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Abstract

The bioluminescently marked Pseudomonas fluorescens strain 5RL, has been used previously to follow colonisation
of soy bean roots (De Weger et al. [1991] Appl. Environ. Microbiol. 57:36-41). In the present paper the method
has been further developed and optimized for wheat roots and it is used to get a quick overview of the colonisation
patterns of many different root systems at the same time. Colonisation was followed on wheat plants grown in our
gnotobiotic sand system (Simons et al., 1996. Mol Plant Microbe Interact 9: 600–607) and the following results
were obtained. (i) A spatio-temporal analysis of the colonisation of wheat roots showed that 4 days after planting
the highest bacterial activity was observed at the upper part of the root. After 6 days the high bacterial activity at
the upper part was further increased, whereas spot-like activities were observed on the lower root parts, possibly
due to micro-colonies. (ii) Bacterial mutations causing lack of motility or auxotrophy for amino acids resulted in
impaired colonisation of the lower root parts, indicating that motility and prototrophy for the involved amino acid(s)
are important factors for wheat root colonisation by strain 5RL. (iii) Coinoculation of strain 5RL with other wild
type Pseudomonas strains on the root influenced the colonisation pattern observed for strain 5RL. Colonisation
was not visually affected when the competing strain was a poor root coloniser, but was severely reduced when the
competing strain was a good root coloniser. The results show that the spatio-temporal colonisation of wheat root
by P. fluorescens strain 5RL and derivatives is similar to that of strain WCS365 on tomato. The advantage of the
use of lux-marked strains is that the results are obtained much quicker than when conventional methods are used
and that the result is supplied as an image of the colonisation pattern of many different roots.

Introduction

The process of colonisation of plant roots by bacteria
does not only play an important role in the infection of
the plant by root-pathogenic bacteria, but also in the
application of beneficial bacteria, such as (i) the fertil-
izing bacteria Bradyrhizobium and Rhizobium (Dowl-
ing et al., 1986), (ii) bacteria used for bioremediation
(Brazil et al., 1995), and (iii) biocontrol bacteria that
can protect the plant against deleterious microorgan-
isms (de Weger et al., 1995, Lugtenberg et al., 1991,
Schippers et al., 1995). In order to optimize those three
applications, more insight is needed in the colonisation
process, e.g. the spatio-temporal colonisation pattern
after application of the inoculant bacteria on the seed

and when in competition with other bacteria. Recent-
ly we have developed a gnotobiotic system to study
colonisation (Simons et al., 1996).

So far, results on bacterial colonisation have been
obtained in painstaking ways such as (i) by removing
the cells from the root and determining colony form-
ing units (Bahme and Schroth 1987, de Weger et al.
1987, Simons et al., 1996) or (ii) by the use of scan-
ning electron micorscopy (Chin-A-Woeng et al.,1997).
Furthermore, these studies are laborious and require
many plants since there are large variations between
individual plants and roots (Kloepper and Beauchamp
1992). Colonisation studies would benefit from a fast
and simple method that can supply semi-quantitative
levels of colonisation of many different roots. In a pre-
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Table 1. Bacterial strains

Strains Relevant characteristics reference/source

P.fluorescens

5R Wild type strain carrying a plasmid with napthalene degradation (nah) genes. King et al., 1990

5RL Derivative of strain 5R carrying the luxABCDE (Shaw et al., 1987) cassette King et al., 1990

in the nah genes

PCL1507 Motility-deficient Tn5 mutant of strain 5RL This study

PCL1508 Amino acid auxotrophic Tn5 mutant of strain 5RL This study

WCS365 Wild type strain isolated from potato; good coloniser of wheata Geels & Schippers, 1983

WCS134 Wild type strain isolated from potato roots; good coloniser of wheata Geels & Schippers, 1983

P.syringae

393 Wild type strain isolated from cotton; poor coloniser of wheata J. Kloepper

Pseudomonas spp.

RC1 Wild type strain isolated from wheat roots; good coloniser of wheata Federickson & Elliott, 1985

B8 Wild type strain isolated from wheat roots; poor coloniser of wheata Federickson & Elliott, 1985

Escherichia coli

S17-1 � pSUP2021 mobilizable suicide plasmid carrying Tn5 Simon et al., 1983

aColonisation ability of these strains was determined in a competitive colonisation assay, in which each strain was inoculated on wheat
seedlings in a 1:1 ratio with one of the other strains (de Weger, unpublished data).

vious study (de Weger et al., 1991) we have shown
that Pseudomonas fluorescens strain 5RL (King et al.,
1990), carrying the naphthalene-inducible luxABCDE
gene cassette (Shaw et al., 1987) on a native plasmid, is
useful to follow colonisation patterns on soy bean root
systems (de Weger et al., 1991). Here we present the
further development and optimization of this method
for its detection on wheat roots. Furthermore, in order
to test the validity of the method we have chosen some
experimental set ups similar to previous studies in our
laboratory that have been performed using potato (de
Weger et al., 1987,) or tomato (Simons et al., 1996,
Simons et al.1997, Chin-A-Woeng et al., 1997).

Material and methods

Strains and growth conditions

Bacterial strains are listed in Table 1. P.fluorescens
strains 5R and 5RL are kind gifts of Dr. G. Sayler.
The colonisation behaviour of wildtype Pseudomonas
strains (de Weger, unpublished results) was determined
in a competitive colonisation assay as described later.
All Pseudomonas strains were grown at 28�C under
vigorous aeration in King’s B medium (King et al.,
1954), and when required supplemented with tetracy-
clin (40�g/ml) or kanamycin (50 �g/ml). For plating,
King’s B medium was solidified with 1.8% agar. In
order to isolate auxotrophic mutants, individual Tn5

mutants were screened for auxotrophies on solid stan-
dard succinate medium (SSM)(Meyer and Abdallah
1978). One of these mutants, whose growth on SSM
was restored by the addition of 0.05% (w/v) vitamin
free casamino acids (Difco Laboratories, Detroit, MI),
was chosen for further study. To isolate non-motile
mutants, individual Tn5 mutants were screened on
motility plates consisting of 20-fold-diluted King’s B
medium solidified with 0.3% agar (de Weger et al.,
1987).

Colonisation assay

Wheat seeds were surface sterilized using a 3% sodi-
um hypochlorite-0.1% sodium dodecylsulfate solution.
Wheat seeds were allowed to germinate for 3 days on
1.8% agar plates containing Plant Nutrient Solution
(PNS) (Hofland et al.1989). The resulting surface dis-
infested wheat seedlings were inoculated by incuba-
tion for 2 min in a bacterial suspension of 108 CFU/ml.
For competitive colonisation assays, seedlings were
inoculated with a mixture of two strains, the inocula-
tion suspension contained 108 CFU/ml of each strain.
For experiments with varying cell concentrations, the
inoculation suspension was diluted in 10-fold steps to
obtain a dilution series from 108 to 103 CFU/ml. After
inoculation, seedlings were planted in a gnotobiotic
system, consisting of a quartz sand column moistened
with PNS as described by Simons et al., (Simons et
al., 1996). After incubation in a growth chamber at
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19�C, roots were carefully removed from the column.
After 3, 4, 5, or 6 days, root lengths varied between
2 to 6 cm, 3.5 to 9 cm, 4.5 to 11 cm, and 9 to 12 cm,
respectively. Colonisation was usually estimated 6 or
7 days after planting by either measuring biolumines-
cence or by determining the CFU/cm of root. To mea-
sure bioluminescence one or two individual roots were
removed from the plant at the base of the stem and
roots from five different plants were placed next to
each other on a piece of filter paper immersed in phos-
phate buffered saline (PBS; 10 mm phosphate buffer,
pH 7.2 - 155 mm NaCl). This filter paper with roots
was sealed in a plastic bag together with a few pieces of
naphthalene (Sigma Chemical Co, St.Louis, MO). An
ECL-film (Hyperfilm-ECL, Amersham, Sweden) was
placed on the plastic bag in the dark room. The film was
developed after exposure for 16 hours in a black-box.
Control wheat roots from uninoculated seeds did not
produce any signals on the photographic film. Coloni-
sation was also determined as the CFU/cm of root.
Root pieces (1 cm) were taken along the root system
and the bacteria present were suspended in PBS by vig-
orous mixing and plated using a Spiral Plater (model
C, Spiral System Instruments, Bethesda, MD). When
plants were coinoculated with strain 5RL and another
strain the CFU/cm of root was determined on King’s
B medium, whereas the CFU/cm of root of strain 5RL
was determined on King’s B medium supplemented
with tetracyclin (40 �g/ml).

All experiments presented were performed at least
twice.

Results

Development and optimization of the detection
method for P.fluorescens 5RL on wheat roots

Although strain 5RL was originally not isolated as a
root coloniser, it appeared to be a good coloniser of
wheat and tomato roots in our gnotobiotic system.
When wheat seeds were inoculated with a 1:1 mix-
ture of wild type 5R and its bioluminescent derivative,
analysis of roots showed similar CFU/cm of root for
each of these strains (data not shown). Apparently the
presence of the bioluminescent gene-cassette does not
influence colonisation under these conditions.

After inoculation of germinated seeds with strain
5RL and subsequent growth for 6 days in the gnoto-
biotic system, wheat root systems from several plants
were analysed using a photographic film. When the

Figure 1. Bioluminescence pattern of individual wheat roots from
five different wheat plants after inoculation of germinated seeds with
P.fluorescens strain 5RL and subsequent growth for six days in the
gnotobiotic system. The position of the root has been indicated by
drawing a line. Letters indicate root fragments of the left most root
colonised by 106 to 107 (A), 104 to 105 (B) or 103 to 104 CFU/cm
root (C).

complete root system, consisting of 3 to 5 roots, was
exposed to film, the upper part of the root system often
produced an over-exposed spot on the film which inter-
fered with the detection on the lower root parts (data
not shown). When roots were cut from the stem and
exposed separately on the film this problem was avoid-
ed, since the black spot caused by the upper part of each
root was reduced in intensity (Figure 1). This method
of incubation on the film improved the analysis of the
lower root parts substantially. For the rest of the study,
individual roots of different plants were cut off under
the stem and further analysed.

The detection appeared to be semi-quantitative
(Figure 1). Segments causing heavy dark spots on the
film contained approximately 106 to 107 CFU/cm root,
the dark spots often caused by the middle part of the
root represent approximately 104 to 105 CFU/cm root,
whereas the individual spots often found at the lower
root parts represent approximately 103 to 104 CFU/cm
root. Segments showing no bioluminesce contained
less than 103 CFU/cm root.

The colonisation patterns appeared to be very repro-
ducible. Most roots showed black spots along the entire
length, although approximately one out of ten roots
appeared to be colonised at lower levels. Such variation
is a common feature in colonisation studies (Kloepper
and Beauchamp 1992, Simons et al., 1996). Using this
method the variation in colonisation between different
roots can be observed immediately on film. Similar
variations in colonisation have been noticed in other
studies after tedious plating and counting (Bahme and
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Schroth 1987, de Weger et al., 1987, Kloepper and
Beauchamp 1992, Simons et al., 1996).

The optimum time to expose the roots to the film
was studied by varying the exposure time. After 4 h
only the upper part of the root caused black spots, after
8 h black spots caused by the middle part of the root
appeared, whereas after 16 h bioluminescent bacteria
were detected along the entire length (data not shown).
Therefore roots were exposed to photographic film rou-
tinely for 16 h. Since it was our purpose to estab-
lish the pattern of root colonisation by Pseudomonas
after growth in the sand system, it is relevant to know
whether these patterns change during the 16 h-exposure
period. Therefore the CFU/cm of various root segments
before and after this 16 h-exposure period were deter-
mined. There were no significant differences in number
and distribution of the bacteria on the roots before and
after exposure. This result was confirmed by dipping
the upper 1 cm of a sterile root in a cell suspension
of 108 CFU/ml. Subsequently this root was exposed to
film for 16 h, after which a black spot was observed
corresponding only with the site of inoculation. This
result indicates that no detectable migration of bacteria
along the roots takes place during the 16 h exposure
period. We also tested the influence of the activation
of the reporter plasmid by naphthalene on the behav-
iour of bacteria during the 16 h exposure period. Roots
were incubated with and without naphthalene. CFU
determination on these roots showed that the presence
of naphthalene neither influenced the numbers nor the
distribution of bacteria on the roots. All these results
confirm that the patterns observed on the photographic
films reflect the distribution of the bacteria on the root
at the time of harvesting the root from the sand.

The influence of inoculum concentration on coloni-
sation of wheat roots was studied also. Germinated
seeds were inoculated with suspensions varying from
103 to 108 CFU/ml and allowed to grow for 7 days.
Inoculation with higher bacterial concentrations (108

to 106 CFU/ml) resulted in the upper parts of the roots
being more heavily colonised than when inoculated
with a 103 to 105 CFU/ml bacterial suspension (Fig-
ure 2). Within the series of roots of plants inoculated
with the higher inocula (106 to 108 CFU/ml) most roots
were colonised, while with the lower inocula (103 to
105 CFU/ml) many lower root parts were not colonised
(Figure 2). We concluded that for successful colonisa-
tion of the entire root system the use of higher inoculum
densities, e.g. 108 CFU/ml, is required.

Figure 2. Bioluminescence patterns of 7-days old wheat roots after
inoculation with decreasing number of strain 5RL. The position of
the root has been indicated by drawing a line. (A) 108, (B) 107, (C)
106, (D) 105, (E) 104 and (F) 103 CFU/ml.

Spatio-temporal distribution of strain 5RL along the
wheat root after inoculation of germinated seeds

The bioluminescent marker enables us to study the
spatio-temporal distribution of strain 5RL on wheat
roots. After one week of growth in the gnotobiotic
system, the colonisation patterns of wheat roots from
different plants resulting from inoculation with strain
5RL were analysed. The upper part of all roots showed
heavy spots, corresponding to approximately 106 to
107 CFU/cm root. The intensity of the bioluminescent
spots was reduced on the lower root parts. The middle
root parts contained 104 to 105 CFU/cm root, whereas
the intensity of the spots corresponding with the lower
root parts was reduced such that individual spots were
observed. These segments carried between 103 to 104

CFU/cm root (Figure 1). This corresponds with the
quantitative distribution of bacteria which we normally
find for wheat roots growing in the gnotobiotic system.
The intensity of the bioluminescent patterns reflects the
CFU determinations on root segments.

The colonisation was also followed over time (Fig-
ure 3). After 3 days of plant growth, the root length
as well as the colonisation levels varied between dif-
ferent plants. In time the heavy spot corresponding
with the upper part of the root system elongated to
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Figure 3. Bioluminescence patterns of wheat roots after inoculation with strain 5RL after 3 days (A), 4 days (B), 5 days (C), or 6 days (D) of
growth. The position of the root has been indicated by the drawn line.

the middle part of the roots indicating growth and
movement of bacteria along the roots. Furthermore it
was observed that colonisation of the lower root parts
takes place in a spot-like manner possibly caused by
the presence of microcolonies on the roots. Colonised
parts were interrupted by stretches without detectable
colonisation. This phenomenon was observed also in
other studies using a bioluminescently marked bacteri-
um (Beauchamp et al., 1993) and has also been found
by plating segments of tomato roots (Simons et al.,
1996).

Effect of mutations on the colonisation behaviour of
5RL

Motility and the ability to synthesize amino acids
have previously been identified as important traits for
colonisation of potato and tomato roots, respectively
(de Weger et al. 1987, Simons et al., 1997). Six hun-
dred Tn5 mutants of strain 5RL were screened for loss
of motility and auxotrophy, resulting in the isolation
of one nonmotile and two auxotrophic mutants. The

nonmotile mutant and one of the auxotrophic mutants,
which appeared to be an amino acid auxotroph, were
used in further colonisation experiments. The non-
motile mutant appeared to colonise only the upper 4 cm
of the roots (data not shown). After 1:1 coinoculation
with the non bioluminescent wild type strain 5R, a
further reduction in colonisation ability of the non-
motile mutant was observed (Figure 4A). The amino
acid auxotrophic mutant could only be detected at the
upper 2 cm of the roots (Figure 4B). After 1:1 coinoc-
ulation with the wild type strain 5R, this mutant could
not be detected at all (data not shown) indicating that
it is less able to compete for the required amino acid
than the wild type.

Colonisation behaviour of strain 5RL in competition
with other wild type Pseudomonas strains

The colonisation behaviour of strain 5RL was test-
ed after coinoculation with Pseudomonas strains
for which the colonisation ability had been deter-
mined previously (de Weger, unpublished results, see
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Figure 4. Six days old wheat roots after inoculation with (A) a
1:1 mixture of the non-bioluminescent wild type strain 5R with its
bioluminescent, non-motile derivative and (B) its bioluminescent
auxotrophic mutant. In combination with the wildtype strain 5R this
auxotrophic mutant was not detected on the roots. The 1:1 mixture of
the non-bioluminsecent wild type strain 5R and its bioluminescent
derivative 5RL gave patterns similar to the ones shown in Figure 1.
The position of the root has been indicated by drawing a line.

Table 1). P. fluorescens strains WCS365 and RC1 pre-
viously were shown to be the best colonisers of wheat.
When germinated seeds were inoculated with strain
5RL in a 1:1 ratio with one of these strains, 5RL was
detected only on the parts of the root most proximal to
the seed (Figure 5A and 5B), while strains WCS365
or RC1 colonised the roots down to the root tip. This
result indicates that 5RL is not able to colonise the
roots efficiently in the presence of these strains. P.
fluorescens strain WCS134 is also a good coloniser
but not when strain WCS365 or RC1 is present. After
coinoculation with strain WCS134, 5RL is still able
to colonise the roots (Figure 5C). Both strains were
present on the roots, with a slight majority of WCS134

bacteria as determined by plating. P.syringae 393 and
Pseudomonas spp. B8 are weakly colonising strains.
After coinoculation with either of these strains, the
bioluminescence patterns showed that strain 5RL has
colonised the entire root (Figure 5D). CFU determi-
nation indicated strain 5RL to be dominant, but strain
393 could still be detected on all root segments, includ-
ing those from the lower root part. After coinoculation
with strain B8, 5RL was found on all root segments
whereas strain B8 was detected in reduced amounts on
the segments from the upper root parts, and even more
reduced on the lower root segments. These colonisa-
tion assays show that strain 5RL is an intermediately
good coloniser. Therefore this bioluminescent strain
can be used to estimate the colonising ability of both
good and poorly colonising other strains.

Discussion

P. fluorescens strain 5RL has previously been shown to
be a suitably marked bioluminescent strain to follow
colonisation of soy bean roots (de Weger et al. 1991).
In the present study we have adapted and improved
this method to follow colonisation of wheat roots.
Over-illumination of the upper root parts, which was
observed when complete root systems were exposed to
photographic film, was avoided by exposing individual
roots (e.g. Figure 1). The intensity of the spots reflects
the number of bacteria present on the root segments
(Figure 1) with a detection limit of approximately 103

CFU/cm root.
The presence of the lux-cassette (Shaw et al., 1987)

did not influence the colonisation behaviour of this
strain, since strain 5RL colonised wheat roots to a sim-
ilar level as the wild type strain 5R. This indicates that
the presence of the non-expressed lux-cassette does
not affect the competitiveness of the strain in the rhi-
zosphere in the gnotobiotic system.

The optimal incubation time of the roots on the film
is approximately 16 h. During this time no increase in
cell numbers or movement of bacteria along the root
was detected. Therefore, it is very likely that the image
on the film reflects the distribution of bacteria on the
root at the moment of harvesting the root from the
gnotobiotic system.

Former colonisation studies have demonstrated (i)
the spatio temporal distribution of bacteria along the
root after inoculation of the seed material (e.g. for
potato, Bahme and Schroth 1987, or tomato Simons
et al., 1996), (ii) the effect of bacterial auxotrophy
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Figure 5. Bioluminescence patterns of wheat roots after inoculation
with suspensions containing P.fluorescens strains 5RL 1:1 mixed
with P.fluorescens strain WCS365 (A), Pseudomonas strain RC1
(B) Pseudomonas strain WCS134 (C) or P.syringae strain 393 (D).
The mixture with Pseudomonas strain B8 resulted in a pattern similar
to that shown in D. The position of the root has been indicated by
drawing a line. Roots inoculated with strain 5RL alone resulted in
patterns comparable to the ones shown in Figure 1.

(on tomato, Simons et al., 1997) or loss of bacterial
motility on colonisation ( on potato, de Weger et al
1987, or tomato, Simons et al 1996) or (iii) the effect
of competition with other microorganisms (on tomato,
Simons et al, 1996). All the results of the previous
studies were obtained by painful counting of CFU.
The results presented in this paper for wheat are simi-
lar (e.g see Figures 1, 4, and 5) to the results described
in the above mentioned papers, showing the validity of
the method. Moreover, the results in this paper were
obtained much less laborious and much faster. Instead
of tedious plating of bacteria removed from many indi-
vidual root segments the colonisation level of the entire
root system can now be estimated immediately from
the developed film.

In a gnotobiotic system strain 5RL provides a pow-
erful tool to follow the colonisation of the roots in a
very fast and simple way. P. fluorescens strain 5RL is
very efficaciously marked, since the bioluminescence
can be induced at the time of detection by the addi-
tion of naphthalene, thus no bioluminescence energy
is spilled in the rhizosphere. Furthermore, the colo-
nization pattern of this bioluminescent strain is similar
as that of other Pseudomonas fluorescens strains (e.g.
spatio-temporal distribution [Bahme & Schroth 1987],
effect of auxotrophy [Simons et al.,1997] or loss of
motility [de Weger et al.,1987]). As described here the
bioluminescence method is perfectly fitted for coloni-
sation studies: it does not require expensive equipment
and it provides an overview of colonisation levels over
the entire root length of many differents roots with-
out any time-consuming effort. Therefore, the method
presented in this paper is a very powerful tool in coloni-
sation studies.
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