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Abstract
The gram-positive bacterium Bacillus subtilis is known to positively influence 

plant growth, vitality, and the ability of the plant to cope with pathogens often re-
sulting in higher yield. These beneficial effects are documented in field crops, where 
it has been ascribed to abiotic stress release. However, little is known about the 
mechanism by which B. subtilis interacts with the plant. Therefore, we tested a spe-
cifically selected strain of B. subtilis (FZB24) for its ability to help hydroponically 
grown tomato plants to withstand salinity stress. The basic nutrient solution was 2.5 
mS/cm EC with the addition of 2 and 4 mS/cm NaCl EC plus 5 mmol CaCl in all 
treatments to reach 5.4 and 7.4 mS/cm EC. In addition, the high salinity level (EC 
NaCl 4) was inoculated with the plant growth promoting bacteria B. subtilis in the 
root zone. Plant growth parameters including element concentrations in plant tissues 
were examined on tomato plants grown under 3 salinity regimes in an environmen-
tally controlled greenhouse. Marketable yield was significantly reduced in the high 
salinity treatment as compared to the control without NaCl. In addition, the high 
salinity treatment with B. subtilis had even lower yield despite improved vegetative 
plant growth. The element composition/concentration in the leaves is discussed ac-
cording to salinity levels. 

INTRODUCTION
Plant-growth-promoting-rhizobacteria (PGPR) are free-living microorganisms 

having beneficial effects on plants by colonizing their roots. The concept of PGPR has 
gained acceptance over the last decade, and several possible mechanisms have been pro-
posed for their effects. They include such effects as the suppression of plant pathogenetic 
diseases (Smith et al., 1999), the exclusion of pathogens from the roots by competition 
(Dekkers et al., 1998), enhancing the release of limited available nutrients from the soil 
matrix (Nautiyal et al., 2000, Richardson et al., 2001b, Idriss et al., 2002) and the release 
of plant-growth regulating substances such as IAA – indole-3-acetic acid (Steenhoudt and 
Vanderleyden, 2000). 

The identification, selection and application of suitable beneficial micro-
organisms can increase the options to deal with growing problems (Kilian et al., 2000), 
and additionally, can be environmentally sound.  

The gram-positive bacterium Bacillus subtilis is one of those (Fig. 1), mainly used 
in the USA as a seed dressing over the past ten years, applicated to more than 2 million 
ha, mainly in potato and maize (Backman et al., 1994). It is known to positively influence 
plant vitality and the ability of the plant to cope with abiotic stressing conditions such as 
drought and salinity (Bochow et al., 2001; Junge, Bochow, pers. com.). 

However, it has been shown that the organism performs by colonization of the 
plant roots, the longest demonstrated in artificial and sterilized subtrates (Batinic et al. 
1998, Grosch et al., 1996). This is often regarded as a consequence of its weak competive 
ability as compared to many other microorganisms in the soil during plant growth 
(Grosch et al., 1999, Junge and Bochow, pers. com.). 

However, these attributes and the fact that little is known about the mechanisms 
by which B. subtilis interacts with plants, especially as an abiotic stress mediator (Idriss et 
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al., 2002, Junge, Bochow, pers. communcation) make the organism suitable to study for 
plant growth and nutrient uptake in relation to stressing conditions in a more controlled 
system such as soilless cultivation. We assumed that its beneficial effects may be the 
highest and best demonstrated under such an experimental setup. 

MATERIALS AND METHODS 

Plant Material and Culture Conditions 
Tomatoes (cultivar Douglas, Fa Juliwa, Germany) were grown in a closed soilless 

hydroponical system from March 21 (transplanting) – July 14, 2004, in a climatically con-
trolled greenhouse (320 m2, at the experimental station Freising, Germany). As a substrate 
perlite (0-6 mm) was used in 10 l pots. Plant density was 2 plants/pot, 3 plants/m-2 (0.3 x 
1.2 m), 4 replicates (n = 14). Plants were grown until June 15 and then topped (above the 
ninth truss). 

Salinity levels, fertigation and watering: EC 3.4 (nutrient solution plus 5mM 
CaCl2 without NaCl (control)); EC 5.4 (nutrient solution plus 5mM CaCl2 plus 17mM 
NaCl), EC 7.4 (nutrient solution plus 5mM CaCl2 plus 34 mM NaCl), EC 7.4 (nutrient 
solution plus 5mM  plus 34 mM NaCl) plus Bacillus subtilis. Salinization of the nutrient 
solution started 20th of April without any adaptation. 

Nutrient solution: Macronutrients (mmol) 10 NO3, 1 NH4, 6.5 K, 1.25 P, 1.25 Mg, 
1.5 S, 1 Cl. Micronutrients (µmol) 15 Fe, 10 Mn, 20 B, 0.75 Cu, 4 Zn, 0.5 Mo. Every two 
weeks nutrient solution was analysed for adaptation of the stock solution to guarantee an 
optimal nutrient supply to the plants (Programm Substrafeed, Fa Hydro Agri, The Nether-
lands). Sodium chloride and calcium chloride in the nutrient solution were adjusted 2-
times a week and adapted to requested levels (Test kids, Fa Merk, Germany). Watering 
(drip irrigation, 4 drippers per pod) was at fixed intervals, every 20 min, 5 min (8l /h) in a 
closed system. 

Inoculation of Bacillus subtilis, strain FZB24®WG (FZB, Biotechnik GmbH, 
Germany), took place at the 4 leaf stage of the juvenile plants and was applied as spore 
solution (0,02% w/w) 7 times over a week (ones each day, ~50 ml/plant). Additionally, 
after transplantating into the greenhouse, the spore solution was added once more. 

Evaluation Parameters 
 Collected plant data were leaf area, fresh and dry weight, fruit yield, fruit size and 
element analysis of the leaves (C, N, Ca, Mg, K, Na and P).  

Statistical Analysis 
Values are depicted as means if not otherwise stated. Analysis of variance was con-

ducted using the program Statistica (Version 5.5, Tulsa, USA, 1999). F-Test and the Least 
Significant Difference (LSD) were used for comparison between treatments. Means are 
supposed to be significantly different at the 5 % probability level. 

RESULTS AND DISCUSSION 
Growth parameters: Bacillus subtilis influenced plant growth manifold. After the 

onset of salinization (23.04.), tomato leaf development had a distinct response to the in-
oculation with B. subtilis, and less to the salinity itself. Plants in the other treatments re-
acted differently: the higher the salinity the smaller the leaves, both in length and width. 
In contrast, the high salinity treatment plus B. subtilis had, notwithstanding salinity, the 
largest leaves. This tendency was stable until the end of the experiment on July 15, when 
the Bacillus inoculated plants exhibited highest leaf area per plant (Fig. 2). Additionally, 
plants inoculated with B. subtilis yielded the highest number of leaves as compared to the 
other variants, where no differences occurred. Analysis of the Dw/Fw-ratio indicated that 
in the presence of B. subtilis the water content of the leaves was significantly increased 
(Fig. 2). 

Fruit harvest: However, leaf size was not paralled by a similar increase neither in 
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fruit productivity nor in fruit quality (Fig. 3). Fruit yield (kg) in relation to salinity levels 
and B. subtilis inoculation were significantly different, increasing salinity decreased the 
sum of marketable fruit and increased the percentage of non-marketable fruit. The number 
of large fruit (> 45 mm) was significantly higher in the control treatment. The higher the 
salinity the smaller was the fruit (Fig. 3, right side). Comparing high salinity treatment 
with and without B. subtilis, inoculated plants had more reduced yield (20%) and a double 
fraction of non-marketable fruit. More than 90% percent of deficient fruit had symptoms 
of BER (blossom end rot). Fruit production was lowered over the whole harvesting period 
under higher salinity levels and the lowest in the Bacillus treatment. 

Water and nutrient uptake, leaf element composition: Water uptake in the Bacillus
treatment appeared to be unaffected or less affected after salinization started. This is 
demonstrated by drastically increased concentrations of Na (Cl) in mature leaf tissues 
(youngest fully developed leaves) during the time course directly after the onset of salini-
zation (Fig. 4). The same is true for the Na-concentrations of weekly pruned shoots and 
leaves, where Na-concentrations were increased 3 times in the B. subtilis treament. The 
differences still were detectable at the end of the trial, but less pronounced, indicating an 
induced adaptation of the plants. Therefore, a function of B. subtilis could be the mainte-
nance of water influx after osmotic stress that occurred in the root environment and/or a 
faster osmotic adjustment at the plant tissue level balancing the raised osmotic pressure in 
the medium. The concentrations of some other macro-nutrients in mature leaf tissues were 
also positively influenced through the presence and activity of the microorganism in the 
rhizosphere of the tomato plants, predominantly N and Mg (Table 1), but also other ele-
ments such as K (negatively), Ca (positively) appeared to be more affected by the salinity 
level itself. This reinforces the observation of a more vigorous growth of the B. subtilis
inoculated plants, favoring vegetative over reproductive growth.

The beneficial effects of B. subtilis on plant growth and vitality under stressing 
conditions as reported from field sites proved to be more complex and less predictable 
than expected after these preliminary results in an artificial soilless growing system. Nev-
ertheless, the significant influences of the bacterium on plants is obvious from these pre-
liminary observations. Especially, favoring fruit production over vegetative growth 
should be addressed in future experiments, if B. subtilis will have a future for soilless 
growing pratice under stress conditions. In this regard, the physiological interactions be-
tween plant, microorganism, and stressors should be investigated. 

ACKNOWLEDGEMENTS 
This work is funded and supported by the European Union under the INCO-

MED2 ECOPONICS project (FP5RTD), Contract N° ICA3-CT-2002-10020. 

Literature Cited 
Backman, P.A., Brannen, P.M. and Mahaffe, W.F. 1994. Plant response and disease con-

trol following seed inoculation with Bacillus subtilis. In: Improving plant productivity 
with Rhizosphere Bacteria, Ryder, M.H. et al. (eds.), CSIRO division of soils, Glen 
Osmond. 

Batinic, T., Schmitt, J., Schulz, U.M. and Werner, D. 1998. Konstruktion von RAPD-
Sonden für die Quantifizierung von Bacillus subtilis FZB C und dessen 
antagonistische Wirksamkeit im System Cucumis sativus Pythium ultimum. Z. 
Pflanzenkrankheiten Pflanzenschutz 105, 168-180. 

Bochow, H., El-Sayed, S.F., Junge, H., Stavropoulou, A. and Schmiedeknecht, G. 2001. 
Use of Bacillus subtilis as biocontrol agent. IV. Salt-stress tolerance induction by Ba-
cillus subtilis FZB24 seed treatment in tropical vegetable field crops, and its mode of 
action. J. of Plant Diseases and Protection 108:21-30. 

Dekkers, L.C., Phoelich, C.C., van der Fits, L. and Lutgenberg, B.J.J. 1998. A site spe-
cific recombinase is required for compettitive root colonization by Pseudomonas fluo-
rescens WCS365. Proc Natl Acad Sci USA 95:7051-7056. 

Grosch, R., Junge, H. Krebs, B. and Bochow, H. 1999. Use of Bacillus subtilis as biocon-



366

trol agent. III. Influence of Bacillus subtilis on yield in soilless culture. J. of Plant Dis-
eases and Protection 106:568-580.

Grosch, R., Malies, U. and Bochow, H. 1996. Population dynamics of biocontrol agent 
Bacillus subtilis in closed hydroponic plant cultivation systems after application of 
different cell number. Bulletin OILB SROP 19, 134-144. 

Idriss, E.E., Bochow, H. and Borriss, R (in preparation): Use of Bacillus subtilis  as bio-
control agent. VI. Screening and detection of plant-growth-promoting substances 
(Auxin) produced by Bacillus subtilis /amyloliquefaciens strains.  

Idriss, E.E., Makarewicz, O., Farouk, A., Rosner., K, Greiner, R., Bochow, H., Richter, T. 
and Borriss, R 2002: Extracellular phytase activity of Bacillus amyloliquefaciens 
FZB45 contributes to its plant growth promoting effect. Microbiology 148:2097-2109. 

Junge, H., Bochow, H., pers. communication. 
Kilian, M., Steiner, U., Krebs, B, Junge, H., Schmiedeknecht, G. and Hain, R. 2000. 

FZB24®Bacillus subtilis – mode of action of a microbial agaent enhancing plant vi-
tality. Pflanzenschutz-nachrichten Bayer 1/00, 1. 

Nautiyal, C. S., Bhadauria, S., Kumar, P., Lal, H., Mondal, R. and Verma, D. 2000. Stress 
induced phosphate solubilization in bacteria isolated from alkaline soils. FEMS Mi-
crobiol. Letters 182:291-296. 

Richardson, A.E., Hadobas, P.A. and Hayes, J.E. 2001a. Extracellular secretion of Asper-
gillus phytase from Arabidopsis roots enables plants to obtain phosphorus from phy-
tate. Plant Journal 25:641-649. 

Smith, K.P., Handelsman, J. and Goodman, R.M. 1999. Genetic basis in plants for inter-
action with disease-suppressive bacteria. Proc Natl Acad Sci USA 96, 4786-4790.

Steenhoudt, O. and Vanderleyden, J. 2000. Azospirillum, a free-living nitrogen-fixing 
bacterium closely associated with grasses: genetic, biochemical and ecological as-
pects. FEMS Microbiological Reviews 24, 487-506.



36
7

T
ab

le
s

Ta
bl

e 
1:

 E
le

m
en

t c
on

ce
nt

ra
tio

ns
 (g

/1
00

g 
dw

) i
n 

yo
un

ge
st

 fu
lly

 d
ev

el
op

ed
 le

av
es

 b
ef

or
e 

sa
lin

iz
at

io
n,

 2
0 

d 
af

te
r a

nd
 a

t t
he

 e
nd

 o
f t

he
 c

ul
tiv

a-
tio

n 
pe

rio
d 

(c
om

po
un

de
d 

sa
m

pl
es

 n
 =

 3
0)

. 
B

ef
or

e 
sa

lin
iz

at
io

n 
(A

pr
il 

8)
 

20
 d

 a
fte

r s
al

in
iz

at
io

n 
(M

ay
 8

) 
90

 d
 a

fte
r s

al
in

iz
at

io
n 

(J
ul

y 
15

)
 

C
 

5.
4 

7.
4 

7.
4 

+ 
b.

s. 
C

 
5.

4 
7.

4 
7.

4 
+ 

b.
s. 

C
 

5.
4 

7.
4 

7.
4 

+ 
b.

s. 
C

a 
2.

20
 

2.
45

 
1.

70
 

2.
12

 
2.

05
 

2.
19

 
1.

78
 

2.
64

 
3.

72
 

4.
04

 
4.

01
 

4.
78

 
M

g 
1.

16
 

1.
21

 
0.

91
 

1.
03

 
0.

45
 

0.
42

 
0.

37
 

0.
53

 
0.

66
 

0.
57

 
0.

80
 

0.
93

 
K

 
4.

57
 

5.
16

 
4.

27
 

5.
01

 
5.

64
 

5.
60

 
5.

48
 

5.
41

 
4.

52
 

4.
00

 
3.

72
 

3.
41

 
P 

0.
63

 
0.

75
 

0.
59

 
0.

67
 

0.
86

 
0.

83
 

0.
98

 
0.

70
 

0.
64

 
0.

66
 

0.
57

 
0.

64
 

C
 

37
.4

 
36

.2
 

38
.6

 
37

.5
 

38
.0

 
38

.2
 

38
.1

 
34

.3
 

34
.4

 
35

.9
 

35
.5

 
34

.5
 

N
 

4.
41

 
4.

91
 

4.
43

 
4.

54
 

4.
59

 
4.

95
 

4.
54

 
5.

79
 

4.
48

 
4.

03
 

4.
44

 
5.

79
 

N
a 

0.
11

 
0.

14
 

0.
10

 
0.

12
 

0.
05

 
0.

42
 

0.
37

 
1.

50
 

0.
08

 
0.

65
 

0.
87

 
1.

00
 



368

Figures

Fig. 1. (1-4). Bacillus subtilis colonies (1+2, petri-dish cultures); 3 colonized root hairs 
(Dr. Thomzik, Bayer AG) and 4 endozoospores on roots (Dr. Schmiedeknecht, 
Humboldt University Berlin). 

Fig.2. Plant growth parameters for plant leaf area and dw/fw-ratio in relation to salinity
levels and the inoculation with B. subtilis (n = 4. LSD < 0.05). 
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Fig. 3. Yield of marketable fruit and fruit size in relation to salinity levels and B. subtilis
inoculation (n = 4. LSD < 0.05). 

Fig. 4. Sodium concentrations in youngest fully developed leaves of the tomato plants 
over the cultivation period (before (April 8). shortly after (May 8) and at trial end 
(July 15) in relation to salinity levels and B. subtilis inoculation (n = 30, com-
pounded samples). 
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