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ABSTRACT A colonization mutant of the efficient root-
colonizing biocontrol strain Pseudomonas fluorescens WCS365
is described that is impaired in competitive root-tip coloni-
zation of gnotobiotically grown potato, radish, wheat, and
tomato, indicating a broad host range mutation. The coloni-
zation of the mutant is also impaired when studied in potting
soil, suggesting that the defective gene also plays a role under
more natural conditions. A DNA fragment that is able to
complement the mutation for colonization revealed a multi-
cistronic transcription unit composed of at least six ORFs
with similarity to IppL, lysA, dapF, orf235/233, xerC/sss, and
the largely incomplete orf238. The transposon insertion in
PCL1233 appeared to be present in the orf235/233 homologue,
designated orf240. Introduction of a mutation in the xerC/sss
homologue revealed that the xerC/sss gene homologue rather
than orf240 is crucial for colonization. xerC in Escherichia coli
and sss in Pseudomonas aeruginosa encode proteins that belong
to the A integrase family of site-specific recombinases, which
play a role in phase variation caused by DNA rearrangements.
The function of the xerC/sss homologue in colonization is
discussed in terms of genetic rearrangements involved in the
generation of different phenotypes, thereby allowing a bacte-
rial population to occupy various habitats. Mutant PCL1233
is assumed to be locked in a phenotype that is not well suited
to compete for colonization in the rhizosphere. Thus we show
the importance of phase variation in microbe—plant interac-
tions.

The use of microorganisms, including fluorescent Pseudomo-
nas spp., to protect plants against soil-borne diseases is an
alternative for the use of chemical pesticides. The biocontrol
activity of these strains usually results from the production of
one or more antifungal factors. The application of fluorescent
Pseudomonas spp. and other plant-growth-promoting rhi-
zobacteria is hampered by inconsistency of performance in the
field (1, 2). Although the mechanisms underlying biocontrol
are complex and diverse, the need to bring the plant-growth-
promoting rhizobacteria cells and their antifungal factors to
the right sites at the right time is universal. The importance of
this process, designated as root colonization, is underscored in
two studies. Schippers et al. (1) showed that inadequate
colonization leads to decreased biocontrol activity, and Bull et
al. (3) reported an inverse relation between the number of
bacteria present on the wheat root and the number of take-all
lesions seen on the plant. For these and other reasons, root
colonization is often considered the limiting factor for bio-
control in the rhizosphere (1, 2).

Two approaches were used in our laboratory to identify
traits involved in root colonization. The first approach is to
guess which traits are involved in colonization, isolate mutants
in these traits, and then test these mutants for colonization in
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competition with the parental strain. With this approach,
motility (4) and synthesis of the O-antigen of lipopolysaccha-
ride (LPS) (5) were shown to be essential for colonization.
Moreover, mutants auxotrophic for amino acids or vitamin B;
(6) and mutants with a slightly increased generation time (7)
also appeared to be reduced in colonization. Our second
approach involves random transposon mutagenesis, using
TnSlacZ (8), of the efficient root colonizer Pseudomonas
fluorescens WCS365 (9). Individual mutants were tested for
their colonization ability in competition with the parental
strain in a gnotobiotic system as described by Simons et al. (7).
This approach enables us to obtain knowledge of bacterial
colonization traits. In this paper, we describe such a mutant
strain, PCL1233, and the results indicate the involvement of a
site-specific recombinase in root colonization.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions. The character-
istics of all bacterial strains and plasmids used in this work are
described in Table 1. Wild-type P. fluorescens WCS365 cells
and derivatives of this strain were grown overnight at 28°C on
solidified King B medium (18) or in liquid King B or standard
succinate medium (SSM) (19) with vigorous shaking.

Various Escherichia coli strains were grown overnight at
37°C in liquid or on solidified Luria-Bertani medium (LBM)
(20). When appropriate a final concentration of the following
antibiotics was added to these media: nalidixic acid, 15 ug/ml;
tetracyclin, 40 ug/ml; streptomycin, 500 wg/ml; spectinomy-
cin, 200 pg/ml; kanamycin 50 wg/ml; and carbenicillic acid,
100 pug/ml. To distinguish between the wild-type P. fluorescens
WCS365 cells and its Tn5lacZ derivatives, 5-bromo-4-chloro-
3-indolyl B-D-galactoside was added to the medium to 40
pg/ml.

The ability to produce siderophores such as pyoverdin was
tested on solidified LBM supplemented with 2.5 or 5 mM
ZnSOy, (13). Addition of the salt was followed by adjustment
of the pH of the medium.

Plasmid Constructions. To isolate and study the DNA
fragment from mutant PCL1233, which contains the Tn5lacZ
(8) insertion, we isolated a flanking region of the transposon
by using Sall to digest the chromosomal DNA of mutant
PCL1233. Subsequently, ligation of this digested chromosomal
DNA into pIC20H (17) and transformation to E. coli resulted
in plasmid pMP5206 (Fig. 1 and Table 1). Plasmid pMP5206
was subsequently used to construct pMP5211 (Fig. 1 and Table
1). After introduction of pMP5211 into P. fluorescens WCS365
and selection for a single homologous recombination event,
total DNA was isolated and digested with BamHI. Self-ligation
and selection for kanamycin resistance (21) resulted in plasmid
pMP5209, which contains an 8.5-kb EcoRI fragment of P.
fluorescens WCS365 spanning the TnSlacZ insertion (Table 1).

Abbreviations: LPS, lipopolysaccharide; IHF, integration host factor.

Data deposition: The sequence reported in this paper has been

deposited in the GenBank database (accession no. Y12268).

*To whom reprint requests should be addressed. e-mail: Lugtenberg@
rulbim.leidenuniv.nl.
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Table 1. Bacterial strains and plasmids used in this study
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Strains
and plasmids

Characteristic(s)

P. fluorescens

WCS365 Biocontrol strain in a Fusarium oxysporum f. sp. radicis-lycopersici-tomato system (L.C.D., unpublished results),
causes systemic acquired resistance in Arabidopsis thaliana ecotype Columbia (H. Gerrits, personal
communication, efficient colonizer of the potato root (9)
PCL1500 TnSlacZ (8) derivative of WCS365 that behaves as wild type in colonization assays (10)
PCL1233 A TnSlacZ derivative of WCS365 that was isolated as a colonization-impaired mutant (11)
PCL1224 PCL1233 harboring plasmid pWTT2081*
PCL1228 PCL1233 harboring pMP5213, used for homogenotization*
PCL1231 Wild-type WCS365 obtained by homogenotization*
PCL1234 PCL1233 harboring pMP5215, used for complementation of the mutation*
PCL1239 WCS365 harboring pWTT2081*
PCL1250 PCL1233 harboring pMP5244*
P. aeruginosa
TNSK> Plant-growth-promoting P. aeruginosa strain (12)
SSS Derivative of P. aeruginosa TNSK> mutated in the sss gene, a homologue of xerC (13, 14).
E. coli
XL1-Blue SupE44 hsdR17 recAl endAl hyrA46 thi relAl lac-F' [proAB + lac1 lacZ M15 Tnl0(ter™)], used for
transformation and propagation of pBluescript phagemids (Stratagene)
DHS5« EndAI gyrSA96 hrdR17(rK— mK—) supE44 recAl, used for propagation of plasmids (15)
Plasmids
pME3049 Suicide plasmid, used for picking up wild-type genes (16)

Plasmid stably maintained in the rhizosphere; used for complementation of PCL1233 (10)

pIC20H containing a Sall fragment of the chromosomal region of PCL1233 flanked by Tn5lacZ (Fig. 1)*
PME3049, which contains a 1.8-kb EcoRI fragment from pMP5206 used to isolate a larger DNA fragment from

pPME3049 containing an 8.5-kb fragment of WCS365, obtained by homologous recombination and spanning the

A 5-kb HindIII fragment derived from pMP5209 cloned into pBluescript used for single-stranded sequencing*

Complementing 5-kb HindIII fragment, derived from pMP5209 and cloned into pWTT2081*

pIC20H/R Used for cloning and subcloning of fragments (17)
pMP2740 Plasmid used for homogenotization (17)
pWTT2081
PBluescript Vector used for single-stranded DNA sequencing (10)
pMP5206
pMP5211

WCS365 by homologous recombination™ (Fig. 1)
pMP5209

TnSlacZ insertion*
pMP5230/31

(Fig. 1)
pMP5213 The 8.5-kb EcoRI fragment of pMP5209 in pMP2740, used for homogenotization*
pMP5215
pMP5244

pWTT2081 containing the 5-kb fragment of pMP5215 with a small insertion in sss* (Fig. 1)

*This paper.

Various subclones of pMP5209 were generated (Fig. 1 and
Table 1). Plasmid pMP5215 was used for complementation
studies. Plasmid pMP5244 was constructed after digestion of
plasmid pMP5215 with Bg/II (Fig. 1 and Table 1). To create a
blunt end, the Bg/I1 site present in the xerC/sss homologue was
subsequently filled in by using the Klenow fragment of DNA
polymerase I, and the blunt ends were religated.

Plasmid pMP5213, harboring the total 8.5-kb EcoRI frag-
ment isolated from WCS365 (Table 1), was introduced into
mutant strain PCL1233. A selection was made for a double
homologous recombination, which results in white kanamycin-
sensitive colonies. One of these was designated PCL1231.

Triparental mating and electroporation were used to trans-
fer the various plasmids to P. fluorescens WCS365. Electropo-
rations were performed according to the manufacturer’s
guidelines using a Bio-Rad Gene Pulser.

DNA Modifications. Standard molecular techniques were
performed as described (20). Single-strand sequencing of
pMP5230/31, which contain a subclone of 5 kb of the originally
isolated fragment, was performed by using the dideoxynucle-
otide chain-termination method (23). Computer analysis of the
obtained sequence results was performed with the GCG
Wisconsin software. The site of the Tn5lacZ insertion was
determined by sequencing pMP5206 with a specific Tn5 primer
constructed for the ends of the TnSlacZ. To determine
whether the integration host factor (IHF) was actually binding
to the putative IHF binding site, an IHF binding study was
performed (24).

Methods Used for Isolation and Characterization of Mutant
PCL1233. The method of transposon mutagenesis used to
obtain colonization-impaired mutants has been described (7).
Individual mutants were screened by inoculation of potato
stem cuttings with a 1:1 (ODgyo = 0.1) mixture of cells of the
parental strain and one mutant in the compact gnotobiotic
system (6, 7, 21). To determine the numbers of mutant and
wild type cells on the root tip in a competitive root coloniza-
tion, a time course study was performed by sampling and
estimating the numbers of each strain on 10 plants approxi-
mately every other day starting at day 5. Competitive root tip

Tn5/acZ insertion
A. SEB
H3 Sa C S KEvK B H3 E Sa
1 [ L 1 L1 ] ! 1 =
IopL lysA dapF  orf235 xerC  orf238

B } pMP5206

' —tk ¢ pMP5211
Hs 2 pMP5230/5231/5215
K ¥Vt pMP5244

F1G. 1. Restriction map of the DNA fragment from P. fluorescens
WCS365, which includes the 5-kb HindIII fragment that complements
the colonization defect. (4) The 5-kb HindIIl fragment in which
arrows indicate the direction and the size of the six ORFs. (B) The
fragments used for complementation or single strand-DNA sequenc-
ing. B, BamHI; C, Clal; E, EcoRI; Ev, EcoRV; H3 HindIll; K, Kpnl;
S, Smal; Sa, Sall.
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colonization on tomato, radish, and wheat was determined in
the gnotobiotic system described by Simons et al. (7), referred
to herein as the standard system.

To determine colonization abilities in unsterile potting soil
(Jongking Grond B.V., Aalsmeer, The Netherlands), germi-
nated tomato seeds were bacterized with a 1:1 mixture (ODg2o
= 0.1) of mutant and parental cells and contained in plastic
pots. The plants were grown for 10 days in a climate-controlled
growth chamber. Root samples were taken, the adhering soil
and bacteria were removed by shaking, and soil suspensions
were plated on King B plates supplemented with nalidixic acid,
cycloheximide (100 wg/ml), and 5-bromo-4-chloro-3-indolyl
B-D-galactoside (80 pg/ml).

To determine whether mutant PCL1233 is actually a deriv-
ative of P. fluorescens WCS365 and whether differences exist
in the ability of the mutant and the wild type to oxidize 95
different C-sources, the Biolog system (22) was used according
to the manufacturer’s guidelines. Isolation of cell envelopes
and visualization of cell-envelope protein patterns was per-
formed according to Lugtenberg et al. (25). Analysis of LPS
ladder patters was performed according to de Weger et al.
(26). To measure motility, semisolid (0.35% agar) agar plates
containing King B medium diluted 1:20 were used (4). Growth
in competition in SSM was carried out as described by Dekkers
et al. (27).

RESULTS AND DISCUSSION

Mutant Strain PCL1233 Is a Colonization-Impaired Mu-
tant. After screening on potato roots and preliminary identi-
fication as a competitive colonization mutant (11, 28), mutant
strain PCL1233 was selected and tested for previously de-
scribed colonization traits. The parent strain P. fluorescens
WCS365 and the mutant strain PCL1233 were indistinguish-
able with respect to motility, the production of the O-antigen
of LPS, amino acids, and vitamin B;. The parent and mutant
were also indistinguishable with respect to growth rate in SSM

Table 2. Populations of mutant strain PCL1233 with the wild-type
(WCS365) on root tips with different plant species and
rooting media

Mean logio(CFU + 1)/
cm of root tip

Colonization conditions WCS365 PCL1233
Gnotobiotic compact sand column in
competition on potato
Exp. 1 5.52 0.3°
Exp. 2 5.42 1.4>
Strains alone in the gnotobiotic
compact sand column
Potato — 5.6%
5.72 —
Tomato — 4.32
4.4a —
Wheat — 4.12
5.02 —
Standard gnotobiotic sand column in
competition
Potato 3.6 1.1°
Tomato 4.22 1.6°
Wheat 4.72 3.8>
Radish 4.32 2.9b
Potting soil in competition
Tomato 4.12 1.4>

Inoculation was carried out on sterile stem cuttings of potato and
germinated seeds of radish, tomato, and wheat (7). In every experi-
ment, 10 plants were inoculated. When values from the same exper-
iment are followed by a different letter, they are significantly different
at P = 0.05 according to the Wilcoxon Mann-Whitney test (29).
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Table 3. Populations of wild-type (WCS365 or PCL1239),
complemented mutant (PCL1234), and mutant complemented with
a deleted xerC (PCL1250), on potato root tips 14 days after
inoculation of potato stem cuttings with a 1:1 mixture

Mean logio(CFU + 1)/
cm of root tip

Various xerC

Colonization test Wild type derivatives
WCS365 vs. PCL1233 4.62 2.9b
6.12 3.1b
PCL1239 vs. PCL1234 4.6% 4.6
5.12 5.52
PCL1239 vs. PCL1250 5.62 3.8°
5.02 3.4°
7NSK2 vs. SSS 5.32 1.6°
5.62 4.5b

Statistical analysis was performed as described in Table 2.

in competition, in their cell envelope proteins, and in the
oxidation of 95 different carbon sources in Biolog plates (22).
We conclude that mutant PCL1233 does not differ from the
wild-type strain P. fluorescens WCS365 in any of the estab-
lished colonization traits. Mutant PCL1233 was therefore
selected for further molecular analysis.

Root Colonization Characteristics of Mutant PCL1233.
Root colonization experiments in which cells of mutant
PCL1233 and parental strain P. fluorescens WCS365 were
coinoculated on sterile potato plantlets showed consistent and
statistically significant, at least 50-fold, less colonized root tips
for mutant PCL1233 compared with its wild-type parent
(Tables 2 and 3). However, inoculation of mutant PCL1233
alone on potato, tomato, and wheat resulted in bacterial
numbers at the root tips comparable to those measured for the
wild type (Table 2), indicating that mutant strain PCL1233 is
not colonization-defective because of supersensitivity to com-
pounds exuded by the roots.

The results in competition with the parent (Table 2) show
that the mutation also exhibits an inability to colonize roots of
tomato, radish, and wheat, indicating that the colonization
trait impaired in mutant PCL1233 has a broad host range. Also
in potting soil, mutant PCL1233 appeared to be defective in
tomato root tip colonization when coinoculated with the
parental strain (Table 2). Similar results in potting soil were
described by Glandorf (11) for the colonization of the lower
parts of potato roots. These results in soil indicate that the
colonization trait impaired in mutant PCL1233 is likely to also
play a role under more natural conditions. A time course
experiment in which PCL1233 was coinoculated 1:1 with the
parental strain on the potato root showed that the wild-type
numbers isolated from the root tip remained constant or
decreased slowly from 6.7 log;o(CFU + 1)/cm of root (where
CFU is colony-forming units) at day 5 to 6.4 at day 14. The
numbers of mutant cells at the growing root tip decreased in
time: values of 5.9, 5.4, 5.1, 5.1, and 3.8 log;o(CFU + 1)/cm of
root were found on days 5, 7, 10, 12, and 14, respectively.

Identification of the DNA Fragment with the Colonization
Gene. Two approaches were followed to test whether the
TnSlacZ insertion is responsible for the colonization defect. (i)
Strain PCL1234 was tested in competition with PCL1239, to
rule out the possibility of a genetic and/or physiological
burden for the complemented mutant in the rhizosphere (10).
Introduction of pMP5215 in strain PCL1233 caused comple-
mentation of the colonization defect in PCL1233 (Table 3). (ii)
The wild-type fragment present in pMP5213 was exchanged
for the mutated fragment present in mutant PCL1233. After
selection, strain PCL1231, a white derivative of PCL1233, was
isolated that behaved indistinguishably from P. fluorescens
WCS365 in a competitive colonization assay (results not
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shown), indicating that the colonization defect of PCL1233 is
linked to the Tn5lacZ insertion.

Homologues of ORF1-6. Sequence analysis of 4,525 bp of
pMP5230/31 revealed the presence of six ORFs, designated
ORF1-6, of which ORF6 is incomplete (Fig. 14). The average
G+C content of the predicted ORFs is 63.7%, which is
consistent with values found in other Pseudomonas species
(30). In view of the close proximity of the six ORFs and the fact
that no putative promoter sequences were found in the inter-
genic regions between the six ORFs, they probably form one
multicistronic transcriptional unit. All ORFs, except ORFS,
were preceded by a putative Shine—Dalgarno sequence that is
correctly spaced from the various start codons. Lack of a
Shine-Dalgarno sequence in front of ORFS5 suggests that
ORF4 and ORFS5 are translationally coupled.

The first gene in the operon (Fig. 1.4) shows an ORF of 171
bp; the deduced amino acid sequence indicates a 57-amino acid
protein with a calculated molecular weight of 6,073. The
predicted product shows 53% identity and 66.7% similarity at
the amino acid level to LppL, a lipopeptide described for
Pseudomonas aeruginosa (31).

ORF?2 (Fig. 14; 1,248 bp) could encode a protein of 416
amino acids with a calculated molecular weight of 45,222. The
putative amino acid sequence shows homology with LysA from
various bacteria (32-35). The best identity is found with LysA
of P. aeruginosa (32), of which 84% of the amino acids are
identical and 92.5% are similar. lysA encodes meso-
diaminopimelate decarboxylase, the last enzyme in L-lysine
biosynthesis.

ORF3 (Fig. 14; 828 bp) could encode a protein of 276 amino
acids with a calculated molecular weight of 29,920 and sub-
stantial amino acid sequence similarity (71.5%) and identity
(54%) with diaminopimelate epimerase or DapF of E. coli K12
(36). This enzyme is involved in the formation of meso-
diaminopimelate, an essential component of peptidoglycan in
rod-shaped bacteria and the direct precursor of L-lysine. Part
of this dapF gene was also found in the biocontrol strain P.
aeruginosa TNSK2 (13). Sequence homology of ORF3 with the
dapF is even more striking, with 80% identity and 90%
similarity over 108 amino acids.

The site of the Tn5lacZ insertion was shown to be in ORF4
(Fig. 14; 720 bp), which encodes a putative protein of 240
amino acids, designated Orf240, with a molecular weight of
26,820. The Tn5lacZ insertion is located 150 bp downstream of
the orf240 start codon. The function of this ORF, designated
orf235 in E. coli (14) (29% identity and 53% similarity at the
amino acid level) and orf233 in P. aeruginosa TNSK2 (13) (67%
identity and 81.5% similarity at the amino acid level), is
unknown.

ORFS5 contains 897 bp and encodes a putative protein of 299
amino acids with a calculated molecular weight of 33,772. The
putative protein sequence of this ORF, designated Sss, shows
a high similarity (Fig. 2) to the Sss protein of P. aeruginosa
(71% identity and 83% similarity) (13) and the XerC protein
of E. coli (48% identity and 68% similarity) (14). Both XerC
and Sss are members of the A integrase family of site-specific
recombinases. Other well known but slightly less homologous
members of this family are XerD, formerly known as XrpB
(38), FimE, and FimB (37, 39) (see Fig. 2), and A integrase
(40).

Because ORF6 is not necessary for complementation, it was
only partially sequenced. The deduced amino acid sequence of
this ORF shows homology with Orf238 of E. coli, which, as in
P. fluorescens WCS365, is also located downstream of xerC
(14). The deduced amino acid sequence of the first 66 amino
acids of ORF6 shows significant similarity (44%) and identity
(34%) to Orf238, the function of which in E. coli is not known
(14). A striking resemblance is observed for E. coli, P. aerugi-
nosa TNSK2, and P. fluorescens WCS365 in that the genetic
organization of the dapF, orF240/235/233 genes, and genes
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FimB IHPHMLRHS CGFALANMGI DTRLIQDYLG
FimE THPHMLRHA CGYELAERGA DTRLIQDYLG
SssPa HLHPHMLRHS FASHLLESSG DLRAVQELLG
Sssps NLHPHMLRHS FASHLLESSQ DLRAVQELLG
XerC HVHPHKLRHS FATHMLESSG DLRGVQELLG
XerD KLSPHVLRHA FATHLLNHGA DLRVVQMLLG
C_kkkkkkkk Khk_KKkhk____ kkKk_kk_kk*k
281 310
FimB TASNAGRFYG IWDRARGRQR HAVL
FimE TASNAARFAG LWERNNLINE KLKREEV
SssPa THLDFQHLAS VYDAPIPRAK QGQRDGGNDP
Sssps THLDFQELAT VYDSAHPRAK RIKGDES
XerC THLDFQHLAS VYDAAHPRAK RGK
XerD THVATERLRQ LHQQHHPRA
ki S KK e - — KKK ek e ————

FiG. 2. Comparison of the C-terminal part of the deduced amino
acid sequence of the Sss protein of P. fluorescens WCS365 (boldface
type) with that of other site-specific recombinases. Amino acids found
in more than four sequences are marked by an asterix. The conserved
tyrosine residue is boxed. The protein is compared with FimB and
FimE (37, 39) of E. coli, Sss of P. aeruginosa 7TNSK2 (SssPa) (13), and
XerC (14) and XerD (38) of E. coli.

located further downstream is identical for all three strains,
although the genetic information preceding these four ORFs
is different.

Regulation of the Promoter. A putative ¢’ promoter se-
quence (—35 region TAGGCA 17 bp —10 region TATACT)
was found in front of ORF1. A putative IHF binding site (41)
was present between the ¢7° binding site and the ATG start
codon of the first ORF. However, when a DNA fragment
containing this IHF binding site was incubated with purified E.
coli THF protein, no IHF was bound to the DNA (results not
shown).

A 300-bp region upstream of the ATG start codon of the
IppL gene of P. aeruginosa is 71% homologous at the DNA
level to the region upstream of the [ppL homologue in strain
WCS365. Even the putative —10 and —35 sequences, including
the spacing of —10 and —35, are completely homologous,
indicating strong conservation of this particular promoter
region. This latter observation suggests an important role for
this upstream region, perhaps in binding of certain regulatory
elements. In P. aeruginosa, IppL is also located upstream of the
lysA gene. A location in the outer membrane is suggested for
LppL but its function is still unknown (31). A role in the
regulation of lys4 mediated by an attenuation-type system of
regulation was proposed by Jann et al. (31); this could explain
the conservation of the promoter region upstream of the
IppL /lysA genes in both Pseudomonas species.

Three global regulators have been described to affect switch-
ing induced by fimB and fimE, namely IHF, the histone-like
protein H-NS, and the leucine-responsive element (Lrp) (37,
42-46). Lrp differentially regulates switching in various media
and is involved in the stimulation of switching upon addition
of aliphatic amino acids (47). Furthermore, the isolation of
fimbriate E. coli is favored under certain growth conditions
(ref. 46 and references therein). Gally et al. (47) showed further
that the fim switch is differently regulated by environmental
conditions such as temperature and medium (47). For XerC,
the presence of L-arginine functioning as a corepressor of
ArgR positively influences site-specific recombination at cer
(48). As a result of these findings and the presence of the lys4
and dapF genes upstream of the sss homologue in P. fluorescens
WCS365, we tested a possible regulatory role for the amino
acid L-lysine in the regulation of switching induced by Sss.
However, L-lysine added at 1 mM to the gnotobiotic system had
no effect on the competitive colonization behavior of wild type
and mutant (results not shown). If L-lysine suppressed tran-
scription of the operon, one should expect the parent to behave
as the mutant.
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The ORFS5 Site-Specific Recombinase Functions in Com-
petitive Colonization. Because the mutation is located in
orf240 and pMP5215 complements for colonization, orf240 and
the xerC/sss homologue are the only candidates that can be
responsible for the colonization defect of mutant PCL1233. A
small insertion was introduced in the xerC/sss gene present on
the complementing plasmid (pMP5244). This mutation is
located downstream of the actual transposon insertion in
mutant PCL1233. Transfer of plasmid pMP5244 to PCL1233
resulted in strain PCL1250. In contrast with PCL1234,
PCL1250 is not complemented for root tip colonization (Table
3). Therefore, xerC/sss is crucial for colonization, whereas a
role of orf240 cannot be excluded.

The sss mutant of P. aeruginosa TNSK2 was reported to have
a prolonged lag phase (13) and inoculation of this mutant on
maize led to a 4-fold reduction in colonization in a system quite
different from ours (13, 49). In contrast, we observed a normal
logarithmic-growth phase for mutant PCL1233. When the
colonizing ability of the sss mutant of P. aeruginosa TNSK2 was
tested in our gnotobiotic system, it appeared to be at least 10-
to 1,000-fold impaired in its ability to colonize potato root tips
after inoculation with a 1:1 mixture of mutant and parental
cells (Table 3). These results confirm independently the role of
Sss in colonization. Furthermore, sss mutants were described
not to be able to produce the siderophore pyoverdin when
grown in LBM supplemented with Zn?* (13). Incubation of P.
fluorescens WCS365 and mutant PCL1233 on LBM supple-
mented with Zn?* showed that neither P. fluorescens WCS365
nor mutant PCL1233 produces a siderophore under these
circumstances, whereas 7NSK2 does. Hofte et al. (49) attrib-
uted the observed slightly decreased root colonization capacity
for the sss mutant of 7NSK2 to an altered ability of the mutant
to induce pyoverdin and related outer membrane proteins (49).
In contrast to their results, (7) the effect of an sss mutation on
colonization is much larger in our more sensitive root tip assay
and (if) we did not find the siderophore effect described by
Hofte et al. (12).

Members of the A integrase family of site-specific recombi-
nases such as XerC and XerD have been described to have
various functions in E. coli. XerC and XerD act cooperatively
in the process of monomerization of ColE1 plasmids and of the
circular chromosome at, respectively, cer and dif sites (38). xerC
mutants of E. coli are reported to have a slow recovery from
stationary phase and to show a variable growth rate in the
exponential phase when compared with a xerC™ strain (50).
This is clearly not the case for mutant PCL1233, which also
does not show cell division defects (results not shown).

The observed homologies indicate that the xerC/sss homo-
logue of P. fluorescens WCS365 is a member of the A integrase
family of site-specific recombinases. These enzymes promote
conservative reciprocal recombination (which does not require
DNA synthesis) between two small (approximately 15 bp)
homologous DNA sequences. The presence and orientation of
two of these sequences will lead to inversion or excision of the
DNA fragment situated between these small recognition sites
(51). Comparison of all site-specific recombinases shows that
homology is particularly striking in the C-terminal part (Fig.
2), in which a perfectly conserved tyrosine residue is present
and thought to form a linkage with the DNA (40).

Most DNA rearrangements involved in phenotypic switch-
ing regulate expression of phase-variable cell surface antigens
(52) such as fimbriae, flagella, LPS, and lipoprotein. FimE and
FimB play a role in phase variation of type 1 fimbriae in E. coli.
Both proteins are thought to be site-specific recombinases (37)
acting on a specific 314-bp DNA element located in the
promoter region of fimA, the main fimbrial subunit gene (39,
53). From the homology found with FimB and FimE (Fig. 2),
we postulate that the Sss protein is involved in DNA rear-
rangements that lead to phenotypes with different coloniza-
tion abilities. DNA rearrangements can also regulate the
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production of two forms of LPS related to pathogenicity in the
intracellular pathogen Francisella tularensis (54) and antigenic
variation of surface lipoprotein antigens in Mycoplasma bovis
(55). Also the regulation of the alternate expression of two
flagellin genes in Salmonella typhymurium is regulated by an
invertible DNA element modulated by recombination (56).
The fact that most DNA rearrangements involved in pheno-
typic switching regulate expression of phase-variable cell sur-
face antigens and our observation that mutant PCL1233 is only
impaired in competitive colonization but not when inoculated
alone lead us to speculate that PCL1233 is impaired in
competition for nutrients or for sites on the root surface.
Flagella, crucial for colonization (4), presumably play a role in
competition for nutrients through chemotaxis. Moreover, the
composition of the LPS may affect motility because O-antigen-
negative mutants of P. fluorescens WCS365 are often less
motile than their parental strain (L.C.D., unpublished results).
Fimbriae, LPS, and cell-surface proteins could be involved in
competition for sites on the root surface. We favor the
hypothesis that a cell-surface-related molecule or trait is
subject to phase variation by Sss and that, as a result, compe-
tition for nutrients or sites on the root surface is affected. This
hypothesis is also consistent with the observation that the
mutant is impaired only in competition. The discovery that Sss
plays a role in root colonization shows the importance of phase
variation in this plant-microbe interaction.

Colony sector formation is often associated with DNA
rearrangements. Interestingly, we observed that old colonies of
WCS365 contain morphologically distinct sectors. Sectoring
has been observed less frequently in mutant strain PCL1233
than in WCS365 (L.C.D., unpublished results). Dybvig (52)
postulated that bacteria are able to generate subpopulations in
certain environments, by means of DNA rearrangements, that
result in different abilities to adjust to sudden environmental
changes. By this mechanism, such a bacterial population is at
all times able to respond adequately to environmental changes
even if only a few cells of a subpopulation are surviving.
According to this notion, mutant PCL1233 is locked in a
genetic configuration that is less rhizosphere competent when
compared with cells of the parental strain.
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