353 (11) and the
other enterobact.erial strains (4) have been described previously.

of the family Enterobacteriac eae, including Enterobacter aero gene s.

In conclusion, it appears that DNA segments corresponding to cell surface-expose(
regions of outer membrane proteins can be used to develop genus- and species-specifi(
probes for the identification of members of the family Enterobacteriaceae and possib\
also for other Gram-negative bacteria. These probes can be used for taxonomic researcl

and for monitoring specific (genetically engineered) microorganisms in the environment
ln addition, these probes can be used for the detection and identification o

microorganisms in clinical material, food and feed.
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Chapter i

POLYMERASE CHAIN REACTIONS FOR THE SPECIFIC DECTECTION C
EscheríchiacolÍlshígellaaND FoR THE GENERAL DETEcrroN oF colrFoRl
BACTERIA

Gonnie Spierings, Harmen Hofstra and fan Tommassen

SUMMARY

The outer membrane protein phoE of members of the famil
Enterobacteriøceae consists of conserved membrane-spanning segments an
hypervariable surface-exposed regions. Two oligonucleotides, based on DN,
sequences encoding two different cell surface.exposed regions of the Escheríchía co
K-12 PhoE protein, were testd for their specificity in polymerase chain reaction
They were specific for the species E. colítShígella.ln addition, a second primel
couple based on two conserved regions of the phoV genes was tested. This primel
couple was specific for coliform bacteria, and also Salmonella and Shigelta. B-y usin
the two primer-couples together in a multiplex pcR, a simple and rapid methãd w¡
developed for the simultaneous detection of E. colílShígella, coliform bacteria an
Salmonelb strains.



INTRODUCTION

Faecal contamination of food and drinking water forms a serious threat to publi<
health. Therefore, the microbiological safety of these products is determined by monitorin¡
the total coliform bacteria and the faecal coliform bacterium Escherichia coli.Theexistin¡
conventional methods like the multiple tube fermentation test (1), are laborious and tak(
48-72 h to obtain results. The recently developed Colilert and Coliquick tests allow the
simultaneous detection of specifically E. coli and of total coliforms within 24 h (5). Thel
are based on the demonstration of ß-galactosidase activity, an enzyme specific to totai
coliforms, including E. coli, Enterobacter, Klebsiella and Citrobacter, and of ß-
glucuronidase (GUR) activity, an enzyme specific to E. coli strains.

Although the GUR assay will give false-positive results due to Shigella (50Vo),
Salmonella (25-307o) and some Yersinia strains (6, 9, 15), the main disadvantage of the
assay is the large number of false-negative results (4). They are due to strains that have
a GUR-negative phenotype or, because the test requires a culturing step to cells which are
still viable but no longer culturable.

The fact that two major enteropathogenic bacteria of concem, i.e,, Salmonella and
Shigella, are not detected by the currently used methods seems somewhat unlogical. Bej
et al.have reported on a polymerase chain reaction (PCR) that simultaneously detects total
and faecal coliform bacteria by using two primer-couples (2). The total and faecal
coliform-specific primer-couples were based on the lacZ and uidA gene of E. coli,
respectively. Although also Shigella strains were detected by this PCR, Salmonella stratns
wer€ not recognized.

In this article, two nev¡ PCR primer-couples are described. One of them can be
used to detect specifically E. coli and Shigella strains, whereas the other recognizes
coliform bacteria, and also Salmonella strains. The primer-couples are both based on the
structural gene for the outer membrane protein PhoE. This protein forms anion-selective
pores and is induced when bacteria are growTr under phosphate-starvation (14). According
to the postulated topology model, the polypeptide-chain traverses the outer membrane 16
times in an antiparallel ß-sheet structure and has eight areas exposed at the cell surface
(2I,24). Comparison of the primary structures of the E. colí K-I2, Enterobacter cloacae
artd Klebsiella pneumoniae PhoE proteins revealed four hypervariable regions, all
predicted to be cell surface-exposed, whereas the membrane-spanning segments were
found to be conserved (23). Previously, we have shown that DNA sequences encoding
these surface-exposed regions can be used to develop species-specific oligonucleotides (18,
19). In the present study, phoE was used to develop a primer-couple for the specific
detection of E. colilShigellaby PCR. In addition, by taking the DNA sequences encoding
the two most conserved regions of the protein, a primer-couple was developed for the
detection of total coliform bacteria, and Salmon¿l/¿ strains. The two primer-couples can
be combined in a multiplex PCR to detect simultaneously E. colítshigella strains, coliform
bacteria and Salmonel/c strains.



MATERIALS AND METTIODS

Bacterial strains and growth conditions.
Strains tested in the hybridization experiments included L5 E. coli strains isolat

from clinical samples and th¡ee E. coti strains isolated from food. Fourteen of these stra:
have been described previously (25). The 16 non-E. coli strains tesred were
pneumoniae, Yersinia enterocolitica, Yersinía pseudotuberculosis, Shigella flexnc
Salmonella typhímurium, Bacillus cereus, Bacillus subtilis, Corynebacterlr* pyogrn,
Lísteria monocylogenes, Micrococcus varíans, Pseudomonas aeruginosa, Stapiybãocc
aureus, Staphylococcus epidermis and Streptococcusfaecium, alldescribed prwiously (2
and Aeromonas hydrophila and an unidentified yeast strain. All strains are from culn
collections at the National Ins¡itute for Public Health and Envi¡onmental p¡otectic
Strains ì¡/ere gro\iln ovemight at37oc in BHl-broth (Difco, Detroit, USA). Faecal sampl
were obtained from 83 patients who suffered from diarrhoea of an un}¡ro*r, 

"uur". 
i

faeces werc diluted in 0.87o sodium chloride and 0.1 ml samples were plated on END
plates (7) and incubared at 37"C for 24 h.

Strains tested in PCRs were 21 E. coti and 14 Shigella st¡ains (lg),77 Klebsiet
K antigen reference strains, (13), 10 Citrobacter strains comprising six C.freundii strai
including ATCC 8090 and ATCC 6750, three C, díversus strains including ATCC 27L:
and one C. amalona#czs strain ATCC 25405 (ATCC strains were obtained from ti
Phabagen Collection, Utrecht, The Netherlands), Salmonella typhimurium strain SJ23:
(16)' 19 Salmonella strains all of different serotl1res and including 10,4,2,1 and 2 strair
belonging to subspecies I-V, respectively Erwinia herbicola, yàrsinia enterocolitica (t
provided by W. Jansen at the National Institute for Public Health and Environment
Protection), Enterobacter cloacae, Edwardsietla tarda, Proteus mirabilís, providenc
stuartii, Seffatia tnarcescens (8), Aeromonas hydrophila, Bacillus cereus, pseudomon,
aeruginosa and Staplrylococcus aereus. Unless mentioned otherwise all strains are fro
our laboratory stoclcs. cells were grown ovemight at 37"c in L-broth (22).

Synthesis and labeling of the oligonucleotides.
Oligonucleotides were automatically synthesized on an Applied Biosystem 3gl

DNA synthesizer. For h.ybridization urr"yr, oúgorrr"rs were labeled by the enzymatical
catalyzed transfer of '? from [y-32p]ATp (3000 ci/mmol, Amersham krt.j with 1
polynucleotide kinase (Pharmacia, Uppsala, Sweden), accord.ing to the procedure describt
by Maniatis et al. (ll).

DNA hybridizations and PCRs.
colony blots were performed as described earlier (12), excepr that tl

hybridization temperature was 58"C instead of 40"C. Afrer the hybridization, the filte
were washed twice for 15 min at 58"C in 6xSCC containing 17o iodium dodecyl sulfa
and 0-L7o sodium pyrophosphate. The membranes \¡/er€ exposed for 96 h to Iionica I
films with an intensifying screen at -70"C. PCRs were performed as described earlier (19
except that an annealing temperature of 52"C instead of 45"C was used. In the combinr
PCR, 4 pmol of each primer were used instead of g pmol.



API-20 systems.
API-20 systems (La Balme les Grottes, Montalieu-Vercieu, France) were used al

described by the manufacturer.
A

3',
T T T C GGCAC C G T G T CC G T TCG CÀ

5'
AÃÄGC CGT GGCACAGGCÀÀGC GT

tggcgCGTGGt cagGGC cAGa aa

t ggcccGcGGCcagGGt t cGa aa

ÇUlL Iç&¿ ¡ Ib¡ ¡ATUgU¡å¡UUAGI IUg

cJ-oacae cCAqTTTaITATCGtcgTCaÀtcTGG

pn ewo n i ae caAgTTTcTTATCcCTtTtCAGCTGc

EcB c2

5', ?,
R. pnemoniae TGÃÃ,qÀAGAGTÀCTCTGGCÀTT

E. CoTi TG.AÀÀÀAGAGeACTCTGGCÀTT

E. cl-oacae TG.AÀÀAÀGAGcÀCTCTGGCATT

L. COt)

E. cofi

E. c]oacae

K. pnemoniae

5',

-)
3',

-+ EC5

E.

E.

K.

3l
K. pnewonaae TTGGTCÀTÀÀ-AGTTÀTCGGTCTG

E. co)-i T?GGTC¡1TÀå¡.CTTgTCGGTCTG

E- cLoacae TTGGTCATÀÀÀGTTqTCGGTCTG

--) C2c

Fig. 1À'. Comparison of the DNÀ sequences of the E. coli-specific
oligonucleotides with the corresponding sequences of the påo.g genes of E.
cloacae and K. pneumonìae. The names of the oligos are indicated behind the
arrôws.
Fig. 18. Comparison of the DNA sequences of t.he coliform-epecific
oligonucleotides based on t,he K. pneumoniae phoE gene with the correspondinç
E. coTi arrd E, cToacae sequences. C1 is based on DNA encoding part. of the
signal Peptide' whereag C2c is based on DNA encodingr amino acids 118-L24 of
the mature protein.
Ecs and cl- are based on the noncoding DNA strand. Ecsc, ECBc. and c2c are
based on the coding DNA strand.
Capital and sma11 letters indicate identicat and dl-fferent nucleotides,
respectively.

RESULTS

Specificity of E. colilShigella probe ECSc.
Recently, we tested an oligonucleotide, designated EC5c (Fig. la), on its suitability

as a species-specific DNA probe (18). This probe was based on the DNA encoding par



of the fifth cell surface-exposed region of the E. coti K-12 phoE protein. In Dl
hybridizations, EC5c was sensitive and selective, i.e. all2l E. coli sùains tested w
recognized by the probe, whereas no cross-r€actions were observed with 14 non-1. c
strains, nine of which belonged to the family of Enterobacteriaceae. The probe a
recognized the 14 Shígella strains tested, comprising different serovars of Shigilla boyr
Shigella dysenteriae, Shigelløflexneri and Shigella sonnei, This was not unexpected sir
E. coli and Shigella strains are highly related and should be treated as one single spec
(3). To test the utility and the specificity of the probe further, hybridization tests were nr
performed in another laboratory (National Institute for public Health a¡rd Envi¡onmen
Protection) and on another collection of strains. AU 18 E. coli strains and the ^lårgestrain tested (see Material and Methods) were recognir.edby the probe and no cä
reactions were observed with 15 non-E. colilshigetla strains tesied (daìa not shown). pro
EC5c was further used for the identification of E. coli strafurs, following primary'plati
for the detection of presumptive faecal coliforms. A total of g3 -¿iff"r"ni 

irorn
stoolsamples was plated on ENDO plates. Of each stoolsample, 48 characteristic colon
were picked and tested in hybridizations. Of 77 and,l stoolsamples, all 4g or only
colonies, respectively: were recognized by the prob. In the remaining 5 stoolsamples,
colonies were recognized by EC5c (results not shown). The colonies that gave 

""guiiresults were identified in an API-20 system as C. freundií, Hafnia atvei, Kl pneumánit
Klebsiella Øcytoca and P. mirabílis.

PCR primer-couple for the detection of E. colilShígella.
The experiments described in the previous paragraph confirm the specificity ar

the utility of the EC5c probe. However, the hybridiàtion experiments ,equire radioácti.
labeling of the probe, which will inhibit its application in rôutine- laborãtories. Also tl
fact that exposure times of 96 h were necessary is a serious drawback of the assay. Tl
PCR technique does not have these drawbacks. To develop an E. cotílshigetta sqcú
PCR, two new oligonucleotides were synthesized. Oligonucleotide EC5 is 

"o"-pt"¡¡"nt'to EC5c and was thercfore expected to have the same specificity, whereas ÉÆg"r, *,
based on DNA encoding part of the eighth cell surface-exposed region of the E. cotípnc
(Fig. la). When EC5 and EC8c, correctly recognize their complemenrary sequences in
test sample, a 348 basepaim (bp) fragment is expected to be amptifie¿ trrai can ue derectt
by electrophoresis of the PCR products on agarose gels. The expected amplified fragmer
was observed in all 2l F. coli and 14 Shigella strains tested, whèreas no amplified piodu
could be detected with the 118 non-E. cotilshígella strains, including 114 members of tf
family of Enturobocteriaceae (see Fig. 2 for examples). These ,"rult, show that prime
couple EC5ÆC8c, is specific for the species E. cotílShigeila.

PCR primer-couple for the detection of total coliform bacteria.
Whercas the DNA sequences corrcsponding to the cell surface-exposed parts of tt

PhoE protein are apparently species specific, we considered the possiùility that probr
based on the conserved parts of the protein recognize total coliform bacteria. To test th
possibility, oligonucleotides cl en c2c, which are based on the K. pneumoniae pho
sequence (Fig. lb), were synthesized and tesred in pcRs. The DNA ,"quån..
corresponding to these probes encode a part of the signal pepúde and a highly 

"oår"*.part of the mature protein, respectively. When Cl and C2c rccognize their Jomple¡¡1errta,
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348bp -*

Fig. 2. Analysis of PCR products using ECS/ECBc, as primer-coupre on a 1t
agarose geJ- . Lane 1-, E, col-i K-72; Iane 2..Så. boydii; lane 3, Så.
dysenteriae; lane 4, Sh, fTexneri,. Ìane 5, Så. sonnei; lane 6, E. cloacae;
J-ane 7, K. pneumoniae; lane 8, C. freundii,. tane 9, S. typhimuriumr; Iane 10,
E. tarda, The position of the amprified segrment is indicated at the reft.

sequences in a test sample, a 436 bp or a 433 bp fragment will be amplified by PCR in
case of E. coli or E. cloacae artd K. pneumoniae, respectively. Primer-couple Cl/CZc
correctly recognized tLie E. cloacae,theZl E. coli, the 14 Shigella, and the I0 Citobactet
strains tested, whereas no amplified product could be detected wirh E. tarda, E. herbicola,
P. vulgaris, P. stuartii, Y. enterocolitica, S. marcescens, A. hydrophila, B. cereus, p.
øeruginosa and S. aureus (see Fig. 3 for examples). In all, but one, of the 77 Klebsiella
strains tested, a fragment of the expected size was amplified. The negative strain, K5,
belongs to the species K. pneumoniae subspecies ozaenae (Fig. 3). Of the 20 Salmonella
strains tested, only S. broolfield gave a negative result (Fig. 3).

7 B 9 1C

4361433 bp -+

rig. 3. Ànalysis of PCR products using C1/C2c as primer-couple on a 1t agarose
gel. Lene 1, K. pneumoniaei J-ar:.e 2, K. pneumoniåe sÈrain K5; Iane 3, S,
typhimurium; Lane 4, S. brookfield; lane 5, E. co7í K-12; lane 6, E, cToacae;
Iane 7, C. freundii;1ane 8, E. taîda, Iane 9, S. marcescens; Iane 10,
Kiebsiella strain K74. The position of the ampJ-ified products are indicat,ed
at the 1eft.
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Multiplex PCR for the simultaneous detection of E. colÍ and total coliform bacter
For the ease and rapidity of diagnosis, ir would be helpful ú E. coli and to

coliform organisms can simultaneously be detected in a single reaction. To test tl
possibility, the two primer-couples were combined in a singlJpcR. It should be not
that, because all primers are based on the same gene, a third fri*"r-"ouple, i.e., cl/ECÍ
is formed that is expected to result in the amplification of a-1005 bp fragment . All Zl
coli and 14 Shigella strains tested showed amplification of the 436 and:?a up fragmer
(see Fig. 4 for examples). In some cases, also the 1005 bp fragment could be detecre<

1084

1005 bp --->

436/433 bp -__>
348 bp --->

Eig. 4. Anatysis of pCR product.s using. ECSlECgc. and, CL/C2I together :primer-coupres, on^ a lt .agar:ose ger. í.rr" i, i,' 
""il x-tz; r-"-rí" 

-ãl- 
srflexneri; lane 3. S, typhìmurium; Iane 4, E, cioa"""; 

-t"rr. 
5. K, pneumonia(lane 6, c. freundi-i,' rane 7t p, stuartjj; .rane B;;. .àr"""".rr"; rane 9, ,rhydrophiTa; lane r0._p. aeruginosa. The position of trre ampriri"aproãolt"'",indicated at the left.

The amount of this product was always lower than that of the other two product
probably because it serves as a substrate for the other two primer-couples, whereas th
smaller products do not serve as substrates for the couple CtÆC8cr. wlren other colifon
bacteria artd Salmon¿l/a strains (see Material and Methods) were tested only the 436/43
bp fragment was amplified, whereas no amplified product could be detected with E. tardt
E. herbicola, P. vulgaris, p. stuartii, y. enterocolitica, s. mtrcescens, A. hydrophita, I
cereus, P. aeruginos¿ and s. aureus. (see Fig. 4 for examples). Also in the ctmbine
PCR, only Klebsíella strain K5 and,s. brooffietd gave false-negative results.

DISCUSSION

In hybridization experiments performed at two different laboratories probe EC5<
based on DNA encoding part of the fifth surface-exposed region of E. coti K-12 phoË
tumed out to be specific f9r the species E. colilshigitta.ro àevelop an E. colilshigelta
specific PCR two other oligonucleotides were synthesized. In pCRs oligo EC5, haiing
sequence complementary to that of EC5c, and oligo ECgc, based on DñA encoding pärof the eighth cell surface-exposed region, corecrry recognized alr 2r E. cou aÃí t,
Shigella strains tested, whereas no reaction was observeá with the l1g tested non-Ë



colilShigella strain.
In addition to primer-couple EC5ÆC8c, a second primer-couple, CIlCZc wat

developed. Whereas EC5/EC8c, are based on hypervariable parts of the pho0 gene
CIlC2c are based on the most conserved regions of this gene. CIlCZc tumed out to bt

specific for coliform bacteria, Salmonella and ShígeIIa strains. They correctly recognizec
141 out of the 143 coliform strains tested, whereas no signal was obtained with ten other

bacteria including six members of the family Enterobacteriaceae. One of the strains tha
gave a false-negative result was K. pneumoniae strain K5. Recently, we have reported or

the development of a K. pneumoniae-specifrc PCR using primers based on the fifth anc

eighth surfaceexposed regions of the K. pneumoniae PhoE (19). Also in that PCR, Ki
was the only K. pneumoniae strain that r¡/as not recognized. The other strain that was no,

recognized in the combined PCR was 
^S. 

broolfield. This strain was the only Salmonellt
not recognized by the Salmonella-specific oligonucleotides based onS. typhimuriumPhoÍ.
(17). These results together with the fact ttrat we were unable to detect PhoE proteins b¡
sodiumdodecyl sulfate polyacrylamide gel electrophoresis after growth of these strainl
under phosphate-limitation (20) strongly suggests that these strains do not possess a phol
gene. Although it is not clear why certain Salmonella strains are virulent, it is known tha
strains most likely to be pathogenic for humans belong to subspecies I. Strains belongin¡
to subspecies II and III are frequently isolated from the intestinal contents of cold-bloodec
animals and are rarely found in warm-blooded animals. Strains belonging to subspecier

IV and V are mainly isolated from the envi¡onment and are rarely pathogenic for mar
(10). The only Salmonella strain that was not recognized by the PCR belongs tr
subspecies V and therefore this result has no dramatic consequences for the rcliability o
the method.

Finally, by using both primer-couples together in a multiplex PCR, a simpel anc

rapid assay is developed for the simultaneous detection of faecal and total coliforn
bacteria and the enteropathogenic bacteria of interest, i.e., Salmonella and Shigellø.
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Chøpter 4

cHARAcrERrzarroN oF THE salmonelb typhímuríum phoï GENE ANDEYELOPMENT OF Satmoneil¿'SpBCtFlc DNA PROBES

Gonnie spierings, Rietje Elders, Bart van Lith, Harmen Hofstra and Jan Tommassen

STJMMARY

ln Escheríchìa_ coli K-rz, the phoV gene, encoding a phosphate-rimitation
inducible outer membrane protein (phoE), ls closely l¡nkä to the genes, proa anuproB.When the corresponding fragment of the Sølmoneth typhímuríum chrbmosom
was transferred to !. c2li K.12 using an Rp4:: m¡niliu plasmid pul-Bll3 n
expression of S. typhimuríum PhoE could be detected. Howevàr, DNA ùybridizatior
studies revealed that the corresponding plasmid contained s. typumiaum phoï
Production o1 S. typhímuríam PhoE in E. colí was detected after iubctoning ãi ih
gene on a multicopy vector. Nucleotide (nt) sequence analysis showed eitensiv
homology or s. ephímurium phoV to the E. 

-coli 
gene and revealed possibr

explanations for the low expression of s, typhimuriu^þnon in E. coli.In addition
the sequence information was used to develop Sahnoneith-specific DNA prober. iro,
oligodeoxyribonucleotides (origos) were synthesized nasì¿ on DNÁ sequence
encoding the fifth and eighth cell surface-exposed regions of phoE. When used irpolymerase chain reactions (pcRs), these piobes tuineo out to be specific, i.e. nr
crossreactions occurred with the non-Salmon¿tl¿ strains, whereas 132 out of 13.
tested Salmonella strains were recognized.



INTRODUCTION

The outer membrane of Gram-negative bacteria functions as a barrier for harmful
compounds. Nutrients can pass this membrane via a number of pore-forming proteins,
called porins (4). Escherichia coli K-12 contains three porins. OmpF and OmpC, whose
synthesis is regulated by the osmolarity of the growth medium, and the phosphate-
limitation-inducible PhoE protein. In contrast to the OmpF and OmpC pores, which are

cation-selective, the PhoE pores are anion-selective (5). A model has been proposed for
the topology of PhoE in the outer membrane (34, 4l). According to this model, the
poþeptide spans the membrane 16 times, mostly as amphipathic ß-strands, thereby
exposing eight regions at the cell surface. In contrast to the membrane-spanning segments,
which are rather well conserved, the cell surface-exposed regions appear to be

hypervariable when the amino acid (aa) sequence of PhoE is compared to those of OmpF
and OmpC or to those of the PhoE proteins of Klebsiella pneumoniae and Enterobacter
cloacae (40).

As in E. coli K-12 (22), an anion-selective porin is induced when Salmonella

ryphimurium is grown under phosphate-limiøtion (2). However, a very recenl
immunological study suggested that SalmonelløPhoE is not closely related to the general
porins of E. coli and other Salmonella porins, including OmpF, OmpC and OmpD (27).
Unlike E. coli phoE, which has been located at min 6 on the chromosomal map adjacent
to the proBA operon (36), .S. typhímurium phoEhas not yet been localized. An R'plasmid
carrying the proBA operon of the S. ryphimuri¿rn chromosome did not evoke the
expression of Salmonella PhoE in E. colí (2). A possible explanation for this observation
is that S. ryphimurium phoE is not expressed in E. coli K-12, for instance because the

activator of the pho-regulon, PhoB (8, 46), does not recognize the heterologous promoter.
However, it should be noted that E. coli phoE is normally expressed n S. ryphimurium (l),
suggesting that the regulatory system is consen¡ed. Altematively, phoE is not located next
to the proBA operon as seems to be the case for Serratia mercescens (21) and Yersinia
enterocolitica (30).

For several reasons, we were interested in cloning and characteining phoE of S,

typhimurium: (l) we \¡/anted to solve the problem conceming the localization of phoE on

the S. typhimurium chromosome, (iÐ nt sequencing might give information on the

relationship of PhoE to the other porins, and (rii) recently, we have shown that the DNA
sequences encoding the hypervariable cell surface-exposed regions of PhoE protein are

useful to generate species-specific oligos (28,29). Thus, after establishing the nt sequence

of S. ryphimurium phoE, two oligos were designed and tested for their applicability in the

rapid detection and identification of Salmon¿l/¿ strains in PCRs.

RESI.JLTS AND DISCUSSION

Transfer of the proA-proB region of the S. typhímurìum genome to E. colí K-12.
To investigate whether S. ryphimurium phoE is located close to proAB, an in vivc

cloning procedure with the RP4::miniMu plasmid pULBl13 (42) was used to transfer the

proAB region of the S. typhimurium genome to E. colí K-12. Plasmid pULB113, whict
renders cells resistant to the antibiotics Ampicillin (Ap), Kanamycin (Km) anc



Tetracycline (Tc), was transferred to a spontaneous Rifampicin (Rif)-resistant derivatiof ,1. ryphimuriwn LTz strain sJ2353 (26) by conjugation with donor srr¿
MxRtpuLBl13l, as described by van Gijsegem and roussaint (42). one Km-and R
resistant transconjugant was subsequently used as a donor strain in a mating with ph
recA hsdR hsdM E. coli strain CBI226 (43) as the recipient. The latter hosi .ontains
proB'proA-phoE-gpt deletion and is resistant to the antibiotic Streptomycin (Sm) due
an rpsL mutation. One of the Sm-resistant pro+ transconjugants, carrying an R'plasrn
designated pS\, was further analysed.

Presence of S. fiphímuríum påoE on pSTe.
Consistent with the results described by Bauer et at. (2), sodium dodecyl sulphe

polyacrylamide gel electrophoresis (SDS-PAGE) analysis of cell envelope ptot"i¡ putt".
of the pSTo containing derivative of E. coli strain CE1226 dtd ttot tnèaf the exf,ressi
of S. ryphimurium PhoE in E. coli (data not shown). For this observation there are tr¡
possibleexplanations:either s.ryphimuriumphoï isnotorpoorlyexpressed in E.ct
K-12 or pSTo does not contain S. typhímuriumphoï. To study the latteipossibility, DNr
DNA hybridization experiments were performed. Plasmid pULB113 ánd its ¿ãrivati.
pSTo were digested with several restriction enzymes and the iragments were separated r
a lEo agarose gel. The gel was denatured, dried and hybridized with a ,,p-labeled 

D¡q
probe derived from the phoE gene of E. colí K-12 (Fig. 1). The probe did not hybridi:
with vector pULB 113 (lane 4) but did recognize distinct fragmenti from pS\ (lanes l-3

These results show that psro conøins the phoE gene of s. typhimurium. Tlne fa
that the nt sequence revealed the presence of the proBA operon upstream from pho7 (da
not shown), fi¡rther showed that the localizations of phoÛ on the ch¡omosor¡al maps ,

S. typhimuríum and E. coli K-12 are identical.

Subcloning of the S. typhímurìum phoV gene.
To study S- typhimurium phoV in further detail, it was subcloned. Hybridizatic

studies (results not shown) revealed that phot was located on an approximateiy 7 kb Cù
fragment of pSTo. This fragment was cloned into the Clal-site of tft" multicopy vectr
pBR322 (6). One of the constructs, designated pST, (Fig. 2), was introduced inio the I
coli phoE mutant strains cVl224 (3s) and cEl24g (14). To determine wherher ,

typhimurium phoE is expressed tn E. coti when present on a multicopy plasmid, ce
envelope pattems of the transformants isolated afrer growth of the cells rïntgn- and lov
phosphate medium werc analysed by sDS-pAGE (Fig. 3). In cell envelopes-of the pst
containing derivative of strain CEI224, a band of the expected molecuiar weighiw:
observed (Fig. 3, lane b). This ba¡rd was not observed after growth of the cells In higl
phosphate medium (lan: u) or in the plasmidless strain (lanes c,d). This protein õr
constitutively expressed in the pST, containing derivative of ttrc phoR strain CÈt2+g ltarf). In Westem blots, the band reacted with a monoclonal antibody raised against the i
colí PhoE (results not shown). These results show that ,S. typhimurium phoE is express€
in E. coli K- 12 when present on a multicopy plasmid. Furthermore, this ðxpression åppear
to be regulated under control of t};re pho regulon.
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fig. 1. Àutoradiogram of a 1* agarose gel. Lanes 1, 2 and 3 cont.ain pST(
dj.gested wit.h EcoRv/HindLÍ.I, trldeIlEcoRV a'îd Ndef /HíndIII. respect.ively. Lane
4 contains pUr,B113 digested with EcoRVl¡lindIII. After electrophoresis, the gel
was denatured, dried and hybridized with a labeled probe as described by Tsac
et a!. (39), As a probe, the 842 bp PstI-BgIII flagnent of pJPzc (7)
containingr most of the -PåoE gene of E, cofi K-12 gras used. The DNÀ fragment
was labeled using lcr - "P]dÀ,TP (3000 Cilnunol, Amersham) and the random-prirne
j-abeling kit (Boehringer, Mannheim). The g:e1 was prehybridized at 60oC for 1

h in 0.258 Protifar (Nutricia N.V., Zoetermeer, the Netherlands), 6 x SSC
(0.15 M NaCl,/O.015 1.4 Na3-citrate pH 7.0). Aft.er adding the probe. the geJ. was
hybridized owernight at 60oC. The gel was washed twice for 15 mín in 6 x SSC
at 60oC and autoradiographed. The position of marker fragments¿ i.e. l, On¡
digested with fljndTIr, are indicated at the right.

Sequence analysis.
The nt sequence of. S. ryphimurium pho0 was determined on both strands (Fig. a)

In E. coli, the genes and operons of. the pho rcgulon contain an apparcntly normal Pribno'¡
box in their promoter rcgions, but no consensus -35 region. Instead, 10 basepain (bp,

upstream of the Pribnow box, a conserved 18 bp element, designated pho box, is founc
(18, 33). Such a pho box can be considered to consist of tv/o direct, 7 bp repeats

separated by 4 bp. Inthe phoA (13) and phoB (19) promoters, this pho box is present onl)
once. In the promoter of the pst operon, a second pho box can be discemed, which ir

located 4 bp upstream of the frrst pho box, and which is essential for the full expressior
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^"airr ,ii.660 tlM K2HPO{ (ranes marked H). cetl- envetopeË werà isotated by differentiacentrifuqation after ultrasonic disintegration of the cerrs (17) and theiprotein paÈterns w-e_r.e anal-ysed by SDS:PAGE, esseniiarry as' aésc.r;J--;Lugtenberg et a-l- (17).' excePt that the gels were supp]-ement.e¿ with 6 M ureaThe gel hras stained with Coomassie-Bril-iiant b1ue. "
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Fig. 4. Nt of S, typhimuriumphoE and deduced aa seqr¡er¡ce. The pseudo-pho' ph
and Pribnow (PB) boxes are indicated. The nt corresponding wit.h the E' col
påoE transcription start point is indicated with a triangle. The translationa
starÈ and stop signafs are boxed, The deduced aa sequence of S. typhimuriu
PhoE is shown below the nt sequence in the one letter code for aa, and i
compared with the corresponding sequences of E, colit E. cToacae and K
pneumoniae, respecLively. In case of t.he J.atter three sequences only residue
that differ from t,hose of S. typltimuriu¡n PhoE are indicated. Residues -2f/-2
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of theprtoperon(18,33).Inthepromoterof the ugpopton(23),3 copies of tbephobo
are present in a direct r€peat. A pho box is also prcsent in the promoter of E. coli phol
In addition, a region located 37 bp upsteam of this pho box is required for efficier
expression (35). This region, called pseudo-phoÐ promoter, contains sequence
homologous to a pho box and a corectly-spaced Pribnow box, but in the reverse
orientation. It is thought that the pseudo-pho box, like the pho box, binds th
transcriptional activator PhoB (35). From all these .8. colí pho boxes, a consensu
sequence for the 7 bp repeats can be deduced (Fig. 5).
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FiS. 5. Comparison of the S. typhimuriun pseudo-pào box with the påo bo:
consensus gequerìce. The upper panel shows the occurrence of the different n,
at each position in 18 different 7 bp repeats of E. coli pào boxes. Frorn thi
panel, a corlsensus sequence for the ? bp repeaÈ is deduced. Beloer t,hi
consensus sequence, the two 7 bp repeats of the pseudo-påo box of S
typhimurium phoE are shown. Capital and sma1l letters indicate identical an
different, nt, respectively.

In the S. ryphimurium phoE promoter, a Pribnow box with identical sequence a

n E. coli phoE, and a correctly-spaced pho box can be disccmed (Fig. a). Furthermon
a pseudo-påoE promoter, consisting of a pho box and a corrËctly-spaced Pribnow box an,

oriented opposite to the direction of transcription, is present. Like in E. coli phoE th
pseudo-phoE promoter is separated from the pho box by a 37 bp, AT-rich strctct
However compared to the consensus E. coli pho box (Fig. 5), there is a notable differencr
Position 2, in both 7 bp repeats, is occupied by a G residue, which is never found at thi
position in the 18 E. coli sequences. Therefore, the presence of these G residues in th
pseudo-plro box might explain the poor cxprcssion of S. typhimuríum PhoE n E. coli.

Fig. 4 also shows the deduced ¿ra sequence of S. ryphimurium PhoE and
comparison of this sequence with the corresponding sequences of E. coli, E. cloacae art



K. pneumoniae.ln contrast to the suggestion based on immunological studies (27) tI
PhoE proteins appear_ to be rcmarkably well conserved, i.e. the hãmology itr tàr., ,
identical aa between the primary sequence of S. typhimuriumphoE and thóse of E. co¡
E- cloacae and K. pneumoniae is 87Vo,857o ands4%o,rcspectively. Only at two position
one in the signal sequence and one in the mature domain, a deletiory'insertion of orr" u
is observed.

The S. ryphimurium PhoE signal peptide contains only 20 aa, insread of the 2
residues observed in the signal peptides of the other PhoE proteins. The hydrophobic con
of signal peptides usually contain a helix-b¡eaking Gly or pro residue fiZl. fn" deletio
in the signal peptide of S. ryphimuriumPhoBremoves ihis Gly Grg. 4). intércstingty, site
di¡ected mutagenesis has been applied to replace the Gly in the signal peptide u:t ø. 

"oPhoE by Ala (20). The mutant precursor wa¡¡ still normally translocated i"rors the inne
membrane, but expression of the mutant protein was drastically reduced. Thus, althoug
it is not yet clear how the mutation affects the expression of E. coli phoE, the absence'a
a Gly in the signal peptide of S. typhimuriumPhoEmay provide an altemarive explanario:
for the poor exprcssion of the protein tn E. cotÍ.

The PhoE proteins of S. ryphimurium and E. coli contain an extra Gln residue a
position 72 of the mature sequences. Although the overall homology between the fou
PhoE proteins is high, four regions can be discemed with much loweihomology @g. a)

According to the postulated topology model, PhoE traverses the oot"r-."-õrun,
16 times and has eight regions located at the cell surface (34,41). The four hypervariablr
regions are all predicted to be cell surface+xposed. Interesting is the remartUty wet
conserved rcgion between aa 90 and 140, which contains the third cell surface-eipor",
region. This region probably corresponds with the "eyelet" in the 3-dimensional structur,
of the Rhodobacter capsulatus porin as determined by Weiss et al. (44, 45) and contain
the Lys residue in position 125 that is very important for the anion-seleciivity of phol
pores (3). Also the other aa reported to contribute to the selectivity of the E. caü phol
pores, i.e. the Lys residues at position 18, 29 and 64 (3) and thðse important for thr
biogenesis of the protein, i.e. Glu (31), Gly (9) and phe (32) at position i, u¿ and 330
respectively, are also conserved n S. typhimuriumphoB

Design of Sølmonella-specific oligos.
The genus Salmonellaconsists of only one species (15), desþated .S. choleraesuis

However, many investigators prefer the name S. entericabecause choleraesuis is also tht
name of a serotyPe (10). The species can be divided into 5 different subspecies namely
subspccies I named enterica, subspecies II named salamae, subspecies III, zubdivided intr
arizonae and diarizonae, subspecies IV named houtenae and subspecies V named bongor
(10). It is not yet clear why certain Salmonella strains are viruleniand therefore all stráinr
should be treated as potential pathogens. However, the Salmonellø strains most likely t(
be pathogenic for humans belong to subspecies I. Strains belonging to subspecies IILc
III are ftequently isolated from the intestinal contents of cold-blooded animats and an
rarely found in warm-blooded animals. Strains belonging to subspecies IV and V an
mainly isolated from the envi¡onment and are rarely pathogeniô for man (15). Thr
classical Salmonella detection methods a¡e slow and laborious. The test for Salmonella ir
food, for instance, uses bacteriological, biochemical and serological procedures and wi¡
tal<e 4-7 days to complete (U). A genetically based procedure like the pCR coulc



potentially increase the rapidity and decrease the labour-intensiveness of the detection.
To determine whether the S. typhimurium phoE nt sequence can be used to develo¡

species-specific DNA probes, two oligos were s¡mthesized based on the hypervariabk
regions where the homology between the different PhoE proteins was the lowest (Fig. 6).
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S. typhimurium

E. COIL

E. cloacae

K. pneumoniae

5' 3t

AGCGCCGCGGTACGGGCGAÎAAA + ST5

AaaGCCGtGGcAC aGGCaAgc gt

tGgcgCGtGGTcaGGGCcAgAÃ.4

tGgcCCGCGGccaGGGtt c gAAÀ

5' 3r
ATCATCGTCATTAÀTGCCTAACGT --+ STSC

AatATCaTCATTAt Taat att Caa

AatATCaTCacTgcTt aCgccCag

gat gTCGTCATcgtTGatgccgag

Fig. 6. Comparison of the DNA sequences of ¿he .9. typhimuriwn oligos with thr
corresponding sequences of the påoE genes of E. coli K-!2, E, cToacae and K
pneumoniae. The oligos named ST5 and ST8c, are based on the DNA sequence:
encoding the fifth and eight.h surface-e:<posed regrions of the PhoE protein¡
respectiwely. Capital- and smal1 letters indicate nt identical and different
Eo S. typhimurium phoÛ nL, respectively. ST5 is based on the non-coding DNi
strand, whereas STBc is based on the coding DNA strand. OLigos wer(
synthesized in a Applied Biosystem 381 A DNÀ-synthesizer.

Oligos ST5 and STSc were based on DNA sequences encoding the fifth- and eightl
surface-exposed regions of PhoE, respectively. They conespond to segments of the non
coding-and the coding DNA strands, rcspectively, so that they can be used in PCRs. Wher
the primers recognize their complementary sequences, a 365 bp DNA fragment should br

amplified that can be detected by electrophoresis on agarose gels. To test whether thr

developed oligos are specific, both their sensitivity and their selectivity have to be tested
In the sensitivity assay, the capacity of the primers to recognize differcnt Salmonellt
strains is tested, Ìvhereas in the selectivity assay the ability to discriminate betweet
Salmonella and non-'S¿/nronella strains is tested.

The sensitivity of the primers was tested on 130 Salmonella strains all of differen
serotypes, including 96 srains belonging to subspecies I, 18 strains belonging tr

subspecies II, 13 strains belonging to subspecies III, one strain belonging to subspecie
IV and two strains belonging to subspecies V. In addition, strain SJ2353 (26), on whicl
sequence the primers are based, and two S. enteritidis strains phage type 4, one isolater
from a human and one from a chicken source, ìilere tested (except for strain SJ2353 al

strains were provided by \M. Jansen, National Institute for Public Health anl

Environmental Protection, Bilthoven, The Netherlands). An example of a PCR analysi
is shown in Fig. 7. V/ith one exception, from all 133 Salmonella tested strains th,

expected 365 bp DNA fragment was amplified. Tl;re Salmonella stratn that was not



subspecies I

123
il

45
IVilt V C. freundii

8 9 10

36s bp

Fig. 7 Analysis of PcR products on a 1t agarose geI. r,ane !, s, typhjmurir:
LT2 strain s.12353,' lanes 2 and 3, ,s, e¡teritidis strains phage type ï isolatefrom a human and a chicken source, respectivery; lane 4, s. zeisL; rane 5, sbulawayo; lane 6, unnamed Sa.LmoneJ.Ìa; Iane 7,.9. wassenaari lane g, SbrookfieLd; .l-ane 9, s. malawi; lane rot cit.robacter freundii previousty name
Sal,moneTTa ba77erup. The subspecies to which the Salmonella strains be1õng arindicated. strains were grown owernight at 3?oc in 1 ml L-broth (39). ierl
were harvested by centrifugat.ion, resuspended in L00 p1 demineralized wateand boiled for 5 min. cell debris was removed by 2'min centrifugation a14.000 x g. PcR amplifieat.ions were performed on 5 lrr sampleã of thsupernatant fraction by using'a DNA thermal cycler (pHc-1r'New Brunswj_ck plc.
fnt. ) . One unit of ?ag-pollrmerase (Promega, Madison) was used. as recorunãnde
by t.he manufacturer except that. RNAse (Boehringer, Germany) was added tofinar concentration of 2Q pg/ml and the tot.ar volume was Jdjusted to 25 pÌ
A total of 25 PCR cycles rúas run under the following conditioás: denaturatio
at 94oc for 1 min, primer annearing at 45oc for 2 min and DNA extension a'l2oc for 2 min but 7 min in the last cycle. of the pcR products, s pr samprewere analysed on the gels.

recognized by the primers, belongs to subspecies V serovar Brooffield.
The selectivity of the primers was tested on 14 different non-Salmonella strain

belonging to the Enterobacteriaceae being E. coli K-12 strain CEl195 (37), Citrobacte
freundii, Edwardsiella tarda, Enterobacter aerogenes, E. cloacae, K. pneumoniat
Providencia stuartií, Proteus mirabilis, Serratia nurcescens, Shigella boydii and Shigelt
flexneri described previously (Il), Citrobacter freundii typ Batlerup, Erwinia herbicol
and Yersinia enterocolit¡cø, (provided by W. Jansen) and Cítrobacter diversus (provide
by J. van der Plas, division for Nutrition and Food Research rNO, Zeist, Th
Netherlands). With none of these strains, a DNA segment was amplified in the pCRs (dat
not shov/n). Also the four tested non-Enterobacteriaceae, i.e. Aeromonas hydrophik
Bacillus cereus, Pseudomonas aerugínosd and staphylococcus aureus, all from ou



laboratory stocks, rvere not recognized by the primers (data not shown).
Apparently, the two selected oligos form an excellent primer-couple with higt

specificiry for the detection and identi.fication of Salmonella by PCR.

CONCLUSIONS.

1. The localizations of phoEon the chromosomal maps of s. typhimurium and E. co¡
K-12 are identical.

2. S. typhímurium PltoE was only detected n E. colí K-12 when expressed from a

multicopy plasmid. The poor expression of the .S. typhímurium phoî gene in E. coli
K-tZ may be due to aberrancies in the pseudo-pfto box and/or the absence of a Gly
residue in the signal sequence of the protein.

3. S. typhímuriumPhoE is structurally closely related to the E. coli protein and to the
other general porins of E. coli.

4. Two oligos, based on the fifth and eighth surface-exposed regions of s.
typhimurium PhoE, are specific for Salmonel/¿ in PCR.
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Chøpter 5

cHARAcrERIzarroN oF TrrE cítrobacterfreundíí phoï GENE aND DEvELo.
MENT OF C. freundíîSpECIFIC OLTGONúCLEOúDES

Gonnie spierings, corrine ockhuijsen, Harmen Hofstra and.lan Tommassen

STJMMARY

The phoE gene of cítrobacter freundíí, encoding a pore-forming oute
membrane protein, was cloned and its nucleotide r"q,ruñ"" was determ¡nã¿. 1,n
homologies in terms of identical amino acids between itr" c. freundíi phop proÀir
and those or E. colí, E. croacae and K. pneumonía¿ are 9ovo, E6vo unå, gqvo
respectively. Two synthetic oligonucleotides, comesponding to hypervariable, cel
surface-exposed regions of the protein, were tested foi their Jpecinõiiy in potymáras,
chain reactions. They were specific for the species c. ¡reunàií, i.e. no 

"ô."iior, 
,o"detected with 35 non-c. freundíí strains tìsted, incluaing 17 salmon"tta, w:,

Cítrobacter amalonatìc¿s and thtee Cítrobacter díversus strains, whereas all five c
freundíí strains tested vpere correctly recognized.



INTRODUCTION

In the current classification, the genus Citrobacter is divided into three species, i.t
Citrobacter freundii, Cítrobacter amalonaticus and Cítrobacter diversus (12). However
it is also known that considerable heterogeneity exists within the species and suggestion
have been made to reexamine the classification (3). Although C. freundii is normall
considered as a common non-pathogenic inhabitant of the human intestine, repoÍs on C

freundíi as a possible cause of diarrhoea and of extraintestinal infections have bee
published (5, 6). Already in 1940 the organism, originally designated Salmonell,
ballerup, \ryas connected with a severe case of gastritis (8). This, and the fact that C

freundii strains that ferment lactose slowly, arc often misidentified as Salmonella stratn
(12), makes the correct identification of C. freundii not only of importance in the resea¡cl
laboratory but also in clinical diagnostics and in the food industry.

Recently, we have shown that species-specific DNA probes can be developeci
based on the phoU genes of different Enterobacteriaceae (15-18). \\e phoE gene encode
a pore-forming outer membrane protein, the synthesis of which is induced unde
phosphate-limitation. According to a topology model, the polypeptide traverses the oute
membrane 16 times, mostly as amphipathic ß-strands, thereby exposing eight areas at th,
cell surface (19,24). Comparison of the primary structures of PhoE proteins of differen
Enterobacteriaceae revealed four hypervariable regions, all corresponding to predicted cel
surface-exposed domains, wheteas the membrane-sparuring regions were found to b,

highly conseryed (23). By using DNA sequences encoding these hypervariable, surface
exposed regions, we succesfully developed E. colilshigella (16, l7), Klebsieilr
pneumoniae (17, 18) and Salmonella (L5) -specific probes. In this study, we have cloner
and determined the nucleotide sequence of the C. freundii phoE gene and we hav,
evaluated the speci-ficity of a polymerase chain reaction (PCR) using primers based on thi
gene.

MATERIALS AND METHODS

Bacterial strains, plasmids and growth conditions.
The E. coli strains used were lvD(R containing plasmid pULB113 (25), strair

CEI226, containing as relevant markers A, QtroB-proA-phoÐ-gpt), phoS, recA, hsdR, hsdlv
(26) and strain CE1195 (21). Citrobacter strains used were C. arnalonaticr¿s strains ATC(
25405 and25406,C. diversus strainsATCC 27156,29936arñ27Ù28,aC.freundüisolatr
described earlier (7) and now designated C81345 and ATCC strains 8454, 8090, 29935
6750 and 10625. The latter strain has previously been described as S. ballerup. The ATC(
strains were obtained via the Phabagen Collection, Netherlands Culture Collections o
Microorganisms, Utrecht, The Netherlands. Other enterobacterial strains used wen
Edwardsiella tarda, Enterobacter cloacae, Klebsiella pneumoniae, Proteus vulgaris
Providencia stuartíi and Serrarta marcescens, all described previously (7), Salmonellt
typhimurium strain SJ2353 (14) and, Erwinia herbicola, Yersinia enterocolitic¿ and lr
Salmonella strains with differcnt serotypes, including 9, 2, 2, t arß 2 strains belonging tr
subspecies I-V, respectively (all provided by the National Institute for Public Health anr
Envi¡onmental Protection, Bilthoven, The Netherlands). The non-enterobacterial strain



used, i.e- Aeromonas hydrophíIa, Bacitlus cereusj Pseudomonas aeruginosa a
staplrylococcus aureus, were from our laboratory stocla. The Rp4::mini úu phsm
pULBI 13 (25) and pBR322 (2) were used as vectors for cloning the C. ¡euniri pnt
gene.

strains u/ere grown ovemight at 37oc under aeration in L-broth (22). whe
necessary, the following antibiotic concentrations were added: ampicillin (Ap) á0 pg/n
kanamycin (Km) 50 pg/ml, rifampicin (RiÐ 100 Fg/ml,,t "pto*y"ìr, 

(Sm) 10ï ¡rgmi,tetracycline (Tc) 10 pg/ml.

Genetic techniques.
Matings betweendonor strains carrying RPo-derived plasmids and recipient strai¡

were performed as described (25). Preparation, restriction erizyme analysis anà ügation ,

plasmid DNA were performed as described by Maniatis àt at. (tO). Ttre nuãbotid,
sequence was determined by the dideoxynucleotide chain-termination method (13) and tt
reactions were carried out on either single-stranded or NaOH denatured double-strande
DNA templates using the T7 sequencingru kit (pharmacia, sweden).

Isolation and characterization of cell envelopes.
Cell enveloPes were isolated by differential centrifugation after ultrasonic disir

tegration of the cells (9). The protein pattenu¡ were analysed by sod.ium dodecyl sulphar
(SDS)-polyacrylamide gel electrophoresis (9) using gels 

"otrt"ioitrg 
6M urca. w"rt"- ut,

analysis was performed as described (1).

Synthesis of the oligonucleotides and pCR conditions.
Oligonucleotides were automatically synthesized on an Applied Biosystem 3g1 ,DNA synthesizer. PCRs were performed as described earliei (lB), exclpt that th

following conditions were used: denatu¡ation atg4c for L min, primer anneatLg at Ss;r
for 2 min and DNA extension at 72"c for 2 min, but for z min-in the last cyclã.

Enterotubes.
Enterotubes II Roche (Hoffmann-La Roche, Basle, switzerland) were used a

described by the manufacturer.

RESI.'LTS AND DISCUSSION

Cloning of the C. freundíí phoV gene.
rn E. coli K-12, the phoE gene is located in the vicinity of the proA and, prot

genes (20). By using an in vivo-cloning procedure with RP4::mini Mu plasmid pWãf r
(25), the corresponding region of the C. freundíí genome was transferred to E. ioti K-lt
Plasmid pul-Bll3, which renders cells resistant to the antibiotics Ap, Kn, and rc, wa
transferred to a spontaneous Rjf resistant derivative of C. freundli strain CE1345 b
conjugation with donor strain lvD(R. One Kn and Rif-resistant transconjugant wa
subsequently used as a donor strain in a mating with pfto.S recA strain CniZãO as tt¡
recipient. The latter host contains a proA-proB-phoE-gpt deletion and is resistant to th
antibiotic Sm due to an rpsL mutation. One of the Sm resistant pro* transconjugantr



carrying an R' plasmid designated pCFo, was further analysed. Cell envelope proteins o
strains æ,1226 and its pCFo conøining derivative, were analysed by SDS-PAGE. The cel
envelope protein pattem of the transconjugant revealed the presence of an extra proteit
of the expected apparent molecular weight that reacted with a monoclonal antibody raiser
against the E. coli K-12 PhoE on westem blots (data not shown). Apparently pcF
contains the C. freundíí phoÛ gene and this gene is normally expressed n E. colí K-12

To study the C. freundii phoÛ gene in further detail, an approximately 5 kb Cla
fragment containing the gene was subcloned from pCFo into the C/¿I-site of the multicop'
vector pBR322. One of the contructs, designared pCF, is depicted in Fig. 1.

EcoRI Clal

ËcoRI

FcoRV

Fig. 1. Restriction maP of plasmid pCFr. The pBR322 vector is indicat,ed by th(
shaded segment. The location and dj-rection of transcription of the C. freundj:
påoE gene are indicated by the arrow. Map units are in kb.

Sequence analysis.
The nucleotide sequence of the phoE gene of C. freundü, which was determiner

entirely on both strands, and the deduced amino acid sequence of the protein are showr
in Fig. 2. The protein is synthesized as a precursor composed of a signal peptide and ¡

mature domain of 21 and 330 amino acid residues, respectively. Tlig PhoE proteins o

EcoRV
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îiq. 2. Nucleotide sequence of the c. freundii pàoE gene and deduced amin<ecid sequence. The deduced amino acid sequence o:f C. ïreundü phoE is showrberow the nucteotide sequence in the one I;tter code for amino acÍds. Residues-2L Lo -1 represent..t.he signar sequence. The arrow indicate" t¡"--"1ð"":PePtidase cleavage. site. The regio;s eríth }ow f,"ìof"gy bet,ereen the phoEproteins of E' col-i, E, croacae ãnd r, pneumonia; izs)' "." underrined ancnumbered r-rv. sequences have been submifted to tne Ë¡õ¿ Data Library ,_rrrã.,accessi.on number X6802L.



different members of the family Enterobacteriaceae appear to be remarkably wel
conseryed, i.e. the homologies in terms of identical amino acids between the PhoE of C
freundii and those of E. coli [1U, E. cloacae (23) and K. pneumoniae (23) arc 90Vo,86%.
and MVo, respectively. Previous studies on the PhoE proteins of differenr
Enterobacteriaceae showed that most sequence variations are concentrated in foul
hypervariable regions which are all predicted to be cell surface-exposed (23). Also in case

of tlae C.freundiiPlroE,, most differcnces with the other PhoE proteins occur in these four
hypervariable regions (not shown).

Design of C. freundíí-specific oligonucleotides.
To develop a C. freundiËspecific PCR, two oligonucleotides were synthesized

based on DNA encoding parts of the hypervariable fifth and eighth cell surface-exposed
regions, respectively (Ftg. 3). Oligonucleotide CF5, corresponds to amino acids 194-200
whereas CF8c, corrcsponds to amino acids 314-321. When the primers correctly recognize
their complementary sequences on a template, a387 basepain DNA fragment is expected
to be amplified in PCRs, which can be detected when the PCR products are analysed by
electrophoresis on agarose gels.

C. freundii

S. typhimurium

E. coli

E. cJ-oacae

K. pneumoniae

C. freundii

S. typhimurium

E. coli

E. cl-oacae

K. pneumoniae

s', 3'
CCÄÀCCAÀ,CAGA.ê.TCT GCAå,ACGC

CCÀ99 gAgCÀa-AATC TGCA9cAcC

CCAI\C gAgCÀGAAcC T GCÀ.AAgcC

CCAÀ.CAcACÀ'GÀÀcCT GCt ggcGC

CCAÀC gAt CAGAÀ'CC TGCt g gC cC

5' 3'
CGATATCATCÀTTGTTGATGCCCAG

CaATATCATCqTcaTTaATGCCtAa

C a.A.TÀTCAT CAT T aT T aÄ,T atI CAa

CaÀTATCATCgcTGcTtACGCCCAG

CGÀT gTCATCATcGTTGATGCCgAG

--) CF52

-+ CFBC2

Fig. 3. Comparison of the DNA sequences of the C. freundii oligos with th(
corresponding sequences of the pl¡oE genes of E. coJ.i K-Lz, E. cloacae and K,
pneumoniae. Capital and smal.I J.etters indicate nucleotides ident.ical to an(
different from the C, fteundíi påo,E nucleotides, respectively. CF5, is base(
on the noncoding DNA strand. whereas CF8c, is based on the coding strand.

The selectivity of the probs was tested on 35 non-C. freundii strains of which 3l
belonged to the family of Enterobacærtaceae (see Material and Methods). Vlith thesr

strains which included 17 Salmonella,two C. amalonaticus and three C. diversus strains
no amplified product could be detected (for examples, see Fig. 4). In contrast, five out o
stx C. freundii strains tested, i.e., CE1345 and ATCC 8090, 29935 , 6750 and 10625 wen



t
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Fig. 4. Anatysis of pcRproducts usingprimer-coup.r.e cF52/cFgcron a 1t agarorgeI. Lane !. c. freundji st,rain cs13-45; tane z.^ð. *áinai¡ ATCC 8090; ra¡3, c. freundji ATcc 299,3s¡ rane 4, c. freundii aicc a¿s¿i,. r.ane 5, c. freund:ATCC 6750; lane 6, C. freundiì ATCC 10628; fane Zr- C.--ì^"lon^ti"""-erõõ-ãlii,' lane 8, c. diwersus ATCC 27L56¡ lane 9, s. typniÃuti,- s.rzsss; r;""-rõ,'ìcoli straín C81195-

correctly recognized by the primers and showed ampliñcation of the 3g7 basepai
fragment (Fig. a). However, the primers failed to recognize strain ATCC g454. When tt
latter strain was charactenzed biochemically by using the Enterotube system, it wi
identified as Salmonell¿ in contrast to the former strins, which werc idlntified as (
freundii. Furthermore, when the six strains were tested in a Salmonel/ø-specific fèi
using primers based on DNA sequences encoding parts of cell surface-exporàa ."gion, i
the s- typhímurium ompA protein (17), strain arcc M54 was the onþ strain tiat wa
recognized by the Salmonella-specifrc primers (Fig. 5). These results strongly suggest th;

387 bp ---r

285 bp ---r

rig. 5. Analysìs of PcR products usi.ng the salmoneJ.ra-specific primer-couorrsrl/sr3c on a 1t as^arose ger. Lane i, s. typniÃ"rl;-s;-ãã;f;-i;;ä"åfreundii strain cE134_5; rane 3, c, f¡eundii-Árcc aogo; rane 4, c. rr"-""ai.ATCC 29935; Iane 5. C. freundìj ATCC g4S-4?; f""å e,-ô'. freundij orCC 6ZSO,lane 7, c. îteundii ATcc 10625; lane g, c. antalon.i¡"1-, ATcc 25405,. lane 9C. diversus ATCC 27156; lane LOr E. co_li strain CnfigS. 
----- ¿ê¡¡E ',

the tested strain ATCC 8454 is in fact a Salmonella strain and not a C . freu¿d¡i strain. Tht
fact that C. lreundü strain ATCC 10625, which has previously been described as ¿

bethesdalballerup, is normally recognized by primer-coupte cFsr/cFgc, is in ugr""-rn,

'lþAw û-* t",



with the conclusion of Crosa et al. that there is no re¿uion to distinguish the bethesda
group from C. freundü solely on the basis of slow lactose fermentation (4).

In conclusion, by using DNA sequences encoding tv/o different cell surface-
exposed regions of the C. freundii PhoE, a primer-couple is developed that is specific for
the species C. freundü. The developed PCR will be of great help in rhe cor¡ecr
identification of. C. freundií strains, especially in discriminating between the slow lactose
fermenting strains and the Salmonellae.
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Chøpter 6

IDENTTIücarroN oF Klcbsíella pneumoníae By DNA HyBRrDrzarroN a¡
FATTY ACID ANALYSIS

Gonníe spierings, Albert van sffiout, Harmen Hofstra and ran Tommassen

SUMMARY

On the basis of the idea that DNA sequences encoding cell surface-expos(
regions of outer membrane proteins are genus or species specific, two oligonuclät¡r
probes' which were based on the PhoE protein of K. pneimoníae were e-valuated.l
slot'blot hybridizations and in polymerase chain reactions, no cross-hybridizatior
were observed with non-Klehsiell¿ strains. When the probes were tested on ,

different K antigen reference Klebsíelb strains, 16 strains were not recognizr
although they did produce PhoE protein under phosphate-starvation. To deteimir
whether these 16 strains belong to (a) different species, the reference strains we
also tested for their ability to produce indole and to grow at 10"C and their whot
cell fatty acid patterns were analysed by gas chromaiography. A strong correlatir
was observed between (i) reaction with the probes 1ii¡ inãUiùty to produce indole, (ii
inability to grow at 10oc and (iv) presence of the hydroxylated fatty acid cro,o.ro
From these results we conclude that the two oligonucleotides are specinc fõr tì
species K. pneumoniøe. Furthermore' analysis of fatty acid patterns appears to be
useful tool to distinguish K. pneumoniac rrom other Ktebsielb species. 

-



INTRODUCTION

The genus Klebsíella consists of four species, i.e. K. pneumoníae (with subspecie
pneumoniae, ozaenae and rhinoscleromatis), K. orytoca, K. planticola and K. turrtgent
(12). Although the present definition of the genus is confined to nonmotile st¡ains
proposals have been made to transfer Enterobacter aerogenes to the genus as K. mobili,
(2,5). The current classification of Kkbsiel/¿ strains into the different species is based or
their biochemical properties. The results of these assays are in many cases difficult tr
interpret. For instance, ther€ is no key discriminatory test to differentiate the indole
negative K. planticola strains from K. pneumoniøe (1). A genetically based procedure likr
the polymerase chain rcaction (PCR) could potentially increase the precision and thr
rapidity and decrease the labour-intensiveness of the identification.

The first step in the development of such an identification system is the selectior
of species-specific oligonucleotide probes. Recently, we have shown that DNA sequencel
encoding surface-exposed regions of outer membrane proteins can be used as specifir
probes (L6). T\e phoE gene of members of the family Enterobacteriaceae encodes a porc
forming outer membrane protein which is induced when the bacteria are grown unde:
phosphate-limitation (14). According to the proposed topology model, the polypeptidt
traverses tho outer membrane 16 times in an antiparallel ß-sheet structure, thereb¡
exposing eight areas at the cell surface (17,22). Comparison of the primary structurcs o
different PhoE proteins rcvealed four hypervariable regions, all of which predicted to br
cell surface-exposed, whercas the membrane-spanning regions were found to be highl¡
conserved (21).

In this study, we have evaluated the potentiâl of two oligonucleotide probes, basec
on the p ho E gene of K. pne umoníae, to discriminate between different Kl e bsiella species
The sensitiviry of the probes was tested on the K antigen reference strains described b¡
Ørskov and Ørskov (13). The capsular polysaccharide, or K antigen, is most commonl¡
used for serological typing of Klebsíella strains. The (ack of) reaction of the probes war
correlated to species classification by testing the ability of the strains to produce indolt
and testing their growth at 10"C. K. pneumon¿¿¿ strains are negative in the indole test aff
are the oríy Klebsiel/¿ strains inable to grow at 10oC (12). As an independent method, th(
fatty acid content of the strains was analysed by gas-liquid chromatography, which is alsr
considered as a powerñrll approach to differentiate between bacterial species (6).

MATERIALS AND METHODS

Bacterial strains and growth conditions.
Escherichia coliK-12 strain CEl194, which ca¡ries a ch¡omosomalphoB deletior

and its phoE+ derivative C81195 (19) and strain K10 (CGSC4234) (18) have beer
described elsewhere. Other enterobacte¡ial strains used were Citobacter freundii
Edwardsiella tarda, Enterobøcter aerogenes, Enterobacter cloacae, Klebsiell¿
pneumoniae, Providencia stuartü, Proteus mirabilís, Salmonella braenderup, Salmonellt
derby, Salmonella panarna, Serratia mnrcescens, Shigella flexnerí, Shigella boydíi, aL

described by Hofstra and Danken (4) and Salmonella typhimurium strain SJ2353 describec
by Sato and Yura (15). Of the 77 different K antigen reference strains described b¡



Ørskov and Ørskov (13),7! (missing K6 and K49) were kindty provided by w. Jans
at the National Institute for Public Health and Envi¡onmentat proìection in Biíthoven (T
Netherlands). The non-enterobacterial strains used, i.e. Aeromonas hydrophita, aac)¡tt
cereus, Pseudomonas aeruginosa, Sarcínaflava and Staphylococcus aureus were from o
laboratory stocks.

Unless mentioned otherwise, strains were grown ovemight at 37"C under aeratir
in L-broth (20). When strains \¡/ere gro\iln at 10"Ó, incubatioriwas continued for 4g h

Isolation and characterization of cell envelopes.
Strains \ryere glown ovemight at 37"C under aeration in a med.ium (7) in whir

the phosphate concentration is limiting for growth. phosphate-replete 
"orràiiiorr, 

*"
obtained by supplementing the medium with 660 ¡rM lqHpo.. cell e.rrr"lopes *"
isolated by differential centrifugation after ultrasonic disiniegration of the ceUs 1A¡. nprotein panems were analysed by sDS-polyacrylamide gel electrophoresis (g) *il'g g"
containing 6M urea.

Indole reaction.
Indole tesrs were performed as described by Frobisher (3).

Synthesis and labeling of the oligonucleotides.
Oligonucleotides were automatically synthesized on a Biosearch g600 DN,

synthesizer. When used in hybridization assays, 
^the 

oligomers were labeled by th
enzymatically catalized rransfer of 3þ from [fzp]ATp (3000 Cilmmol; Amersha¡
Intemational) with 14 polynucleotide kinase (pharmacia, uppsala), according to th
procedure described by Maniatis et al. (9).

DNA hybridizations and pCR-assays.

Slot-blot hybridization as,sals were performed as described previously (16), exce¡
that the incubation temperature during (pre)hybridization and washings *us-6à"ó'in.teu
of 60"C. DNA samples to be used in PCRs were isolated from I ml ovemight cei
cultures. Cells were harvested by centriñrgation, resuspended in 100 pl deminãrafize
water, and boiled for 5 min. Celldebris was removed by a 2 tn.rr. centrifugatio" ,,"p ,
14.000xg. PCR amplifications were performed on 5 pl samples of the superriatant fra"iio,
by using a DNA-thermal cycler (pHc-l, New Brunswick plc. Int.). one w,tt Taq
polymerase (Promega, Madison, Wis.) was used as described by the manufacturer excep
that RNase (Boehringer Mannheim, Germany) was added to u firr¿ concentration of 2l
Fgtnl and the total volume was adjusted to 25 pl. A total of 25 pCR cycli was run unde
the following conditions: denatu¡ation at g4oc for I min, primer annealing at 45"C for I
min and DNA extension at 72"C for 2 rnlrr, but for 5 min in the last cyctJ. Or the pCR
products, l0 pl samples ïvefe analysed by electrophoresis on 170 agarose gels.

GasJiquid chromatographic-analysis of fatty acids.
For analysis of fatty acid pattems bacteria were harvested after growth for Z4Iat 3'l"c on Trypticase soy brorh (BBL Microbiology systems, cocieysville, Md.)

solidified with l.SVo agar. Whole-cell fatty acids were anatysãd as fany acia"mettryi esters
Fatry acid methyl ester extracts were made by the techniques described by lv[iller anc



Berger (10). They were analysed by high performance capillary gas-liquid chromatograph¡
using the MIDI Microbial Identification System (Microbial ID, Inc. Newark, Del.). Thr
system configuration contained a Hewlett-Packard HP 5890 A gas chromatograph witl
autosampler and was equipped with a 25-m Ultra 2 column and a flame ionizatio¡
detector. The system was completed with a HP9000 series 300 computer system fo:

analysis control, data acquisition and data evaluation, using the MIDI libary generatin¡

software.

RESIJLTS

"fhe phoV gene of K. pneumoniae has been cloned and sequenced previously (21)
Comparison of the DNA sequences of the phoE genes of K. pneumoniae, E. cloacae an<

E. coli revealed four hypervariable regions, corrcsponding to cell surface-expose<

segments of the PhoE proteins (21). The hypervariable regions where the homolog¡
between the proteins was the lowest were chosen for two oligonucleotide probes. Probel
KP5 and KPSc were based on DNA sequences encoding the fifth and the eighth surface
exposed region of PhoE, resp€ctively Gig. 1). They correspond to segments of th(

s'eeec cccrcccACAcccAAccc13'5'tcccccccccccAcccrrccAAA3' Kp5
5'tccccccrccrcAcc,cccR6¡çq:'

s'RRtRtcRTCATTATTAATATTcAA3'
s'cRtctccrcATccrrcATccccAc3' KpSc
s'retRtcATCccrccrrAcccccAc3'

Eig. 1. Comparison of the DNA sequetrces of the Klebsiella probes wit,h thr
corresponding sequences of the påoE grenes of E. coti and E. eToacae. KP5 ir
based on the DNA complementary to the sequence encoding the fifth and KPSC ir
based on the DNA sequence encoding the eighth surface-exposed region of t,hr
phoE gene of K. pneumoniae, respectively.

noncoding and the coding DNA strands, respectively, so that they can be used in PCRs
An ideal DNA probe has to be both sensitive and selective, i.e. it has to recognize al

strains and serotypes of a certain taxon, but it should not cross-react with other bacteria
These conditions were tested in hybridization and PCR assays.

Sensitivity assays.
The capacity of the probes to recognize different Klebsiella strains was tested or

75 of the 77 K antigen reference strains (13). The strains a¡e named Kl to K82; K73 an

K75 to K78 have been eliminated because of misdiagnosis and overlapping (13). Strain
K6 and K49 were lost from our collection. The probes werc tested on these strains in slot

blot hybridization assays. An example of an autoradiogram is shown in Fig. 2. Bot

E. coli
K. pneuntoniae
E. cloacae
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K. ptteumoniae
E. cloacae
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Kpn

q I :Ig!-blot hybridizarion using probe KpS. TheKTebsieTLa K antigen reference stiains. The E, coLK,pn is an unserotyped K, pneumoniae strain, Lhe påo
sequenced prewiously (21). The probes were baseã o

prot)es reacted with 59 out of the 75 strains and each of them failed to recognize lr
strains, which \¡/ere the same strains in both cases. The probes were designed in such
way that they could also be used as primers in PCRS. When the primers recognize thei
complementary sequences, a 368 basepairs DNA fragment will be amplified *hi"h ",be detected when the PCR products are analysed by electrophoresis on-agarose gels. Ar
example of such an analysis is shown in Fig. 3. The expected amplified fragmint wa,
observed in the same 59 strains that reacted positively in the slot-blot hybridization assays
whereas the remaining strains again were negative (Table 1).

Selectivity assays.
To test the selectivity of the probes, the 14 different non-Klebsie//a strain:

belonging to the Enterobacteríaceae and 5 non-Enterobacteriaceae strains, mentioned ir
Material and Methods v¡e¡e tested in slot-blot hybridizations. The results of probe Kpg<
have been published earlier (16), and showed that only the K. pneumoniae strain fron
which the phoE nucleotide sequence was established was recognized. Similar results wen
found when KP5 was used as probe or when KP5 and KPSc were used together in pCRr
(data not shown).
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Fig. 3. Analysis of PCR products on a 1t agarose gel. The K strains are
different KLebsieTTa K antigen reference strains, The E, col.j st¡ain uged was
C81195. K.pn is an unserotl¡ped K. pneumoniae strain, the plroE gene of whict
has been sequenced previousJ-y (21). The probes were based on this sequence.
Demi means demineralized water was used as substrate.

Expression ofthe phoU genes.
The two probes tumed out to be selective, since they did not recognize any other

strains except Klebsiella, but when tested on thei¡ sensitivity, they failed to recognize 1(
out of 75 Klebsiella strains, i.e. K5, K26,1<29, K35, K41, K44, K59, K65 to K70,K72
K74 and K79. To test whether these strains contain a phoî gene, a number of them were
grown under high- and low-phosphate conditions and their cell envelope protein patterru
were analysed. Fig. 4 shows that all tested KreåJi¿l/¿ strains induced a membrane proteir
of the expected apparent molecular weight when grown under low-phosphate conditions
Of the strains tested K26, l<29,K4, K59 and K65 did not rcact with the probes. The
DNA sequence of their phoE genes must therefore differ from those of strains recognizec
by the probes.

Species classification reactions.
To determine whether the differcnt rcactions with the DNA probes can tx

correlated to differences at the species level, more information about the 75 Rlebsiellc
strains was necessary. Therefore, the strains were tested for their ability to produce indok
and to grow at 10"C (Table 1). Strains that are positive in the indole test belong either tc
the species K. orytoca or K. planticola and of the different Klebsiella species only K
pneumoniae is not able to gro\il at 10oC (12). All strains found to produce indole, bein¡
K26, }K29, K4t, K4/., K66, K70, K72 and K74, were not recognized by the probes
Furthermore, we found a stfong correlation between positive results in the probe assayr

and no or F)or growth at 10oC (Table 1). The strains that gave negative rcsults in thr
probe assays, on the other hand, could all grow at 10"C, except for strains K5 and K7(
which showed no and poor growth, respectively.
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TABLE 1: Characteristics of the Klebsíetta strains

strain PCR
results

growth at
100c.

indole
production

pfesence
of fatry

acid
C,or-ro"

ll r. pneumonrae'

ll*,
ll xz
ll r¡
ll r¿
ll rs
ll rz
ll rs
ll rq
ll rro
ll nr
I lr^tz
I rr¡
Irr¿
I rrs
lrro
I rrz
I rrs
lru
I K20

K2T
K22
t<23
l<2,1

t<25
K26
K27
K28
K29
K30
K31
K,32
K33
I(34
K35

+
+
+
+

+
+
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+
+
+
+
+
+
+
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+
+
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+
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+
+
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TABLE 1: Characteristics of the Klebsielh strains

strain
PCR

results
growh at

10"c'
indole

production
presence
of fatty

acid
Cro"-ro"

K36
K37
K38
K39
K40
K41
K42
K43
K4
K45
K46
K47
K48
K50
K51
K52
K53
K54
K55
K56
K57
K58
K59
K60
K61
K62
K63
K64
K65
K66
K67
K68
K69
K70

+
+
+
+
+

+
+

+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+

+l-

++
+l-
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#
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;
#
#
#
#
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+
+
+
+
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+
+

+
+
+
+
+
+
+
+
+
+
+
+
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+
+
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TABLE 1: Characteristics of the Klebsiellø strains

PCR
results

growth at
100c"

indole
production

Presence
of fatty

acid
Cror-rot

K7l
K72
K74
K79
K80
K81
K82

+

;
+
+

#
+
+
+l-

+/-

+
+

+

;
+
+

" symbols: Optical density waLues at l, = 660 nm afÈer 4g h
*t_
++b K. pneuno¡iae is

sequenced (21) .

oD < 0.1
0.L < oD < 0.5
oD>1
an unserotl¡ped st,rain. the pÌ¡oE gene of which has beenThe probes were based on thil seq,ience.

Gasliquid chromatographic analysis of fatty acids.
The analysis of fatty acid content has been propagated for the identification o

bacterial species (6) but has, to our knowledge, never beinused to differentiate betweer
differpnt Klebsiella s¡recies. Therefore, as a totally independent determination method, thr

'sì¡ 
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K65Kpn K26 K29 R44 K59

ffi:$Hffi*Iu
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Fig. 4- sDS-polyacryramide ge1 erectrophoresis patterns of cer-l enveroprproteins of Kfebsier.l,a strains either grgwn.under tigt- (H) or r"*-ptã"lrr"[o(L) conditions. The phoE proteins are indicated wíth asterists. ^onif -irre
relevant part of the ge1 is shown.



fany acid methyl esters of the isolated phospholipids of the 75 Klebsíella strains were
analysed. The most contmon fatty acids found in all the Klebsiella strains were C,"o
(34Vo), Crzo"y"ro Ç4Vo) and C1a. (9Vo).T}¡re major hydroxylated fatty acid found was C,o.o.

,o, (27o). Interestingly, only those Klebsiella strains that were recognized by the probes
contained this hydroxylated fatty acid whereas the strains which werÞ not recognized by
the probes did not (Table 1). The only exception is strain K5, which, although negative
in the probe assays, contains fatty acid C,o,o_ro". Strain K60, which is positive in the probe
¿uisays, does contain fatty acid C,o*ror, albeit at a lower level (l%o).

DISCUSSION

The two Klebsíella probes evaluated in this study $,er€ found to be selective, i.e.
no cross-reactivity occurred with tested Enterobacteriaceae other than Klebsiella strains
and with non-Enterobacteriaceae strains. lVhen the probes nere tested on 75 of the 77 K
antigen reference strains, 16 strains were not recognized by the probes. Among these
strains are K26, IK29,K4, K59 and K65, which normally induced a PhoE protein when
grormr under phosphate-limiøtion (Fig. 4). Therefore, the phoE gene is probably
commonly present tn Klebsiella strains. An explanation for the fact that 16 of the
Klebsiella strains v/er€ not f€cognizgd by the probes might be tt¡at the probes are specific
for the species K. pnewnoniae. lt has been lrrown for some time that a number of the K
antigen reference strains arc K. orytoca strains (12) and mor€ recent research has indicated
that also K. planticola and K. terrigena strains might be pr€sent l¡ this collection (11). To
obtain more information on the species classification of t}ae Klebsi¿fla strains their abilþ
to produce indole and to gro\il at 10"C and their whole-cell fatty acid panems were
analysed. A good correlation was observed between (i) reaction with the probes, (ii)
inability to produce indole, (üÐ inability to grow at 10"C and (iv) pr€sence of the
hydroxylated fatty acid Crnn-rorr. Only two exceptions were found. Strain K5, despite of
its inability to gfow at 10oC and the pr€sence of C,n -rs¡¡ in its fatty acid profile, $,as not
recognized by the probes. This strain, like K4, which normally r€acted with the probes,
has been classified as a K. ozaenoe strain (12a). Strain K70, although positive in the
indole test, negative in the probe assays and missing fatty acid C,o*ro" showed only poor
growth at 10"c.

From the results, we conclude that recognition by the probes is probably restricted
to the species K. pnewnoníae andthat therefore, with the exception of strain K5, all strains
which are not recognized by the probes belong to other Klebsiella species. The finding
that K26, K29,K35,K41,IK4y', K59, K65, K66, K70,I{12,1{14 and K79 do nor belong
to the species K. pnewnoniae ß in agreement with the ¡esults of Mori et al. (ll). However
strains K67, K68 and K69 which, according to our tests, did not behave like K.
pneumoniae strains were classified as such by Mori et al. On the other hand strains K8,
KI4, K32, K39, K48, K49, K56, K57, K58 and K71 classified by Mori et al. as K.
planticola strains, behaved in our tests as normal K. pneumon¡¿¿ strains. Most differcnces
occur in differentiating K. pnewnoní¿¿ strains from the indole-negative K. planticola
strains. Since there is no key discriminatory test in the biochemical classification, Mori
et al. useÃ, as ñccommended by Bagley et al. (l), a combination of an L-sorbose
fermentation test and an hydroxy-L-proline utilization test to distinguish between rhe two



species. Also, two other tests, namely the faecal coliform reaction at M,S"C and grou
at 10oc, were used. Mo1 

9r 
¿/. found only 657o of the faecal coliform negative aãd Àgrowh at 10oC to be positive in the tests recommended by Bagley et al., õhercas Bagl

et al. found a correlation of more then 90Vo, Accordini to I. ársto., some Xteøs|il
strains are biochemically hard to classify (12a).

The above-mentioned results demonstrate the difficulty in the biochemic
classification rissays to distinguish K. pneumoniae ftomthe indole-negative K. planticol
In our opinion, the use of the DNA probes as described in this a¡ticle-and tfr" *ufyri,
fatty acid content will contribute to a more precise classificati on of Klebsieila inan
Moreover, the use of these probes will lead io more rapid detection and classificatir
¡rssays. Presently, we are developing similar DNA probcs for the other Klebsiella specir
to enable the specific detection and identiñcation õf these species as well.
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Chøpter 7

POLYMERASE CHAIN REACTIONS FOR TIIE SPECIFIC DETECTION
Klebsiella oxytoca ahlD FoR THE GENERAL DETECTTON oF Klebsielløe

Gonnie spierings, corrine ockhuíjsen, Harmen Hofstra and JanTommassen

STJMMARY

The phoE gene of_rKleåsiella oxytoca, encoding a pore-forming outer membran
protein, was cloned and its nucleotide sequence was determined.-Ttre homology ìr
terms of identical amino acids between K. orytoca phoE and that of K. pnru äio
is 9SVo- The region with lowest homology corresponds to a part of a õell surface
exposed region of the protein. Tko oligonucleotides, based on parts of thi
hypervariable region, were synthesized and used together with an oiigonucleotià,
corresponding to a more conserved region, in polymerase chain reictions. On,
primer-couple was specific for the species K. oxytocan, whereas the other recognizer
all indole-positive Kleási¿Il¿ strains suggesting that indole-positive ¡çle bsíella pbãticolt
strains are more closely related to K. orytoca than to indole-negative K. þUndcot,strains. In addition, a third primer-couple, consisting of two otigonucleotides baser
on two conserved regions of the phoU gene, was tested. This primer-couple war
specific for the genus Klehsiella.



INTRODUCTION

The current classification of Klebsiella strains into the different species, i.e
Klebsiella pneumoniae, Klebsiella orytoca, Klebsiella planticola and Klebsiella terrigena
is bascd on thei¡ biochemical properties (8). The tests to differentiate between the indole
negative K. planticol¿ strains and K. pneumoniae, or between the indole-positive Ã
planticola strains and K. orytoca are in many cases difficult to interpret (2). Geneticall
based procedures like polymerase chain reaøions (PCRs) could potentiaþ increase th,

precision and the rapidity ofthe identifications provided that species-specific nucleotidr
sequences can be found. Recently, we have pr€sented a K. pneumoniae-specific PCR
using oligonucleotides based on two different surface-exposed regions of the Ã
pneumoniae PhoE protein (17).

T1rc phoE genes of members of the family Enterobacteriaceae encode a porc
forming outer membrane protein, the synthesis of which is induced when the bacteria arr

gro\m under phosphate-starvation (11). According to the proposed topology model, thr
polypeptide traverses fhe outer membrane 16 times as amphipathic ß-strands, thereb.
exposing eight areas at the cell surface (19, VI). Comparison of tbe primary stn¡ctures o
PhoE proteins of bacteria belonging to different genera of the family o
Enterobacteriaceae revealed four hypewariable regions, all predicted to be cell surface
exposed, whereas the membrane-spanning regions werp found to be highly conserved (23)
The nucleotide sequences encoding these hypervariable regions could be used to develo¡
species-specific DNA probes (14-17>.

In this study, we have cloned and determined the nucleotide sequence of the I(
orytoca phoE gene and compared it with the corresponding s€quence of K. pnewnoniae
This information was used to develop species- and genus-specific oligonucleotide prober
for K. orytocct and Klebsiellø, respectively

MATERTALS AI{D METHODS

Bacterial strains, plasmids and growth conditions.
tllre E- coli strains uscd were I!D(R containing plasmid pulBll3 (25), strair

æ,1226, containing as relevant ma¡kers, AQroB-proA-phoE-gpt),phoS, recA, hsdR, hsdù.
(26), and strain CEl195 (21).The Klebsiell¿ strains used were a K. pneumoniae isolatt
described earlier (4) and now designated æ,134ó and the 77 different K antþn referencr
strains described by Ørskov and Ørskov (9). The strains are named Kl to K82; K73 anr
K75 to K79 have been eliminated because of misdiagnosis and overlapping. Othe
enterobacterial strains used were Salmonella typhimurùnn SI2353 (L3), Cítobacte
freundíi, Edwørdsíella tarda, Enterobacter cloacae, Protetu mirabilís, Providencía stuartit
Salmonella braenderup, Salmonella derby, Salmonella panotna, Serratia mttrcescens
Shigella boydií and, Shigella flexneri, all described earlier (4) and hwinia herbicola ant

Yersinia enterocolitica which were kindly provided by W. Jansen at the National Institu¡
for hlblic Health and Environmental Protection in Bilthoven, The Netherlands. The non
enterobacrcrial strains used, i.e. Aeromonos hydrophíla, Bacillus cereus, Pseudomona
aeruginosa and, Stapþlococcus aureus, rverìe from our laboratory stocks.

The RP4::minMu plasmid pLlLBll3 QS) and pACYCl84 (3) were used as vector



for cloning K. orytoca phoE. Strains \¡/€re grown ovemight at 3'l"C under aeration in
broth (22). Where necessary, antibiotics were added in the following concent¡ationr
ampicillin (Ap) 50 ¡C/mt, kanamycin (Km) 50 pgml, rifampicin fruO fOO pglo
strcptomycin (Sm) 10O Fg/ml and tetracycline (Tc) 1-0 pg,/rnl.

Genetic techniques.
Matings between donor strains carrying RP4derived plasmids and recipient strai

were performed as described (25). Preparaiionl restriction eniyme analysis and ligation
plasmid DNA were performed as described by Maniatis et at (a¡.The nucleotiae sequen,
was determined by the dideoxynucleotide chain-termination method (12). The ,"u"¡i,
were carried out using NaOHdenaturated double stranded DNA templut"r *¿ tt" i
Sequencing ruKit 

leharmacia, Sweden).

Isolation and characterization of ceII envetopes.
Cell envelopes ì¡/er€ isolated by differcntial centrifugation after ultrason

desintegration of the cells (5). The protein pattems were analyied by sodium dodec.
sulphate-polyacrylamide qel electrophoresis (sDS-pAGE) (5) using gårc 

"orrtai.ring 
6l

urea. Wesrem blot analysis was performed as described (1). 
'

Synthesis of the oligonucleotides and pCR conditions.
Oligonucleotides were automatically synthesized on an Applied Biosystem 3gl .DNA synthesizer. pcRs were performed on a DNA thermai-cycler pHc-t, N",

Brunswick plc., Int.) as described previously (lZ).

Pectate degradation test.
Pectate lyase activity was tested on r.-broth plates with an overlay containing 0.7fpolygalacturonic acid (PCiA). Afrer growth for 48 h. at 37"C, the plates were staineä wit

a solution of lÙvo copper acerate which forms a blue percþitate with pGA.

RESI.JLTS

Cloning of the K. orytoca phoE gene.
rn E. coli K-12, the phoE gene is located in the viciniry of the proA arñ prot

genes (20). By using an in vivo+,loning procedure with RP4::minipf,r plasmid pfnãf f(25)' the corresponding region of the K. orytoca genome was transferràd to E. ioli K-12Plasmid pulBll3, which rcnders cens resistanito the antibiotics Ap, Kn and rc watransfened to a spontaneous Rif-resistant derivative of the K26 antigen-reference strain oK. oxytoca by conjugation with donor strain tvo(R. one Kn- and Rif-resisøn
transconjugant was subsequently used as a donor strain in a mating witt- phos recA stralcEl226 as the recipient. The latær host contains a proA-proB-pt-ø_gpt deletion and i
resistant to the antibiotic sm due to an rpsL mutãtion. one àr the sm_resi stant pro
transconjugants, carrying an R' plasmid designated pKo26, was ñ¡rther anatysea.'Cer
envelope protein Pattems of strains cBl226 and of ia pKöro-containing derivative wen
analysed on sDS-PAGE. The cetl envelope protein pattim oTthe transconjugant revealer
the presence of an extra protein that had the expected appar€nt mote"uiai weight, i.e



38,000 and that rcacted on Westem blots with a monoclonal antibody raised against thr
E. coli K-12 PhoE protein (daø not shown). These results indicated that the K. orytoct
phoV gene was cloned on pKOru and that the gene was normally expressed n E. coli K.
12.

To study the K. orytoca phoE in further detail an approximately 3 kb ^SclI fragmen
containing the gene was subcloned from pKOru into the,S¿II-site of the multicopy vector
pACYC184. One of the conslructs, designated pKOro, is depicted in Fig. 1.

Fig. 1. Restriction map of plasmid pKOr.-¡. The pACYC184 vector is indicatec
by the shaded segment, The location and direction of transcription of t,he K.
oxytoca phoÛ gene are indicated by the arrow. Map units are in kb.

Sequence ânalysis.
The nucleotide sequence of the K. orytoca phoE gene was determined on bott

strands (Fig.2).In Fig. 2 also the deduced amino acid sequence of the K. orytoca PhoE
protein and, for comparison, the corres¡ronding sequence of K. pneumoniae (23) are

shown. The protein is synthesized as a precursor, composed of a signal peptide and ¿

mature domain of 2I and 328 amino acid residues, respectively. The PhoE proteins appea
to be well conserved, i.e. the homology in terms of identical amino acids between thr
PhoE of K. orytoca and those of K. pneumoniae (23), E. coli (10), S. ryphimurium (L4)
E. cloacae (23) and C. freundii (16) is 95Vo,85Vo,847o,84c/o and 85Vo, respectively.

Previous studies on the PhoE proteins of bacteria belonging to the family or

Enterobacteriaceae showed that most sequence variations are concentrated in fout
hypervariable regions which are all prcdicted to be cell surface-exposed. Also in case o:

the K. orytoca PhoE, most differences with those of bacteria belonging to other generÍ

occur in these four hypervariable regions, designated I-Mn Fig. 2 (comparisons no
shown). As expected, the homology between the K. orytoca PhoE and that of K
pneumoníae is even more extensive, i.e. 95Vo. Most differences concem conservativr
replacements. Only one region with lower homology can be discemed, namel¡



K.

hypervariable region trI, which includes the fifth surface-exposed domain (Fig. :

Interestingly, the K. orytoca PhoE contains a deletion of one amino acid residue ii tl
region (Fig. 2). This explains why K. orytoca strains ,ù/ere not recognized in the
pneumoniae-specific PCR since one of the primers used was based on this region (lZ
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îíg. 2. Nucleotide sequence of the K. oxytoca pl¡ot gene and deduced amino acid
sequence. The deduced amino acid sequence of K. oxtttoca PhoE is shown below
the r¡ucleotide sequence in the or¡e lett,er-code for anino acids and is cornpared
with Lhe corresponding sequence of K. pneumoniae of which only those residues
that differ from K. oxytoca Pl¡oE are indicat,ed. The dash (-) represent.s the
deletion of an amino acid. Residues -21 to -1 represent the signal sequence.
The arrovr indicates the signal peptidase cleavagre site. The regions with low
homo]-ogy between the PhoE proteins of. E. coLi, E. cToacae and K. pneumoniae
(23) are underlined and nr¡¡nbered I-IV. Sequences hawe been submit.ted to the
EMBL Data Library under accession nunbe¡ x68022.

Development of a K. orytoca-specific PCR.
To develop a K. øcytoc¿-specific PCR, two oligonucleotides were synthesized

based on DNA encoding parts of the fifth and eighth surface-€xposed regions, respectively
(Fig. 3A and B). Oligonucleotide KO5, corresponds to amino acids 197-2(X, whereas
KOSc corresponds to amino acids 312-319. rWhen the primers recognize their
complementary sequences on a template, a 368 basepairs DNA fragment is expected to
be amplified in PCRS, which can be detected when the PCR-products are analysed by
electrophoresis on agarose gels.

The selectivity of the primer-couple was tested on 19 non-Klebs¡¿//¿ strains, 15 of
which belonged to the family of Enterobacteriaceae (sec Material and Methods). With



K. oxytoca

K. pnemoniae

E. col-i

E. cloacae

S. typhimuriun

C. freundii

B

K. oxytoca

K. pnemoniae

E. col-i

E. cloacae

S. typhimurium

C. freundii

K. pnemoniae

K- oxytoca

E. coli

E. cLoacae

S. typhimurium

C. fteundii

3'

- - -GCTÀÀÀÀÀÀGCGGA

TGCTccCCCccccccagcgTtcgAÀ.A'cCccA

TGCaaagCCctcccacaGgc.AÀgcAÈcCacÀ

TGCTGGCaCGTGGTc a gcgc cÀgAÀ.AGC acÀ

TGCaGcACCGCGGT ac gcgcaAtAÀÀcCccÀ

TGCaaaCgCGCccgactGqcaAtAÀÀGC acA

GÀTATCGTCÀTCGTTGÀTCCCGAG

GAT gTCGTCATCGTTGAT gcccÀc

aÀTATCaTCÀTtaTTaÀTatÈcÀa

aÀTATCa TC gct ccTtAc gCC cÀG

aÀTATCaTCgTCaTTâÀTgCCtÀa

GATATCaTCATT cTTGAT gCCcÀ'G

TGAÀA.A.A,GAGTACTCTGGCATT C1

TGAÃÃÀAGAGCtC ACTGGCATT

TGAÀÀ.AÀGAGCACTCTGGCATT

T G.AÀ.AA.A,GÀGcACT C TGGCÀT T

TGÀÀtÀ.A'aÀccÀCTC TcGCÀaT

TGA.AÀ.AAGÀGcACTCTGGCAT T

KOgc

KPSC

Fig. 3. comparison of the nucleotide sequences of the K. oxytocoligonucleotj-des (À, B) and the K. pneumonìae ol-igonucleot,ides (8, c) *i;i-;;corresPonding sequences of the other pào.E genes] Dashes represent deletionof nucleotides. capital and smarl- letters indicate identical_ and di;i;;;;nucleotides, respectivery. Ko51, Ko53, and cl are based on the noncoding uNstrand, whereas KoSc and KpSc are based on t,he coding DNÀ strands.

these strains no amplified product could be detected (data not shown). The sensitivity c
the oligonucleotides $ras tested on K. pneumoníae stl,;ain CEl346 and on the 77 differer
K antigen refer€nce strains (9). \Vith five out of the 77 K antigen reference strains, i.r
K26,K29, K4l, K66 and K70, the expected ampliñed producr could'be detected (Fig. a,

An important characteristic of K. oxytoca is its ability to produce indole. n*cepi



368 bp --+

Fig. 4. Analysis of PCR products using primer-couple KOS',/KO8c on a 18 agarose
gel. Lane I, K. pneumoniae strain CE1346; lane 2, K59; J-ane 3, Il.26;lane 4,
K29;1ane 5. K4!;lane 6, K44,'J.ane 7, K66;J.ane 8, K70;1ane 9, K72; Iane 10,
K74. The position of the amp].ified products is indicated on the left.

for some K. planticold strains, all other Klebsiella species arc negative in this assay (2)
Of the K antigen reference strains, eight werc positive in the indole-test, namely K26,
I{29, K4l, K44, K66, K70, K72 and K74 (17). ¡(. orytocct strains can be distinguished
from indole-positive K.planticola strains by their ability to degmde pectate. Based on this
test K26, K29,K4I, K66, K70 and K74 can be classified as K. orytoca andK44 and,K72
as K. planticola strains (data not shown). This classification is in agreement with that ol
Mori ¿¡ al. (7) who tested the ability of the strains to degmde pectate, to produce pigment
on gluconate-ferric citrate and to use gentisate or m-hydroxybenzoate ¿rs a sole carbon
source. The PCR-results correlate well with the above mentioned classificastions. The onll
exception is strain K74. Therefore, an altemative for oligonucleotide KO5, was tested,
This oligonucleotide, designated KO5, (Fig. 3A) overlaps with KO5, but has its 3'end ir
a more conserved part of the fifttr cell surface+xposed r€gion. lVhen it is used togethet
with KOSc as a primer-couple in PCRs, a 360 basepairs DNA fragment is expected to b,e

amplified when the primers recognize their complementary sequences on a template
Primer-couple KO5rÆ(O8c recognized all eight indole-positive Klebsielld strains (Fig. 5)
No amplified product could be detected with the 72 indole-negative Klebsiella strains anc

with the non-Klebsie//¿ strains tested (results not shown).

Development of a Klebsiella-speciÍrc PCR.
Whereas the DNA sequence corresponding to the fifth cell surface-exposed regior

of PhoE is apparently species-specific, we considered the possibility that the DNA
sequence encoding the eighth cell suface+xposed region is genus-speci-fic. To test thit
possibility, oligonucleotide KPSc (Fig. 38) was used together with oligonucleotide Cl
(Fig. 3C) in PCRs. Cl encodes a part of the signal peptide that is highly conserved ir
PhoE proteins. Both oligonucleotides a¡e based on the K. pneumoniae phoE sequence
When Cl and KP8c recognize their complementary sequence in a template, a I0I9ll022
basepairs DNA fragment is expected to be amplified. Primer-couple C1Æ(P8c conectly

3Sf re*



360bp --t

Fig' 5. Anarysis of pcR products using^pr_imer-coupre Kos./Kogc on a 1t agarorgel. Lane 7, K. pneumo¡iae st.rain cE1346; lane ã, K59; rane 3, K26; rårr" ,K29; lane 5, KAL; lane 6, K44; lane 7, K66; tane g. K70; lane g, R72; fane-f(K74. The position of the amprified prdoducÈs is indicated on the left.

recognized rK. pneumonia¿ strain CEI346 ?rrd.76 out of the 77 K antigen reference srrair
(see Fig. 6 for examples). The only Klebsiella stain that gave a negative resulr wil
CllKP8c \¡/as K. pneumoníae strain K5. No amplified product could be detected with tt
19 non-Klebsiella stratns tested.

101911022 bp --->

Fig. 6. AnaLysis of pCR products using-primer-couple C1/KpBc on a j.t agarosgeL. r,ane r, K' pneumoniae strain c81346; lane 2l K5; lane 3, K26; rjrlã-qK59; J-ane 5, K65" lane 6, K74; rane 7, E, co.li strain ce11é5,- r.rr. e. øcLoacae; lane 9, c, freundii,' lane i-0, ,s. typhimurium. The position of thamplified products is indicat,ed on the left.

DISCUSSION

The PhoE protein of K. orytoca consists of a signal peptide and a maturc domair
of 21 and 328 amino acid residues, respectively. When the K. orytoca phoE sequence i
compared with those of bacteria belonging to different genera, i.e. E. coli, E. ctoacae, C
freundii and S. ryphimurium, four hypervariable rcgions can be discemed, all predicted t,
be cell surface-exposed. Only the fifth cell surface-exposed region shows ãlso a higl
variability when compared to that of K. pneumoniae phoE. Two overlappinl
oligonucleotides, designated KO5, and KO5r, based on this fifth surface-exposed regior



wer€ used in PCRs together with KO8c, an oligonucleotide corresponding to part of th
eighth surface+xposed region. Both primer-couples, i.e. KO5,Æ(O8c and KOSrlKOBc, dir

not r€act with the 19 non-Klebsie//¿ strains and with the 70 indole-negative Klebsiell'
strains tested. Primer-couple KO5,Â(O8c reacted with five out of the eight tested indole
positive Klebsíella strains, i.e. K26, K29, K4l, K66 and K70, whereas primer-coupl,
KO5r/KO8c also recognized the other three, i.e. K4,I<72 and K74. Strains that a¡,

positive in the indole-test hlong either to the species K. orytoca or K. planticola. Baset
on their ability to degrade pectate strains K26, K29, K41, K66, K70, and K74 ar'
classified as K. oxytoca strains. The specificity of primer-couple KO5rÆ(O8c correlate
well with this classification, the only exception being strain K74. A conclusion that ma.
be drawn from these results is that the PCR, using primers based on PhoE, is no
infallible. The results obtained with primer-couple KOSrlKOSc, that recognized all eigh
indole-positive strains, however point into a different direction. These data indicate tha
strain K74 may be more related to the indole-positive K. planticol¿ strains than to ,K

orytoca but moreover, that the indole-positive K. pløntícolø strains are mor€ related to r(
orytoca than to the indole-negative K. planticola strains.

Tlne phoE gene u/:rs also used to develop a Klebsiella-speci-fic PCR. Prime¡s Cl an
KP8c, both based on morÞ consen'ed regions of the K. pneumoniae phoE, correctl'
recognized 7'l orut of the 78 tested Klebsiella strains, whereas no amplified product coulr
be detected with the 19 tested non-Klebsíe//ø strains. The negative Klebsiella strain, K5
belongs to the species K. pneumoniae subspecies ozaenae. Recently, we have reported ol
the development of a K. pnewnoniae-specifrc PCR (17). Also in that PCR, K5 was thr

only K. pneumoniae strain that \ilas not recognized. These results, together with the fac
that we were unable to detect a PhoE protein by SDS-PAGE after growth of this strair
under phosphate-limitation (18), strongly suggests ttrat this srain does not possess a phot
gene.

In conclusion, t}ie phoV gene was succesfully used to develop species-specific anr

genus-specific Klebsiella oligonucleotides, with ahighdegrec of selectivity and sensitivity
We expect that these oligonucleotides will be very useful for the rapid detection anr

identification of. Klebsiella strains. Furthermore, the genus-spccific oligonucleotides cal
be used to amplify and clone the majority of the phoE genes of indole-negative Ã
planticola and K. terrigena strains, in order to develop specific oligonucleotides for thes,

species as well.
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Chapter I

GENERAL AND ST.JMMARIZING DISCUSSION

The detection and identification of members of the family Enterobacteriaceae
important in a wide variety of srudies, including fundamental and applied rcsearch in tt
medical, food, agricultural and environmental sectors. Existing detection and identificatio
procedurcs are generally slow and laborious. A genetic procedure involving DN
hybridizations, es¡recially when combined with an amplification procedure like the pCI
could potentially increase the precision and the rapidity and decrease the labou:
intensiveness of microbial detection and identification.

The fi¡st step in the development of such a detection and identification system
the selection of specific oligonucleotides. In order to be speciñc for a group of organism
the oligonucleotide has to recognize all strains and serotypes of this group, but it may n<
cross-rìeact with other bacteria.

The aim of the investigations described in this thesis was to determine whetht
DNA sequences coresponding to hypervariable cell surface-exposed regions of the outt
membrane protein PhoE can be used as species-specific enterobacterial oligonucleotide



The PhoE proteins.
In Escherichia coli K-12, the phoE gene, which encodes a phosphate-limitatior

inducible pore-forming protein, is located at min 6 on the chromosomal map adjacent tr
the proBA operon (Ftg. 1) (40). The PhoE protein is synthesized as a precursor compose(

pro B

Fig. 1. Schematic representation of the S. col,j chro¡nosomal DNA ín the gpt lcproBA region. The ar¡ows indicat.e the direction of transcript.ion.

of a sþal peptide and a maturc domain of 21 and 330 amino acid residues, rcsp€ctivel)
(33). According to the proposed topology model (39,42), the polypeptide rraverses rhe
outer membrane 16 times in an antiparallel ß-sheet stn¡cfire having eight regions exposed
at the cell surface. Comparison of the primary structures of ompc, ompF and phoE,
showed that the membrane-spanning segments ar€ conserved whereas the surface+xposed
regions are hypervariable (39) (see Chapter 1, Fig. 4). The phoE genes of Enterobactet
cloacae (4r, 43), Klebsíella pneumoniae (41), salmonella typhimuríum (chapter 4),
Citrobacter freundü (Chapter 5) and Klebsíella oxytoca (Chapter 7) have been cloned by
transferring the proBA regions of the corresponding genomes to E. colí K-12 followed by
subcloning of the phoE genes in multicopy vectors. This cloning straregy however,
appeared to be unsuccessful in case of the Yersinia enterocolitica phoE gene. Although
plasmids were obtained that complemented proBA and gpr muøtions in E. colí, the cloned
DNA did not react in Southem blot analysis with E. coli phoE as probe (unpublished
obsen¡ation). Since a positive result was obøined in a Southem blot analysis with the
chromosomal DNA of Y. enterocolítica and since a membrane protein of the expected
molecular weight was induced when this strain was grcwn under phosphate-sørìation
(unpublished data), Y. enterocofit¡'c¿ seems to possess a phoE gene but this gene is
aPparcntly not located next to the proBA opcron. This seems also to be the case in
Serratia marcescens (30). Therefore another s@tegy is necessary to clone these phoE
genes. A possibility is to take advantage of the observation that E. coli strains that lack
OmpC and OmpF are sensitive to 3Vo sodium dodecyl sulphate, whereas expression of
PhoE in such strains results in resistance to the detergent (22). However, this method only
works if the foreign phoV gene is normally expressed n E. coli K-12. To bypass this
necessity, hybridizations with E. coli phoE as probe can be used to scr€en a genebank. In
this case attention should be paid to the fact that the probe will also rccognize E. coli
ompC and ompF. Therefore, it is advisable to use as acceptor an E. coli strain that lacks
ompC alcrd ompF.

The foreign phoE genes were normally expressed in E. colí K-12, except for the
S. typhimuríum phoE gene that had a low expression level. Nucleotide sequence analysis
revealed differences between the S. typhimurium anð E. coliK-12 sequences which may
explain the low expression level (Chapter 4). One difference is located in a part of the

47kDal pho E



promoter sequence called the pseudo-påo box, whereas another one is located in t
hydrophobic core of the signal sequence where a Gly rcsidue is lacking (chapter 4). ï
possible influence of these- differences on gene expression can be stu¿ià¿ uy sìte-oirect,
mutagenesis. Another difference, located in the 5' untranslated region, is the ¡educ,
ability of the .S. typhímurium sequence to form stable haþin stn¡ctures. Recently, Emo
et al. (13) have shown that a stable 5' terminal stem-loop stn¡cture stabilized tt" ornp
mRNA n E. coli.

Interestingly, when three different S. typhimuríum strains, including strain SJ235
and a Salmonella Panamt strain were glou/n under phosphate-limitation, also lo
expression of PhoE protein was found (unpublisheô ,"*.rttr¡. There can be tv
explanations for the poor exprcssion of Sølz onella PhoE, i.e. (i) high expression of phc
is less important lor Salmonella because these bacteria do'not normally encount
phosphate-limiting $owth conditions, or (ü) the expression of phoE is under tir" irrflo"rr,
of a second regulatory _:l.t"tn, suggesting ttrat phoE has an additional, y"t urrt ro*
function. An important difference between Salmonella and E. colí is that Saimonetla ß ¿

intracellularpathogen.Regently,atwo-componentregulatory system,phoprphoe,hasbee
described that regulates the expression of genes involveú in virulenc" u"a tiu"ropt u¡
survival of s. typhimurium (2s). Howeveç when psr3, conraining s. typhimuríu^ pnol
was introduced into s . typhimuriun strain LT2 and. its phop, derivãtive (ì7), no diffËrenr
in PhoE production could be detected suggesting uat pnlø is not under control of th
system (unpublished results). Maybe important is to notã that Shigellaflexneri,i.e. anorhr
enterobacterial strain lnown to be an intracellular pathogen, ahó expresses pho6 only ia low level under phosphate-limitation (R. Janssen a"¿ ¡. Tommassen, unpublishe
results).

The nucleotide - and deduced amino acid sequences (Fig. 2) showed that all pho
proteins are synthesized as pr€cursors with an Nl!-terminal signal sequence of 21 amin
acid residues but of 20 amino acid residues in case of the 

^1. fiphmuinm phoE. Like r
colí PhoE, the mature domains of the S . typhímurium an¿ the b. freundü pnon piotein
contain 330 residues whereas the E. cloacae,K. pneumoniae andK. orytocarhoe protein
contain a deletion of the Gln residue at position 72. The K. orytoca phoE has a
additional deletion of one amino acid residue at position 203 and therefo¡e contains onll
328 amino acid rcsidues. The homologies in terms of identical amino acids between tt¡E. coli PhoE and that of c. freundii, E. cloacae, K. pneumoniae, K. oxytoca and S
typhimurium are 9ovo, 87vo,83vo, g5vo and. g7vo, rcspectjvely. The homology in terms ototally conserved amino acid residues in all six proteins ß 72vo. InteËsting il th,
remarkably well conserved region between amino acid residues 90 and 140] whicl
contains the postulated rryd cell surface-exposed region. This region probably 

"o.¡.spo.rd,with the "eyelet" in the three dimensional stn¡cture of the Rhoâobaiter toi*toni'io¡'
as determined by v/eiss et al. (45,46) which is not really cell surface-expor"¿, uu
extends in the pore interior. This region contains the Lys trridu" in position iZS tnat i:
very important for the anion-selectivþ of the PhoE pores (3). Also the other amino aci<
residues reported to contribute to the selectiviry of ttre ¿. clotí phoÉ. pores, i.". rh;;;,
residue at position 18,29 and 64 (3) and those important for the biogenèsis of the pror"i'
i.e. Glu-2 (37), Gly-144 (10) and phe-330 (3s) are conseryed among the six phor
proteins. Inspection of the amino acid sequences of the 16 membrane-spanning segmentr



110
vtr

tH ¡. r s À1
HH ¡ 1À1

L À L vv x c: v À s À s v 0 À
VE

?
t s' I E

ao 50

vto
e0 ¡0

YD

270 l¡0
H

D ÀH X
Dtx

K.
Í.
E.
E.

s.

oxycoca

.oli
cfoacaa
tE.uõdii
tJæàluiE

XRRS

N

v tll ¡ ¡ f D I v t aD

^E 
t I X f,D C f, X L D Vr 6 X VRÀ H B r XS D tr^ S r D 6D Q 5 Í r R¡ C F ÍC E 101N D 0 L
vI
vNL
VN

I DDt

' 
ID L
tD v

v v xY
v I At

v
vl v
vs v

a0

55tst:
t0

I C: C RI E A E ¡ À C X X À E S D ? À O Q Í t R LÀ ¡ À C L R t R D L C S ¡ D T G R N L C TL: D

sr LfL
xllx
sLt

l¡0 ¡¡o ¡¡o ¡ao
vo

LV D
v E À B 1D H f P I ¡ C C D S S À 0 ? D tr I X t X RÀ S G ! À I t R H ? D ¡ ¡ C V t D C ! N l l L O

À DË
VD

¡v D

¡ac ¡t0
c gÀ 3

lto tto 200
v À s D LÀ

C EA V S V À 3 D LÀ
r o 6 r x Efl R D v K X 0 N C D C ¡ C r S L r t D ¡ 6 C S D Í À ¡ 3 G^ Y 1X S D R 1X E Q N L 0 s

t
OD

D

À LÀ
Q1

LRI

¡'o ¡9ð
À

2!O
r^ f,
o sß H s À

R C 1C Ã IT T A T A 1C L f Y D À N N t: L À 1F Y S ! 1R tr X 1P ¡ 1G G ¡ À tr X 1O N f E À V
o 0fDÍ

DI vDt xv

¡40 tto 2lo 2to Joo

vsvÌ¡
v9LN

r 0 y Q F D f C I R P S L G l. s x c x D ¡ ! G ¡ 6 D E D LvN f r D v c 
^ 

r: r ¡ N ( X H S À f
Qf,

vvx
tvs

-

Jl0Í CD
l¡0 l¡0

fCDL
VD Y R I XO L O 3 O N K L X I H f, D D: VÀV CHl I Q ¡

t D Cvs S L
Cv

?cDrr

Fig. 2. Comparison of the pri.mary structures of six enterobacterial Pbol
proteins. the predicted amino acid sequences from K. oxytoca, K. pneumoniae,
E. cloacae, c. freundìi and ,5. typlzimurium are compared with the E, coL:
sequence. Of the former five sequences only those resídues Èhat differ fror
the latLer seguence are shor"n. Àsterisks (*) represent deletions of amino aci<
residues. Residues -2L/-2O to 1 represent the signal- sequences. rncluded ar(
the following features of the proposed model for PhoE topologry; (B), regior
predicted to be exposed at the cell surface,' (-), transmembrane ß-sheel
strandi (l), reverse tu¡n at PeriPlasmic side.



of E. coli PhoE showed the remarkable frequent occrurence of a Tyr as the fourth residr
at the hydrophobic side of the amphipathic ß-strands (39). Ten our of the eleven T
residues at these positions appear to be conserved in the different PhoE proteins. The on
exception is Tyr-83 which is rcplaced by a Val rcsidue in case of the K. orytoca phoB
by a I-eu residue in case of the other PhoE proteins.

Although the overall homolgy between the phoE proteins is high, fo
hypervariable regions can be discemed. They correspond to the postulated cell surfac
exposed regions one, tvr'o, five and eight and the corresponding homologies between tl
different PhoE proteins in these domains arc 60Vo,627o,47Vo and SOVo, respectively. 11
question why these regions are less conserved than the cell surface-exposed regions fot
six and seven, having homologies or 69vo, 75vo and, B0zo, respectively, remair
unanswered. No strong cor¡elation can be found between hypervariability and regior
described as phage r€ceptor domains, i.e. regions two and four, or rcgions identified
immunogenic domains, i.e. regions four, five, six and seven (39). Interesting and importa
with respect to the development of species-specific oligonucleotides is the fact th¿
compared to the cell surface-exposed regions of two other outer membrane proteins, i.
the maltose-inducible pore protein LamB (49) and the constitutively expressed Omp
protein (5), the surface-exposed regions of PhoE are more conserved. The variability
the cell surface-exposed regions of outer membrane proteins is probably due to the la<
of functional constraints on the amino acid content of these regions (1) and to selectir
pressure imposed by phages, colicins and antibodies. The higher variability of the ce
suface-exposed regions of ompA might be explained by the fact that ompA
constitutively expressed, resulting in a more constant selective prÊssure than in the cal
of PhoE. The expression of I-amB however is, like that of PhoE, inducible. possibl
bacteria encounter more frequently conditions that lead to the induction of LamB th¿
phosphate-limiøtion. Altematively, the higher variability of the exposed regions of I-am
may be explained by the fact that these regions are larger and therefore more accessib
than in the case of PhoE. Anyhow, it is rema¡kable that bacteriophages that recogni:
OmpA or I-amB as their rcceptor can readily be isolated from sewage, wherÞas it is vet
diffrcult to find phages that use PhoE as receptor (P. de Graaff a¡rd J. Tommasse:
personal communication).

Oligonucleotides based on phoE.
Comparison of the amino acid sequences of the PhoE proteins of bacteria belongir

to different genera of the family Enterobacteriaceae (Fig. 2) revealed four hypervariab
regions. Based on the idea that DNA sequences encoding (parr of) the hypervariab
regions could be species-specific, oligonucleotides were designed based on the fifttr ar
eighth cell surface+xposed regions of the PtroE proteins of E. coti K-12 (Chapters 2,3
s. ryphímurinz (chapter 4), c. freundir'(chapter 5), K. pneumoniae (chapter 6) and,l
oxytoca (ChapterT). The specificity of the oligonucleotides, i.e. the ability to recognize a

strains and serotypcs of the species and to differentiate them from other bacteria, wi
tested in DNA hybridizations and PCRs. In Table 1, the PCR results of the five prime
couples are sumrnarized. They were all spccies-specific and they tumed out to be vel
reliable, i.e. no false-positive and only two false-negative results were obtainer
Comparison of the amino acid sequences of the K. pneumoniae and the K. orytocapho



proteins however ¡evealed only the fifth surface-exposed region as a hypervariable domain
This suggests that the species-specificiry of primer-couples KP5/KP8c and KO5,/KO8c
is due to the primers KP5 and KOsr, whereas KPSc and KOSc ar€ genus-specific. To tesr
this possibility and to develop a Klebsiella-specific ar¡say, KPSc was used together witt
oligonucleotide Cl in PCRs (Table 1). Cl encodes a part of the signal peptide of phoE
that is higttly conserved :rmong bacteria belonging to the different genera of the family ol
Enterobacteriaceae. The primer-couple r¡/a¡¡ ¿ls expected specific for the genus Klebsiella
and only failed to recognize the K antigen reference strain K5, which was also negative
in the K. pneumoniøe-specific PCR (Table 1). In addition, the specificity of a PCR using
as primers Cl and CZc, another oligonucleotide based on a highly conserved region ol
PhoE, ìÃ,as tested. This primer-couple recognized the vast majority of strains tested from
the species E. colílShigella and. from the genera Citrobacter, Enterobacter, Klebsiella and
Salmonella (Table 1). Only two strains were not recognized. Also in this assay, Ktebsíe¡a
K antigen rcference strain K5 and in addition Salmonella strain serovar brootfietd fuled
to give a positive reaction. Combined wittr the observation that no PhoE could be detected
by SDS-PAGE after growth under phosphatelimitation (unpublished observations), these
results strongly suggest that the latter two strains do not possess a phoE gene. According
to the above mentioned results, the phoE gene can not only be used to develop species-
specific oligonucleotides but also oligonucleotides that have a specificity above the
speciesJevel. From the fact that only two out of the 355 tested strains probably do nor
have a phoE gene, it can be concluded that PhoE must be an important protein for the
bacteria. Furthermore, since S.flexneri and all but one of the 133 tested Salmonella strains
have a phoE, although they express the protein only at a low level when grown under
phosphate-limitation, PhoE expression might have another inducing signal and the phoE
protein might have an additional function. This makes the discovery that the phov gene
of Y. enterocolitica and probably also that of S. mørcescens (30) are located on different
positions on the chromosomal maps as compared to the localization of E. coli phoE, even
more intercsting. Therefore, once the phoî gene of Y. enterocolitica is cloned it is
important to sequence also the adjacent regions of phoû.If phoï tums out to be part of
an operon an indication of its additional funaion might be found.

Can other outer membrane protein genes also be used for the development of
species-specific oligonucleotides? OmpA is an outer membrane protein which is
commonly present among enterobacterial strains (5). The N-terminal part of OmpA is also
supposed to traverse the outer membrane repeatedly, mostly as amphipathic ß-strands (27,
44). Also in this case, sequence comparison of OmpA proteins of several members of the
family Enterobacteriaceae, showed that the cell surface-ex¡rosed regions are hypenariable
(5). The specificity of two oligonucleotides based on the first and third surface-exposed
region of S. typhimurium OmpA have been tested in PCRs (unpublished resuls). No
amplified product could be detected with the 13 tested non-Salmonetta strains of which
9 belonged to the family of Enterobacteriaceae. The expected 285 bp DNA fragment was
correctly amplified in 99 cases out of the 133 tested Sahnonella strains. comprising the
five subspecies. Although it should be noted that these rcsults are based on a single
experiment, they indicate that the sensitivity of this primer-couple is less than that of the
primer-couple based on PhoE. This correlates well with the observations that the cell
surface-exposed regions of OmpA, probably due to an intensive phage-selection pressure,
are more va¡iable than those of PhoE. The hypervariabilities of the variable surface-



TABLE 1: overview of the specificities of the developed primer-couples.

Prlmers

strains

EC5
ECBc2

sT5
STBc

cF52
CFgc2

KP5
KPSc

KO51
KOSc

c1
KPBc

cL
C2c

Eachêtlc,:la +
coll 2L

0
0
1

0
1

0
1

0
L

0
1

2T
0

Sh!.9ê77a + L4
0

0
2

0
2

0
2

0
2

t4
0

S¿7nonel7z + 0
20

t32
1

0
18

0
4

0
4

0
4

19
l-

CtXrobacXøÊ +
fÌêund.ll 0

6
0
2

t

0
0
1

0
1

0
1

6
0

ohbêr +
cltEobac¿eEg 0

4
0
1

0
5

4
0

Kl€brIêj.¡e +
pnøwoniac 0

62
0
1

0
1

60
1

0
63

62
1

6L
1

Klebalê7la +
oxlttoce 0

6
0
6

5
1

6
0

6
0

othe¡ +
Kløbaío¡lee 0

9
0
9

0
o

9
0

9
0

EntêtobactøE +
cl.o¡cae 0

1
0
L

0
1

n

1
0
1

0
1

1
0

othcr grtcro- +
b2ctarlacøaa 0

6
0
7

0
6

0
5

0
6

0
6

0
6

\on-Entaræ +
b¡sterlace¡a 0

4
0
4

0
4

0
5

0
4

0
4

0
4

exposed regions of I{mB a¡e even higher than those of ompA. However Bej et al. (4
developed an E. colilshigella speciñc PcR using primers ba;d on LamB. tnterestingì¡
the primers were based o-"yg surface-exposed regions thar, according ro werrs et at. (is
are reasonable conserved. This suggests that when studying the possiù'iüry of using La;l
for the development of enterobacterial species-specific oliionucleotides the focus shoul
be on the more consen¡ed surface-exposed regìons rathel than on the highly variabl
domains.

Also for other Gram-negative bacteria, i.e. chtanydía trachom¿t¡s (50) an
Neisseria meníngitidis (23), it has been shown that variable cell surface-"*po*"à ,"gr"iof outer membrane proteins can be used to develop specific oligonucleoti¿"s. rrr"uo¡
cases' the oligonucleotides were not species-specific, uutìecognizeà only specific ,"-u,
and suggestions were made to use them in epidemiological re-search. In coiclusioo, ,o ãonly PhoE has the right specificity in order to develo! species-specific oligonucláotide
whercas other outer membrane proteins seem to be eithei too variable, o, ir case of fo
instance the phospholipase PldA for which homologies have been found between the Ecoli PldA and those of S. typhímurium, K. pneumoniae and Proteus vulgaris of 94vo, g7g,
and 87vo, respectively, (R. Brok, B. verhey and J. Tommassen,urrpoblirh"d ,"rutt ¡ *



probably too conserved.
Nucleotide sequences can also be based on random fragments, selected for thei

specificity from a gene library as has been described. for Salmonella (14,29). The majo
drawback of this method is that the found nucleotide sequences are large, i.e. ranging fron
several 10O to several 1000 basepairs. The development ofoligonucleotides that have thr

same specificity as the matemal sequence might be possible but is very laborious.
Another elegant approach in developing specific oligonucleotides is based or

ribosomal RNA (rRNA) sequences. The rRNA molecules occur in all organisms and thei
mosaic-like pattem, comprising highly conserved as well as mo¡e variable sequences

allows the construction of oligonucleotides of deñned specificities. Furthermore, they arr

easily sequenced and provide high abundant targets for detection (19). They have al¡ead'
proven their usefulness as taxonomic tools, especially in disceming the relationship
between distantly related taxa. A question to be answered is however whether rRNAs cal

be used to distinguish between closely related taxa, e.g. between the different specie
belonging to the family of Enterobacteriaceae. The sequence of the 165 rRNA of E. col
and .9. ryphimurium differs by only 2 to 3 7o and therefore some scientists preclude thei
use in fine-scaling positioning of taxa (7,2O>. On the other hand reports have been mad,

onthedevelopment of P.vulgaris (15),8. colilShigella,Salmonellaandl. enterocolitict
specific oligonucleotides (19) based on their 165 rRNA. However, the extent of non
homogeneity in closely related rRNA sequences, particularly in the highly variabl,
regions, has only recently become evident, since large numbers of closely relater

sequences have been inspected. For instance, selluence analysis of different highly variabl,
regions of the Salmonella 165 and 23S rRNA revealed that different sequence pattem
occur ¿rmong t}ae Salmonella strains. The different hypervariable regions segregat

Sølmonella strains differently and exhibit different homologies to non-S¿lmonella strain$

Therefore, Lane et ¿/., concluded that the use of highly variable regions of rRNA sequenc
for fine-scaling structure phylogenetic mapping of closely related species, while quit
seductive, is a dangerous and unreliable practice (19). From the above discussion, it i
clear that although the rRNAs are very suited for the development of specifi
oligonucleotides they have their limitations. A comparitive evaluation of the rRNA an

PhoE probes is, at this stage, not easy, simply because their specificities have not beer

tested on the same set of strains. However, from the fact, that the homologies between th
variable rRNA regions are significantly higher than compared to those of PhoE, it can b
expected that PhoE is more suited to be used for the development of species-specifi
oligonucleotides.

phoÛ based oligonucleotides as taxonomic tools.
Historically the classification of bacteria was based on similarities in phenotypi

characteristics. The main disadvantage of this system is that it is not based on a singl
definition but on subjective criteria. Depending on the taxonomists point of view differer
importance is given to differcnt biochemical properties. This resulted in classifications th¿

were often drastically revised by others who made different intuitive judgements (35). A
example is Enterobacter aerogenes for which proposals have been made to rename

Klebsiellø mobilis since it became evident that it is more related to Klebsiella than t
Enterobacter strains (31). At the moment, most taxonomists agree that a species definitior



which rcPrcsents the basic taxonomic group, can be made from DNA relatedness da
that a¡e essentially equally applicable to all bacteria (7). The data a¡e obtained I

comparing the ability of DNA from one microorganism to reassociate or hybridi
specifically with DNA from another microorganism (ll). In general, the definition of
species is a group of strains in which DNA relatedness is 707o or grcater at conditior
optimal for reassociation,60Vo or more relatedness at stringent reassociation criteria, ar
in which related sequences dtffer 5%o or less (7). All species arc assigned to a genu
which is a welldefined group that is clearly separated from other genera. Howeve
considerable subjectivity is involved at the genus level, because there is so fa¡ no genet
agreement on the definition of the genus in bacterial t:u(onomy. Classification rclatiõnshi¡
at the familial and ordinal levels are even less certain. Recent developments in taxonon
such as the rRNA homology studies however have in several instances already been usef
to justify the classification and incrcase its objectiveness (35). The family r

Enterobacteriaceae is a good example of how classification can change over a perioa ,

time. In 1974,the family of Enterobacturtaceae contained 13 genera with 40 species. J

1985 there were alrcady 26 published genera conraining some 115 species (7).
A first indication that oligonucleotides based on PhoE can be used as taxonom

tools was obtained when the specificity of a PCR using primers based on E. coli pho
was tested (Chapter 3). The oligonucleotides correctly recognized all tested E. coli ar.
Shigella strains given further proof to the fact that E. coti and, Shigelta belong to or
single species (6). The PCR, using primers based on s. typhimuritm phoE (chapter 4
recognized all, but one' tested Salmonella strains, comprising the five different subJpecie
is in agreement with the fact that tlre genus ,Sølrnon¿ll¿ consists of only a single ipecit
(34). The PCR, using primers based on the c.freundji phoE (chapter 5), recognizeã onJ
the C. freundü strains, including the slow-lactose-fermenting strain, that previously w:
designated S. bethesdalS. ballerup. This supports the idea that there ii no reason t
distinguish the bethesda group from C. freundií solely on the basis of slow-lactosr
fermentation (9). Because the PCRs were apperently very reliable, the possibility wr
tested to simplify the classification of Klebsiella, by using oligonucleotides based on I
pnewnoniae and K. orytoca PhoE. The genus Klebsiellø consists of four s¡æcies, i.e., ,l
pnewnoníøe, K. oxytoca, K. plantícola and K. terrigena and proposals have been made I
transfer E.aerogenertothegenusas K.mobilis (31). Theclassification of Klebsiellant
the different species is based on their biochemical properties which are in many car¡r
difñcult to interpret. Most difficulties occur in differentiating K. pneumoniae from tt
indole-negative K. planticola strains. Since there is no key discriminatory test in rt
biochemical classification a combination of an L-sorbose fermentation test and a hydrox¡
L-proline utilization test is used to distinguish between the two species (2). Also, tw
other tests ar€ used, i.e. the faecal coliform rcaction at u,s "C and growth at l0 "c (2
However, scientist have found different corrplation percentages between the two tes
combinations, i.e. 657o (26) and more than 90Vo (2), demonstrating the difficulties in tt
biochemical classification. A PCR, using primers based on parr of the fifth and eighth ce
surface+x¡rosed rcgions of K. pnewnoniae PhoE,, correctly recognized 60 out oi the 6
tested K. pneumontøe strains, whereas no amplified product could be detected with the 3
tested non-K. pnewnoniae strains of which 15 belonged to the genus K/eåsie¡a. G¿
chromatographic analysis of the bacterial fatty acids confirmed that the Klebsiella stratr
that werp recognized by the PCR were closer related to each other than to other Klebsiell



strains (Chapter 6). To distinguish between the indole-positive K. planticola strains an<

K. orytoca, the ability of the strains to degrade pectate, to produce pigment on gluconate
ferric citrate and to utilize gentisate as sole carbon source has to be tested (2). Tw<
overlapping oligonucleotides, designated KO5, and Ko53, based on the fifth surface
exposed region of K. orytoc¿ PhoE were used together with KOBc, an oligonucleotidr
corresponding to part of the eighth surface+xposed region, in PCRs. Both primer-coupler
did not react with the 19 non-Klebsiella strains and with the 70 indole-negative Klebsiellt
strain tested (Chapter 7). Primer-couple KO5,/KO8c reacted with five out of the eigh
indole-positive Klebsiel/¿ strains. All these PCR positive strains were positive in tht
pectate degradation test and were classified by others as K. orytoca (26), whereas the PCI
negative strains were negative in the pecøte degradation assay and were classified as K
planticola. There was only one exception; K antigen reference strain K74, althougt
classified as K. orytocd was not recognized by KOS,/KOBc. A conclusion that may br
drawn from these results is that PCRs using primers based on PhoE are not infallible. Tht
results obtained with primer-couple KOSr/KOBc however, point into a different di¡ection
This primer-couple recognized all eight indole-positive Klebsiella strains. These dat¿

suggest that strain K74 may be more related to the indole-positive K. planticola strain
than to K. orytoca but moreover, that the indole-positive K. planticola strains ar€ moft
related to K. orytoc¿ than to the indole-negative K. planticola strains. Especially the lattet
point is very interesting and should be studied more accurately, for instance by DNA-DNÄ
hybridization studies and ofcourse by analysing the correspondrngphoÛ genes. Sequencr
analysis revealed that the species-specificity of primer-couples KO5,/KO8c and KPSIKPS<
is probably located in the primers based on rhe fifth exposed regions, i.e. Ko5, and Kp5
Therefore the possibility was considered to use KPSc together with Cl, which is based or
a highly conserved region of PhoE, as a primer-couple in order to develop a genus-specific
PCR. This approach was successful (Chapter 7) and is a fi¡st indication that PhoE can alsc
be used to develop PCRs with a specificity above the species-level. Furthermore, it alsc
has a practical application since it is now possible to amplify the phoE genes of the other
Klebsiella species by PCR, simplifying our strategy to develop species-specific
oligonucleotides.

Application for detection in food, water, clinicat and environmental samples.
Diagnostical assays must be specific, sensitive, rapid, easy to perform and cheap

To meet these criteria, the developed oligonucleotides must be used in assays that contair
amplification steps like PCR, Nucleic Acid Sequence Based Amplification (NASBA) (1Sl
or Qj replicase (21). Therefore, the specificities of the oligonucleotides have beer
evaluated in PCRs. Although the PCR is commonly seen as a very powerful technique
there are still some poins to be considered:

- Theoretically, a single copy of target DNA can be detected in PCRs and indeei
detection-limits of one to ten colony forming units (cfu) have been reported, when the
assay was performed on pur€ cultures (48). However, when performed on food (48)
clinical (28,32) or environmental (36) samples, detection-limits of not lower than 100 tc
100O cfu have been rcported. Limiting factors a¡e the recovery of the target sequence fron
the sample and the efficiency of the PCR. The enzyme, commonly used in PCRs, i.e. the
thermostable Taq-polymerase is very susceptible to inhibitory compounds that may br



present in the sample (24,28,47,48). Therefore, suitable DNA must be prepared a:
depending on the sample, this may involve treatment with enzymes and/oireagen
filtration or centrifügation steps. AnothEr option is to add a brief enrichment-culturini st,
prior to the actual detection (47).In this way not only mor€ target organisms becon
present in the sample, but also possible inhibitory compounds a¡e diluteã. It is importa
to note that additional steps required to increase the sensitivity also increase ttre tin
required to perform t:-.*tlv. The Q"-replicase system may trave an advanøge over tl
PCR because an amplification compatible target isolation procedure is integiated in tt
amplification process. The system relies on the ability oi ttt" enzyme erlreplicaseamplify exponentially recombinant RNA molecules that contain 

-ttre 
ofigoiucleotir

sequence specific for the organism to be detected. It consists of thrJe steps: (
hybridization of the recombinant RNA probe to the target (ii) separation an¿ isotæion ,

the formed probe+arget hybrids by use of a capture probe ana paramagnetic particles ar(üi) amplificarion of the isolated recombinanr RNAprobe uy 
-tlr-repticase. '

- The equisite sensitivity of the PCR has alio an irnpo"u", drawback, i.e. tt
synthesized PCR products, designated amplicons, "* "orrtaririnate 

reagents or samp
specimens and subsequently cause systematic e¡ïorr¡. Thercforc, exEeme care is 

"rs"rrti,when handling amplified samples in order to minimize carÐ¡over. In addition sterilizatic
of the amplicons can be used to prevent them from acting as templates in subsequer
PCRs. At two points in the PCR, a sterilization step can be implèmented. Shortwar
ultraviolet irridiation (12) can be performed just before the amplification. This pn"-¡'è,
sterilization procedure sterilizes only carryover molecules present in the reaction'rrrirto*
Because the true target molecule must be introduced aftei the sterilization process, pCJ
errors due to carrj¡over still exist. This problem does not occur when tne steritizaiion i
performed after the amplification which results in the sterilization of all nucleic acid:
including PCR products. Examples of post-PCR sterilization are the lptroto¡ctremicJ 1ìand enzymatic (51) modification system. A promising enhancement of pcR is tb
homogeneous PCR assay described by Higuchi et at. (16). By adding ethidium bromid
to the reaction-mixture and measuring the increase in fluorescence they were able to detec
the amplified DNA sequelces without opening the reaction-tube. Ttris method ottry *"*if appropriate amplification conditions a¡e used and no or only small amount* 

-ot 
rr-

specific double stranded DNA is produced. Also the start amount of chromosomal DNI
should not be too high otherwise background fluorescence will become a problem. I
major advantage of this assay is that the amplification process can be cãntinuousl,
monitored in order to follow its progress.

- The PCR method can not discriminate between life and dead cells. In some cases
this can be disadvantageous. For instance, the presence of dead cells does ,ro, g".r"ru1¡,
constitute a health hazard although their detection would provide useful infãrmatioi
regarding the quality of food. A brief enrichment culnuing step followed by dilutior
would decrease the amount of these "false-positive" rËsults, p-tiC"a that the u*oonto
dead cells is not too high. However, in that case also strains that are not culturable bu
still viable will no longer be detected. Another option is to use messenger-RNA (m-RNA
instead of DNA as the target molecule. To detect RNA, the pcR ,"qoir", u pr"""orr¡
reverse transcriptase (RT) step, that "translates" the RNA into DNA anä tnis cornpU"ate,
the procedure. The NASBA and Q"-replicase system a¡e mor€ suited to be used'for the
amplifücation of RNA targets. NASBA is based on the simultaneous activity of thret



enzymes, i.e. AMV-reverse transcriptase (AMV-RT¡, RNAse H and Tz RNA polymerase.
The reaction starts with the hybridization of primer 1, containing the T, promoter
sequence, to the mRNA and the subsequent "translation" of the RNA in DNA by AMV-
RT. The RNAse H degrades the RNA strand in the forme¿ ¡¡{A/DNA hybrid molecule.
Primer 2 anneals to the resulting single stranded copy DNA and the second DNA strand

is sythesized by the DNAdepedent DNA polymerase activity of the AMV-RT. This
results in a double stranded DNA molecule that contains a T, RNA polymerase promoter
sequence. The T, RNA polymerase gives a 100 to 1000 fold increase in specific RNA.
This newly formed RNA enters the so called cyclic phase were the events are the same

but the primers arc incorporated in reversed order. A serious drawback of taking mRNA
as startpoint of the detection is that it may not always be present. Because procaryotic
mRNAs are unstable and therefore have a short lifetime cells in rest will not be detected.

Other false-negative results a¡e due to cells that, although containing the target gene do

not expr€ss it. For instance, the PhoE mRNA will only be present when cells are grolvn
under phosphate-limitation but for all ørget genes it remains a question whether the cells
have encountered the conditions necessary to express them.

In conclusion, although several problems still have to be solved, the recent developments
in amplifying genetic sequences of interest heralds a new area in diagnostic technology.
The question what kind of assay performs best is at this moment not easy to answer and

will propably depend on the organism to be detected and the sample in which it is
present. One thing however is sure; no probc, no assøy!
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SAMEÌ{VATTING

De detectie en identificatie van diverse bacteriën, inclusief leden van de famil
Enterobacteríaceae, is belangrijk in een groot aantal studies van zowel fundamentele a
toegepaste aard in de medische, voedsel, agrarische en milieu sectoren. Bestaande detect
en identificatie procedures, die voomamelijk gebruik maken van de klassiel
microbiologische methoden, zijn arbeidsintensief en nemen veel tijd in beslag. DN
hybridisatie, vooral wanneer gecombineerd met een ampli-ficatie procedure Joak c
polymerase ketting rcactie (PCR), wordt in het algemeen gezien alJ een veelbelovenc
techniek om snelle, en daa¡om economisch belangrijke diagnostische methodieken I

ontwilÍ<elen.
De eerste stap in het ontwikkelen van detectie en identificatie methoden op bas:

van DNA hybridisaties is het vinden van DNA sequenties (probes) dis 'nisk zijn vóor ee
$oep van organismen. Deze probes moeten zowel sensitief als selectief zÛn; dit w
zeggen ze moeten rcageren met alle stammen en serotypen behorend tot de groep ma¿
ze mogen niet kruisreagercn met andere bacteriin. Het doel van het in dit proeisct¡i
beschreven onderuoek was te bepalen of species-specifieke DNA probes ontwikkel
kunnen worden op basis van de phoV genen die coderen voor het buitenmembraan eiw
PhoE in diverse Enterobacteriaceae.

De buitenmembraan, die deel uitmaakt van de celenveloppe, beschermt de bacteri
tegen schadelijke stoffen uit de omgeving. In de buitenmembraan bevinden zich eiwitte
waaronder de porines, waardoor de noodzakelijke voedingsstoffen deze membraan kunne
passercn. Onder standaard groeicondities synthetiseet Escherichia coli tweeporie+iwiner
OmpC en OmpF. De synthese van een derde porine, het PhoE eiwit, worát geinduceer
\{'anneer gekweelt wordt onder fosfaatlimitatie. De nucleotide-sequentie. .v* à" genen di
codercn voor deze porines zijn bepaald en vergelijking van de afgeleide urñirro"uu,
sequenties leerde dat deze porines nauw aan elkaar venvant zijn: de homologie tussen dez
drie eiwitten bedraagt ongeveer 60Vo. Er is een model voor de topologie van het phol
eiwit opgesteld. Voþns dit model wordt het eiwit voorgesteld als eèn põtypetideketen di
16 maal de buitenmembraan passeert in de vorm van een anti-parallele ßiheet structuu
en daarbij acht gebieden aan het celoppervlak exposeert. Wanneer de primaire stucturel
van ompc, ompF en PhoE met ellcaar vergeleken worden, blUkt dat d,
membraanoverspannende segmenten geconserveerd zijn, terwijl de aan het óeloppervlal
geëxposeerde segmenten variabel zijn.

Naast hetpåoE gen van E. colí zijn ook de phoE genen van K. pneumoniae en E
cloacae gekloneerd. Vergelijking van de primaire structuten van deze phoE eiwittel
toonde een onderlinge homologie van \IVo. De vier hypervariabele gebieden di,
onderscheiden lcr¡nnen worden bleken allen aan het celoppervlak geëxposeerd te zijn
Inmiddels zijn in dit onder¿oek ook de nucleotiden-sequenties uutt d" phoE g.n"n i^
Salmonella typhimurium (Hoofdstuk 4), Citrobacter freundii (Hoofdstuk 5'¡ enklebsreil,
orytoca (Hoofdstuk 7) bepaald. Bij vergelijking van alle nucleotide en aminozuu
sequenties met elkaar bleek dat de PhoE eiwitten sterk geconserveerd zijn. De homolgiër
wat betrcft identieke aminozuur residuen tussen het PhoE eiwit van E. coti en die van C



freundii, E. cloacae, K. pneumoniae, K. orytoca en S. typhimuriunr bedrager
respectievelijk 90Vo, 87Vo, 837o, 857o en 87Vo. De homologie in aminozuur residuen die
geconserveerd zijn in alle zes de eiwitten bedraagt 72Vo. Ondarks de hoge homologie
tussen de verschillende PhoE eiwitten konden er vier gebieden onderscheiden worden die
minder geconserveerd zijn. Deze variabele gebieden corresponderen met regionen die ir
het gepostuleerde topologie model celoppcrvlak geëxposeerd zijn.

Uitgaande van het idee dat DNA sequenties die coderen voor (gedeelte van)
hypervariabele regionen species-speciñek zijn, werden er oligonucleotiden ontwikkeld
gebaseerd op het vijfde en het achtste celoppervlak geëxposeerde gebied van de PhoE
eiwitten van E. coli K-12 (Hoofdstuk 2,3>, S. typhimurium (Hoofdstuk 4), C. freundit
(Hoofdstuk 5), K. pneumoniae (Hoofdstuk 6) en K. orytocø (Hoofdstuk 7). Vy'anneer deze
oligonucleotiden werden gecombineerd als primerkoppels in PCR's bleken alle specifiek
te zijn voor het species waartoe de bacteriën behoorden waaraan de sequenties werden
ontleend. onderlinge vergelijking van de PhoE sequenties van K. pneumoniae en K,
orytoca, beide behorend tot het genus Klebsiella, wees echter alleen het vijfde
geëxposeerde gebied als va¡iabel aan. Hieruit werd geconcludeerd dat de species-
specificiteit van de K. pneumoniae- en K. orytoca-specifieke primerkoppels gelocaliseerd
is in de primers gebaseerd op de vijfde celoppervlak geëxposeerde gebieden terwijl de
primers gebaseerd op de achtste celoppervlak geexposeerde gebieden mogelijk genus-
specifiek zijn. Dit werd getest door de laatsgenoemde primers te combineren in PCR's met
een primer gebaseerd op een deelvanphoB dat sterk geconserveerd is tussen bacteriën die
tot verschillende genera behorcn. Het koppel bleek inderdaad specifiek te zijn voor her
genus K/eåsiella (floofdstuk 7). Door twee primers gebaseerd op sterk geconserveerde
gebieden van phoE, als primerkoppel te gebnriken werd tevens een PCR ontwil¡keld di€
specifiek alle nauw aan elkaar verwante genera binnen de familie herkende, i.e. E,
colilShigella, Citrobacter, Enterobacter, Klebsiella en Salmonella (Íloofdstuk 3).

Samenvattend kan geconcludeerd worden dat de phoE genen gebruikt kunnen
worden voor het ontïvil*elen van enterobacteriële species-specifieke oligonucleotiden,
door uit te gaan van de hypervariabele, celoppervlak geëxposeerde gebieden. Verder blijkt
het mogelijk te zijn om, door uit te gaan van meer geconserveerde gebieden van phoî,
oligonucleotiden te ontwiltlcelen met een specificiteit boven het species-niveau.
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