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Abstract—he natural wild rhizosphere strain P. fluorescens 2137 was marked with the B-glucuronidase gene
gusA. The introduction of this gene influenced the viability of the wild strain, as well as its certain physiological
parameters, such as cultural characteristics, biochemical properties, and antagonistic activity against the phy-
topathogenic fungi Fusarium culmorum, F. oxysporum, F. graminearum, and Verticillum nigrescens. The gusA-
marked derivative strains that deviate the least from the wild strain in biological properties can be used to mon-
itor populations of P. fluorescens 2137 cells in the plant rhizosphere.
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Global changes in the ecological equilibrium in
nature and the appearance of phytopathogenic strains
tolerant to most agents currently used to control plant
diseases call for the development of new preparations
based on antagonistic rhizosphere microorganisms [1—
5]. The lack of adequate knowledge of the interaction of
plant growth-promoting rhizobacteria (PGPR) with
other components of ecosystems may considerably
reduce the agricultural efficiency of these preparations.

In recent years, microbial populations have been
studied by using the specific and sensitive method of
genetic marking with the genes of [-galactosidase,
luciferase, catechol-2,3-dioxygenase, and [-glucu-
ronidase [6]. A microorganism that receives the 3-glu-
curonidase gene gusA acquires the ability to produce a
deep blue color when grown in a nutrient medium with
5-bromo-4-chloro-3-indolyl B-D-glucuronide (X GIcA).
Such a gusA-marked microorganism can easily be
detected in soil extracts and on plant roots by treating
them with X GIcA. The gusA gene of the Tn5 transpo-
son carried by the Escherichia coli plasmid encoding
spectinomycin resistance [7] is introduced into a recip-
ient cell by means of conjugation [8]. Theoretically, the
insertion of this gene into a bacterial chromosome may
induce mutations leading to a reduction in the viability
of rhizosphere bacteria, in their symbiotic and antago-
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nistic activities, and in their ability to fix atmospheric
nitrogen and to colonize the plant rhizosphere.

The aim of this work was to mark the rhizosphere
strain Pseudomonas fluorescens 2137 with the B-glucu-
ronidase gene gusA and to study how gene introduction
can influence the physiological properties of the recip-
ient organism.

MATERIALS AND METHODS

Experiments were carried out with the natural rhizo-
sphere strain Pseudomonas fluorescens 2137 (courtesy
of N.M. Makarova, Research Institute of Agricultural
Machine Building), Escherichia coli strain S17-1 A-pir
carrying plasmid pmTn5SSgusA20 (courtesy of
S. Akao, Japan State Institute of Agrobiological Sci-
ences), and the phytopathogenic fungi Fusarium cul-
morum, F. oxysporum, F. graminearum, and Verticil-
lium nigrescens (these fungi were obtained from the
collection of microorganisms at the Research Institute
of Plant Disease Control). The P. fluorescens strains
were cultivated in LB broth at 28°C. The E. coli strains
were cultivated at 37°C in LB broth supplemented with
1 pg/ml spectinomycin. The morphological, cultural,
and biochemical properties of the P. fluorescens strains
were studied by routine methods [9-11]. The P. fluore-
scens strain 2137 was marked with the gusA20 gene by
means of conjugation using the E. coli strain S17-1
A-pir as a recipient of the plasmid pmTn5SSgusA20
[12]. The one-day-old E. coli and P. fluorescens cul-
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tures were mixed in a proportion of 10 : 1 and 20-ul ali-
quots of the mixed suspension were placed on filter
paper disks lying on the surface of LB agar plates. The
plates were incubated at 28°C for 12 h. Simultaneously,
serial dilutions of the mixed suspension were plated on
minimal LO agar [13] with spectinomycin (in order to
select transconjugants) and without it (in order to deter-
mine the total number of viable P. fluorescens cells and
to calculate the frequency of transconjugation). The
plates were incubated at 28°C for 5-7 days. The
selected transconjugants were tested for the presence of
the gusA20 gene by cultivating their colonies on LO
agar supplemented with X GlcA. If a colony produced
blue color, it was grown on legume agar supplemented
with 1 pg/ml spectinomycin. The growth rate and the
size of P. fluorescens colonies grown on the legume
agar were greater than in the case of cultivation on the
LO agar. This circumstance facilitated the selection of
38 P. fluorescens gusA strains for further studies. The
selected strains were maintained on LB broth contain-
ing 1 wg/ml spectinomycin. Every two months, the
strains were transferred to the fresh medium. Twice a
year, the strains were tested for the presence of the gusA
gene by cultivating them on the legume agar with X
GIcA.

The relatedness of the selected P. fluorescens gusA
strains was estimated in terms of the Dice similarity
coefficient Sp, = 2n,5/(n, + ng), where n,y is the num-
ber of common traits for A and B, n, is the number of
traits in A, and ng is the number of traits in B. A simi-
larity dendrogram was constructed using the
unweighted pair group mean arithmetic (UPGMA)
algorithm realized in the Taxotron software package
(P.A.D. Grimont, 1998).

The antagonistic activity of the P. fluorescens strains
against the phytopathogenic fungi was determined in
vitro on Czapek medium by the methods of wells (in
the case of the F. culmorum and F. oxysporum fungi)
and blocks (in the case of the F. graminearum and
V. nigrescens fungi) [14, 15]. These measurements
were carried out in triplicate. The phytopathogenic
fungi were cultivated on Czapek medium at 24°C for
seven days. Then, 10 ml of a suspension containing
10° fungal spores per ml was mixed with 1 1 of the Cza-
pek medium and the mixture was dispensed into petri
dishes. An aliquot (50 pl) two-day-old P. fluorescens
cultures containing 10® cells/ml was placed into a well
with a diameter of 5 mm, which was made in the Cza-
pek agar containing fungal spores. Alternatively, the
same aliquot was used to prepare an LB agar block with
a height of 3 mm and a diameter of 10 mm, which was
laid on the surface of the Czapek agar with fungal
spores. The diameter of the fungal growth inhibition
zones formed around the wells and the blocks were
measured in mm after seven days of incubation at 28°C.
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RESULTS AND DISCUSSION

The conjugative transfer of the plasmid carrying the
TnS transposon into the recipient P. fluorescens 2137
resulted in the strain being marked with the B-glucu-
ronidase gene gusA. The transconjugants of P. fluore-
scens 2137 grown on media with X GlcA produced
blue-colored colonies. The frequency of transconjuga-
tion was found to be 2 x 1072,

The 38 selected gusA-marked strains of P. fluore-
scens 2137 were studied with regard to the main biolog-
ical properties (n = 34). All of these genetically marked
strains were close to the wild strain P. fluorescens 2137
(which is a typical representative of P. fluorescens bio-
var II) in morphological, tinctorial, cultural, and bio-
chemical properties, such as growth on nitrogen-defi-
cient media, hydrolysis of starch and urea, the ability to
use D-xylose, B-alanine, L-arginine, citrate, sucrose,
and meso-inositol as sources of carbon, as well as
nitrate as a source of nitrogen. For example, the wild
and the gusA-marked P. fluorescens strains were able to
grow on nitrogen-free media (Ashby, LO, and NFB),
which are selective with respect to nitrogen-fixing bac-
teria. It should be noted that the ability of the P. fluore-
scens bacterium to fix atmospheric nitrogen has been
reported only recently [16]. Furthermore, the wild and
the gusA-marked P. fluorescens strains virtually did not
differ in oxidase, urease, amilolytic, and denitrifying
activities. At the same time, as is evident from Table 1,
the gusA-marked P. fluorescens strains differed in a
number of properties, including the intensity of the blue
color of colonies grown on media with X GIcA. This
fact implies that the gusA-marked strains are heteroge-
neous with respect to the degree of expression of the
B-glucuronidase gene, the degree of expression
depending on the stability of this gene and its location
on the bacterial chromosome [6].

Thirteen of the 38 tested P. fluorescens strains
(approximately 34%) showed a high intensity of fluo-
rescence, probably due to a high content of pseudobac-
tin (pyoverdin) (Table 1), a yellow—green pigment with
siderophore activity, which may be responsible for the
fungistatic action of P. fluorescens against phytopatho-
genic fungi (by inducing iron deficiency) [11].

The gusA-marked P. fluorescens strains showed dif-
ferent abilities to grow at 37°C (a critical growth tem-
perature for P. fluorescens) on potato agar. Fifty percent
of the tested P. fluorescens strains (including 2137)
showed good growth after one day of incubation at
37°C; 16 strains (approximately 42%) showed visible
growth after two days; and one strain was found to
grow after four days. Two strains (21gusA and 41gusA)
were not able to grow at 37°C at all (Table 1). More
than half of the 38 tested strains could utilize L-rham-
nose, L-serine, and L-valine as carbon sources for
growth. Seven gusA-marked strains (18%) showed poor
growth (accompanied by an alkalization of the
medium) on L-rhamnose; six strains (16%), on
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Table 1. Some cultural and biochemical properties of the wild strain P. fluorescens 2137 and its gusA-marked derivatives

Characteristic

Growth on litmus

Utilization of carbon sources

3 2,
88 5 milk
5 S E g

E 22 > k= . Z o

S L & < =~ = = =

| 22 S5 | U % | S S 2

Strain | = g, =8 <8 * = g L
Yy R 4y 00 o %D - < g = 2
°E8S | & | 82 | % o) g E 2 g
86 | £ | 88 | £ | ¢ E E 2 g £
58 | 52 | E& | 3 | Ez | 2 z 5 E 5 £
58 | 5 | &8 = A5 & S - - a B
2137 + 1 11 12 12 - + + + +
1 + + 2 25 15 12 + +- + +
2 + + 1 25 15 12 - + +- + +
3 + + 1 25 12 12 + + + + +
4 + + 1 25 43 12 + + +- + +
5 +— + 1 25 15 15 + + + + +
6 + ++ 2 25 15 15 + + +— + +
11 + + 1 25 43 12 - + +- + -
12 ++ ++ 1 25 15 12 + +- + +- +-
13 + + 1 25 15 12 + + + + -
14 ++ ++ 1 25 15 12 + + + +— -
15 ++ ++ 1 25 19 12 + + + + +
16 ++ + 2 25 15 12 + +— +— +— +
17 ++ + 1 25 15 12 - + + +— +
18 ++ ++ 1 18 19 15 + + + + +
19 ++ ++ 1 25 15 12 + + + + +
21 ++ + - 25 15 15 + + + + +
22 + + 4 25 15 15 + + +— +- +
23 + ++ 1 25 15 12 + + + + +
24 + + 1 25 15 12 - + + + +
25 + ++ 2 25 15 12 - + +— + +—
26 + ++ 2 25 15 12 + + + + +
27 + + 1 25 43 15 - + +- + +
28 ++ + 2 25 15 12 - + + + +
29 + + 2 25 15 15 + + + + +
30 + + 2 25 15 12 - + + - +—
31 + ++ 2 25 15 12 + + +- + +—
32 + + 1 25 15 12 + + + + +
33 + ++ 1 25 15 12 + + + - +—
34 + ++ 2 18 43 12 - + +— + +
41 + + - 25 15 12 - +- +- + +
42 + + 2 25 15 12 + + +— + +—
43 + ++ 2 18 15 15 + +— +— + +
44 + + 1 25 43 19 - +- + + +
45 + + 2 25 15 12 - + +— + +—
46 + + 2 25 15 12 - + + + +
47 + + 2 25 15 15 - + + + +
48 + + 2 25 12 12 + + +— + +
49 + + 1 25 12 12 - +— +— + +

* “4” and “++” stand for low and high intensity of blue color of colonies, respectively.

9 a

#% “4” and “++” stand for low and high intensity of fluorescence of yellow—green pigment. In other cases, “-,

zero, low, and high levels of expression of a given characteristic, respectively.
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L-serine; and 17 strains (45%), on L-valine. Three
strains could not grow on L-rhamnose at all. Unlike the
wild strain, sixteen gusA-marked strains were able to
grow on o-oxoglutaric acid as the carbon source. The
wild strain and most of the gusA-marked strains could
grow on the medium with ammonium tartrate (Table 1).

The proteolytic activity of the gusA-marked strains
was lower than in the case of the wild strain. Indeed,
P. fluorescens 2137 liquefied gelatin after 11 days of
incubation, whereas 3 gusA-marked strains liquefied it
after 18 days of growth, and 35 strains (92%), after
25 days of growth (Table 1).

Like the wild strain, the gusA-marked strains could
hydrolyze casein during growth on litmus milk
(Table 1). P. fluorescens 2137 and three gusA-marked
strains (3gusA, 48gusA, and 49gusA) separated milk
serum after 12 days of growth. Most of the gusA-
marked strains (79%) separated serum after 15—-19 days
of growth, and five strains (13%), after 43 days of
growth. P. fluorescens 2137 and most of the gusA-
marked strains (74%) completely peptonized the milk
after 12 days of growth (Table 1).

Thus, the introduction of the gusA gene influenced,
to some degree, 11 of the 34 studied cultural and bio-
chemical properties of P. fluorescens 2137. The number
of affected properties in particular strains varied from
three (in the case of strains 3gusA and 24gusA) to nine
(in the case of strain 43gusA) (Table 1).

The results obtained from the study of the biological
properties of the wild P. fluorescens 2137 and the gusA-
marked strains are presented as a dendrogram (see fig-
ure), which clearly demonstrates that particular gusA-
marked strains differ from the wild strain and from each
other. Strains with similar cultural and biochemical
properties form four subclusters (1 to 4) with similarity
coefficients higher than 80%. These subclusters,
together with the strain 18gusA, comprise a big cluster
A, which includes 33 of the 38 tested gusA-marked
strains (87%) and the wild strain 2137 (figure). Strains
48gusA, 3gusA, and other strains of subcluster 3 are the
most similar to the wild strain. Cluster B with its five
gusA-marked strains (figure) considerably differs from
cluster A in some properties, especially proteolytic
activity during growth on litmus milk (Table 1). It
should be noted that, after one year of maintenance, the
4gusA and 11gusA strains of cluster B became nonvia-
ble, whereas the gusA-marked strains of cluster A
remained viable even after two years of maintenance on
the selective medium with spectinomycin.

The study of the antagonistic activity of the wild
P fluorescens 2137 and the gusA-marked strains
showed that the diameter of the lysis zone varied from
7 to 30 mm for the phytopathogenic fungus F. cul-
morum;, from 7 to 16 mm for F. oxysporum; and from
12 to 21 mm for F. graminearum and V. nigrescens
(Table 2).
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13

Dendrogram showing similarity between the wild strain
P. fluorescens 2137 and its gusA-marked derivatives

Eighteen of the 38 gusA-marked strains showed
lower antagonistic activity against F. culmorum than
the wild strain (Table 2), five of these strains being
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Table 2. Antagonistic activity of the wild strain P. fluorescens 2137 and its gusA-marked derivatives against phytopathogenic
fungi

P. fluorescens Phytopathogenic fungi
Cluster Strain F. culmorum* F. oxysporum* F. graminearum** V. nigrescens**
5 +++ ++ ++ ++
6 + ND + 0
21 ++ 0 ++ ++
1 22 + 0 ND +
29 ++ 0 ++ ++
43 0 0 + ++
47 +++ + ++
16 + ND ND 0
19 ++ ND + +
26 + ND 0 ND
> 30 ND ND 0 0
31 +++ ND + +
32 +++ ND + 0
33 +++ + ND 0
42 +++ + + 0
Wild 2137 +++ - +++ +++
A 1 ++++ +++ ++ ND
2 +++ + + 0
3 0 0 0 ND
24 0 0 0 0
3 25 +++ ++ ++ ++
28 + ND 0 ND
41 ++++ +++ ++ +++
45 ++ ND ND 0
46 ++++ ++ 0 ND
48 ++ ND 0 ND
49 0 ++ 0 ND
12 + ND + +
13 +++ ++ 0 ND
4 14 ++ ND + ++
15 ++ ND ND 0
17 0 ND 0 ND
23 + ND 0 ND
18 +++ + + +
4 ND ND ND ND
11 + 0 ND ND
B 27 + ND 0 0
34 ++ 0 0 0
44 + 0 0 0

Note: ND stands for “no data available.” O indicates the absence of fungal growth inhibition zone.

PRIENT) ELINTS

* In the method of agar wells, “+”, “++” ,“+++”, and “++++" indicate the fungal growth inhibition zone less than 10, 11-15, 16-20, and
more than 20 mm in diameter, respectively.

LT3

** In the method of agar blocks, “+”, “++7, “+++”, and “++++" indicate the fungal growth inhibition zone less than 15, 16-20, 21-30, and
more than 30 mm in diameter, respectively. The natural rhizosphere strain P. fluorescens 2137 gave rise to a growth inhibition zone with
a diameter of 1620 mm in the method of agar wells and 21-30 mm in the method of agar blocks.
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completely inactive. Of interest is the fact that three
inactive strains of subcluster 3 (3gusA, 24gusA, and
49gusA) are very close to the wild strain in cultural and
biochemical properties (figure). On the other hand, the
antagonistic activity of three strains (1gusA, 41gusA,
and 46gusA) of subcluster 3 was higher than that of
P. fluorescens 2137 (Table 2). The other ten (28%) of
the gusA-marked strains of cluster A showed the same
antagonistic activity as the wild strain.

The phytopathogenic fungus F. oxysporum turned
out to be less susceptible to the gusA-marked strains
than the fungus F. culmorum. Namely, nine (43%)
strains, including 3gusA and 24gusA, exhibited no anti-
fungal activity, and 10 strains (48%) were slightly
inhibitory with respect to F. oxysporum. Only two
strains of subcluster 3 (1gusA and 41gusA) showed the
same antifungal activity against F. oxysporum as the
wild strain did.

The antagonistic activity of 17 gusA-marked strains
(55%) against F. graminearum was lower than in the
case of the wild strain. Fourteen strains (45%) showed
no activity against F. graminearum (Table 2).

Half of the gusA-marked strains lost antagonistic
activity against V. nigrescens and 12 gusA-marked
strains (46%) showed lower activity than the wild strain
did. Only one strain from subcluster 3 (41gusA)
retained a high antifungal activity (Table 2).

On the whole, the highest antagonistic activity
against the studied phytopathogenic fungi was exhib-
ited by three strains of subcluster 3 (1gusA, 25gusA,
and 41gusA) and one strain of subcluster 1 (S5gusA)
from cluster A (Table 2). The gusA-marked strains of
cluster B showed a low viability rate (so that two of the
five strains of this cluster became nonviable after
one year of subculturing), as well as weak biochemical
(Table 1) and antiphytopathogenic (Table 2) activities.

The development of efficient and ecologically safe
biological preparations on the basis of PGPR, P. fluore-
scens in particular, requires knowledge of their behav-
ior in the plant rhizosphere in situ. Such knowledge can
be obtained by studying P. fluorescens strains marked
with the B-glucuronidase gusA gene. In the present
study, the natural rhizosphere strain P. fluorescens 2137
was marked with this gene and the selected genetically
marked strains were investigated with reference to cell
viability and other physiological parameters. In gen-
eral, the selected gusA-marked strains were found to
differ from the wild strain and from each other in cul-
tural characteristics, biochemical properties, and antag-
onistic activity against phytopathogenic fungi from the
genera Fusarium and Verticilium [15]. Until now, the
effect of the introduction of the gusA gene on the bio-
logical properties of recipient bacteria has been consid-
ered only theoretically possible [6].

To conclude, we have demonstrated the importance
of the preliminary study of the major biological proper-
ties of genetically modified bacteria intended for use as
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components of model rhizosphere communities. The
strains 5gusA and 41gusA, which are the most close to
the wild strain P. fluorescens 2137, can be used for
monitoring the population of P. fluorescens cells in
soil-bacterium—plant ecosystems.
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