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Summary

Culture filtrates of plant growth-promoting rhizobacteria (PGPR) Bacillus amyloliquefaciens (FZB24,
FZB42 and FZB45) and Bacillus subtilis FZB37 have a strong growth-promoting activity. Bioassays, as
seedling segment elongation and coleoptiles bending, performed with diluted Bacillus culture filtrates
demonstrated that length growth of maize seedlings is significantly enhanced. Bacillus amyloliquefaciens
FZB42 exhibited the highest enhancement on plant growth comparable with concentrations of 10–6 to
10–7 mol/l indole-3-acetic acid (IAA). However, only low concentrations of 10–8–10–9 mol/l of IAA
were detected in ELISA tests using IAA-specific antibodies. FZB42 was found to produce the highest
IAA concentration after growing in Landy medium at low temperature (22 °C) and oxygen limitation
(75 rpm). The concentration of IAA, detected by IAA-specific antibodies, is not equivalent to the
concentration of IAA necessary to induce the observed bio-effects, indicating that these bio-effects
might result from more than one plant growth-promoting substance.

Key words: Bacillus subtilis; Bacillus amyloliquefaciens; plant-growth-promoting rhizobacteria PGPR;
phytohormone; indole-3-acetic acid IAA; ELISA

Zusammenfassung

Kulturfiltrate von Pflanzenwachstum fördernden Wurzel-Bakterien, die als Pflanzenstärkungsmittel
kommerziell eingesetzt werden, wiesen in den mit Maiskeimlingen durchgeführten Biotesten (Koleo-
ptilen-Krümmungstest und Zylinderwachstumstest) eine starke phytohormonartige Wirkung auf.
Unter den überprüften Stämmen Bacillus amyloliquefaciens FZB24, FZB42, FZB45 und Bacillus
subtilis FZB37 zeigte Bacillus amyloliquefaciens FZB42 die höchste wachstumsfördernde Wirkung, die
einer Konzentration von 10–6–10–7 mol/l 3-Indolyl-Essigsäure (IAA) entsprach. Im durchgeführten
ELISA-Test mit IAA-spezifischen Antikörpern wurde jedoch nur eine IAA-Konzentration von maxi-
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mal 10–8 bis 10–9 mol/l im Kulturfiltrat von FZB42 bestimmt. Die höchste IAA-Konzentration und
auch der höchste wachstumsfördernde Effekt wurde nach Wachstum in Landy Medium bei niedriger
Temperatur (22 °C) und unter reduzierter Sauerstoffversorgung (75 rpm) erhalten. Da die im ELISA
Test ermittelte IAA Konzentration nicht der in den Biotesten nachgewiesenen phytostimulatorischen
Wirkung entsprach, vermuten wir die Anwesenheit weiterer, bisher nicht identifizierter, Phytohormo-
ne in dem Kulturfiltrat der hier untersuchten Bacillus spp. FZB Stämme.

Stichwörter: Bacillus subtilis; Bacillus amyloliquefaciens; Pflanzenwachstum fördernde Substanzen; Au-
xin; Bildungsbedingungen; physiologische Wirkungen

1 Introduction

Rhizosphere biology is approaching a century of investigations wherein growth-promoting rhizobateria
(PGPR) such as Rhizobium, Frankia, Streptomyces, Bacillus, Pseudomonas, and mycorrhizal fungi have
attracted special attention due to their beneficial activities (Johri et al. 1995). The nutrient-rich
rhizosphere of roots is naturally colonized by many beneficial (PGPR) or pathogenic bacteria and
fungi, which may have a considerable impact on plant growth, development and productivity. Several
Bacillus strains belonging to the B. subtilis/amyloliquefaciens group (FZB13, FZB14, FZB24, FZB37,
FZB38, FZB42, FZB44, FZB45) isolated from soil by FZB Biotechnik GmbH, Berlin, were shown to
have remarkable effects in biological activities against some soil-borne fungal plant diseases and in plant
growth-promoting actions for higher yields after colonizing plant root (Krebs et al. 1998; Schmiede-
knecht et al. 1998; Grosch et al. 1999). A commercial formulation based on spores of Bacillus
amyloliquefaciens FZB 24 has recently been developed and has found application in agriculture and
horticulture. Despite extensive studies (Dolej 1998; Bochow and Dolej 1999), the molecular
mechanism responsible for observed plant growth-promoting effects exerted by Gram-positive
rhizobacteria and especially for bacilli is poorly understood. Several possible mechanisms were pro-
posed including production of plant growth regulating substances as indole-3-acetic acid (IAA, Bastian
et al. 1998) and gibberellins (GAs, Gutierrez-Manero et al. 2001).

It is very likely that plant growth promotion by rhizosphere Bacilli results from combined action of
several factors. In previous studies, we were able to show that biofertilization exerted by extracellular
bacterial phytase under conditions of phosphate limitation can contribute to plant growth-promoting
activity of Bacillus amyloliquefaciens FZB strains (Idris et al. 2002). Suppression of competitive plant
pathogenic microflora within rhizosphere environment by secreted antifungal and antibacterial
lipopeptides and polyketides might be important for enhancement of plant growth by FZB42
(Koumoutsi et al. 2004). In addition, enhanced development of plant resistance against competitive
pathogenic fungi and bacteria induced by beneficial acting PGPR was shown in Bacillus amyloliquefaciens
FZB24 (Kilian et al. 2000).

Here, we demonstrate that beneficial action of culture supernatants of B. subtilis/amyloliquefaciens
strains FZB24, FZB37, FZB42, FZB45 on plant growth resembles that of phytohormones mainly
enhancing elongation growth. On the contrary, culture filtrates from laboratory Bacillus subtilis strain168
trpC did not significantly stimulate plant growth. Effiency of phytostimulation exerted by diluted
culture filtrates of FZB42 and FZB37 were related to that of 10–6 to 10–7 mol/l IAA, but concentration
of IAA determined by enzyme-linked immunosorbent assay (ELISA) using IAA-specific antibodies was
quite lower, ranging at 10–8 to 10–9 mol/l IAA. These findings clearly demonstrate that phytohormone-
like compounds other than IAA are present in those bacilli. Production of phytohormones in bacilli
seemed to be favourably influenced by low temperature and low aeration rate.

2 Materials and methods

2.1 Cultivation and preparation of bacterial culture filtrates

A single fresh colony of each of B. amyloliquefaciens strain FZB24, FZB42 and FZB45, B. subtilis
FZB37, 168 TrpC and 168M was inoculated in 10 ml GNB (glucose-enriched nutrient broth)



PflKrankh. 6/04 Use of Bacillus subtilis as biocontrol agent. VI. Phytohormone-like action ... 585

medium (SIFIN GmbH Berlin, Germany), containing per litre 22.5 g pankreatic peptone, 1.0 g
(0.1 %) glucose, 2.0 g K2HPO4 3.0 g NaCl, (pH with 2 mol/l NaOH 6.0) and allowed to grow
overnight at 37 °C with shaking at 200 rpm. Early in the morning, the pre-culture was 1 : 10 diluted
in 20 ml phosphate buffer saline (PBS) containing 8.0 g NaCl, 0.2 g KCl, 1.4 g Na2HPO4, 0.24 g
KH2PO4/1L, (pH 6.8–7) and was allowed to grow with shaking 200 rpm at 37 °C until OD600 of 0.8–
1.0 was reached. Five ml Landy medium (L-glutamic acid 5.0 g, MgSO4 0.25 g, KCl 0.25 g, KH2PO4
0.5 g, Fe2(SO4)3 × 6 H2O 0.15 mg, MnSO4 × H2O 5.0 mg, CuSO4 × 5 H2O 0.16 mg, glucose 20.0 g
in 1 l distilled H2O) or medium 1C (0.7 % pancreatic casein, 0.3 % soya bean casein, 0.5 % sodium
chloride, 0.5 % maize starch and 10 % soil extract) were inoculated with 0.5 ml of the bacterial culture
in 50-ml vessels and cultivated for 72 h at 22 °C/75 rpm in the dark. Cells were pelleted by centrifuga-
tion at 4 °C and 14000 rpm for 20–30 min and the resulting supernatants stored at 20 °C.

2.2 Physiological tests on maize seedlings

Maize (Zea mays L. cv. ‘Elita’) seeds were surface-sterilized with 3 % sodium hypochlorite for 30 min,
rinsed with distilled sterilized water for 7 min, 3 times, and distributed on Petri dishes (18 cm × 1.8 cm)
on moist filter papers. The dishes were covered with aluminium foil and incubated at 25 °C for 3 days.
The coleoptile cylinder test was used to determine influence of phytohormones present in bacterial
culture filtrates on general growth of plant cells. The bio-test was performed as described (Borriss
1956). Selected 25–35-mm coleoptiles were cut with a sharp sterilized razor into 5-mm segments and
immersed in distilled H2O for 1 h. Segments were introduced into sterilized 25-ml Erlenmeyer flasks
containing 10 ml of 15 mmol/l sodium phosphate buffer and 1 % glucose. Bacterial culture filtrates
were added to a final concentration of 0.1 %. The flasks were covered with aluminium foil and
incubated at 25 °C for 24 h.

The coleoptile bending test (Borriss 1955) was applied to determine the auxin-like action of
bacterial culture filtrates more specifically on elongation growth of plant cells. Maize coleoptiles, 25–
35 mm long, were cut 5 mm below the tip and the apical part was cut in an angle upwards direction,
the coleoptiles were immersed in distilled sterilized water for 1 h. Of each strain culture filtrate, 1–2 µl
were applied to the upper part of the coleoptiles that were supported on 40 ml (1.5 %) agar in 50-ml
beakers. The beakers were kept in dark and incubated at 25 °C for 24 h.

2.3 Extraction and purification of auxins (IAA)

Fractionation of FZB42 culture filtrates was performed with the ether extraction method (Sembdner
et al. 1988). Ether was used for the extraction with a separation coefficient KD (20 °C) of soluble
material (IAA or IAN) in the organic phase at pH 3.0 and 8.5, 4.3 electronic constant (E) and of 7.4 %
solubility in water (L(H20)). One litre culture filtrate prepared from cells either grown in Landy or 1C
media at 22 °C/75 rpm, was used. First extraction at pH 8.5 and a second extraction at pH 3.0 were
performed. Then, each extract was concentrated to 2 ml with a speed vacuum centrifugation system.
Extract “A” was obtained from the first extraction, in which mainly indole-3-acetonitrile (IAN) is
expected to be present in organic phase (27.76 %), while IAA is expected to remain mainly in the water-
soluble culture filtrate “B”. In the second extraction, the pH of the same culture filtrates was adjusted
to 3.0 with 2 mol/l HCL and 3 times extracted with ether, the collected and purified organic phase was
concentrated again to a volume of 2 ml by vacuum centrifugation and is referred to as fraction “C”.
Under those acid conditions, IAA is expected to be soluble by 14.06 % and IAN by 50.35 %,
respectively. Five ml of the remaining aqueous phase of the culture filtrate “D”, in which neither IAA
nor IAN are expected to be present, were saved and the rest was discarded. The fractions were used for
testing bio-effects on maize seedlings.

2.4 Determination of auxins

Determination of bacterially derived auxins were performed according to Sarwar and Kremer (1996)
using a microplate method. Hundred and fifty µl of culture filtrate were dispensed into wells of 96-well
microplates followed by addition of 100 µl of freshly prepared SALKOWSKI reagent (1 : 50 diluted
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0.5 mol/l Fe3Cl in 35 % perchloric acid). As a control, 150 µl medium without bacteria was used. The
mixture was left to react for 30 min and the absorption was measured at 530 nm on a microplate reader
SPECTRA max 340.

Enzyme-linked immunosorbent assay (ELISA) is a quantitative documentation method for antigens.
A known amount of enzyme-marker-antigen (tracer) and an unknown amount of antigens in a sample
are competent on specific antibodies. After addition of an enzyme substrate, the binding enzyme
activity of the enzyme-coupled antigens can be determined, which is the assay of the content of
antigens present in the sample.

An ELISA test (Phytodetek IAA, Agdia, Elhart, Ind., USA) was used according to the manufacturer’s
instructions to identify IAA. The anti-IAA monoclonal antibody contained in this kit is documented to
show a high specificity for IAA in the methylated form. The production and characterization of the
high affinity monoclonal antibody was as described by Mertens et al. (1985). The microplates were
coated with RAMIG solution (2 mg/20 ml NaHCO3 buffer pH 9.6) (200 µl/well) and overnight
incubated at 4 °C in a refrigerator. The RAMIG solution was poured out by inverting the microplate
upside-down, coated with 200 µl/well monoclonal antibodies and incubated at 4 °C in a refrigerator
overnight. On the third day, the plates were inverted to pour out the rest of antibodies solution, washed
with water twice, inverted on filter papers and gently hit. Fifty µl TBS buffer were filled into all wells
of the plate except the first two vertical ones, left empty. Hundred µl of TBS buffer filled in well
number 3 and 4 vertically, while 100 µl/well (2 ×) of each of the IAA dilutions in TBS buffer of known
concentrations (200, 0.2, 0.5, 1.0, 2.0, 5.0, 10, 20, 50, 100 pmol/l, as standard curve readings) were
dispensed. Hundred µl (1 : 10) of culture filtrate of each bacterial strain were dispensed each 4 times
vertically. The microplates were covered with another plate and incubated at 4 °C in the refrigerator for
1 h. Fifty µl/well of diluted tracer (Antigen-enzyme-complex) 1 : 500 in 5 ml TBS/gelatine buffer were
added, gently knocked with a finger on the plate sides and incubated at 4 °C for 3 h. The mixture was
discarded by inverting the plates, washed twice with water and 200 µl para-nitrophenyl phosphate,
NPP (1 mg/ml in NaHCO3 buffer), per well were added, covered with another plate and incubated at
37 °C for 1 h. The reaction was stopped with 50 µl 5 mol/l KOH and the absorption was measured at
405 nm using the microplate reader. IAA concentrations in the culture filtrates were calculated
according to a calibrated standard curve prepared with known amounts of IAA. Each IAA standard and
culture filtrate was dispensed in three replicate wells within a 96-well microplate.

2.5 High pressure liquid chromatography (HPLC) analysis and electrospray mass spectro-
scopy (ESI-MS)

The analytical HPLC of the prepared culture filtrates was performed applying the time-based retention
method at specific wave length. LiChrospher-columns (100 RP-18, (5 µm and of 125 × 4 mm) Merck),
were used, 10 µl CF injection volume, 0.007 mol/l phosphate buffer (pH 3)/acetonitrile (20 vol.-%) as
elution buffers. Peaks were detected spectrophotometrically at 220 nm. Preparative HPLC was carried
out to fractionate and purify some peaks shown by the analytical HPLC around IAA retention time.

For mass spectrometric measurements, the Finnigan “LCQ DECA” ion trap with electrospray
ionization (normal AP ESI probe) instrument was used. Probe position 1, flow rate 4  µl/min. For
sheath flow, pure methanol as sheath liquid was used. The instrument parameters were 3.5 kV sprayer
voltage, 25 arb sheath gas nitrogen, 225  °C temperature of the transfer capillary. Applying this
electro-spray (ES) method, 50–70 µl supernatant (filtered with 0.2 µm membrane) was analyzed
through injection and wash capillary functions. In this analytical method, ionization of the unknown
substances takes place, followed by trapping of the ions, separation of them in the drift tubes and finally
their detection in the quadrupole. Ionization mode positive or negative and parameters for MS/MS-
activation were activation amplitude (%) and activation time (ms).

2.6 Statistical analysis

Analysis of variance, calculation of standard deviation, s, defined as square root of variance and
probability, P, was performed with program MSTATC, a statistical program used for the biological
data analysis, from at least three independent experiments.
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3 Results

3.1 Influence of indole-3-acetic acid, IAA, on prolongation of maize coleoptiles segments

In order to compare phytohormone-like effects exerted by culture filtrates obtained from plant growth-
promoting bacteria, we measured the influence of IAA on maize seedlings using the maize coleoptiles
cylinder test. This bio-assay permits to determine effects of phytohormone-like substances on length
growth (elongation) of seedling segments prepared from maize coleoptiles (see methods). Application
of IAA in different concentrations (10–3–10–10 mol/l) to maize segments showed that all applied IAA
concentrations (10–5–10–9 mol/l), except the highest (10–3 mol/l) and lowest concentration (10–10

mol/l), did promote maize segment elongation (Fig. 1A). The concentration of 10–5 mol/l had the
highest effect on elongation of segments (p ≤ 0.01). A stimulating effect on segment prolongation was
also detected in other concentrations of IAA in the order 10–6 mol/l > 10–7 mol/l > 10–8 mol/l > 10–9

mol/l. IAA concentrations higher than 10–5 mol/l showed either reduced promotion (10–4 mol/l) or did
not stimulate (10–3 mol/l) growth of seedling segments (Fig. 2A).

3.2 Phytohormone-like action of the culture extracts is dependent on growth conditions

Bacterial supernatants were prepared from strains FZB24, FZB42, FZB37, and FZB45 grown in
Landy medium under different conditions for 72 h. The culture extracts were applied to the maize
coleoptiles cylinder test. Culture filtrates obtained from Bacillus strains grown at 22 °C and at reduced
aeration (75 rpm) showed distinct elongation of the segments (Fig. 1B–D) about two-fold of the
control. Best results were obtained with the culture filtrates of FZB42 and FZB37, whereas FZB45 and
especially FZB24 showed reduced ability to promote length growth of maize coleoptiles (Fig. 2B).
Culture filtrates of laboratory strain B. subtilis 168 did not promote growth of maize coleoptiles
segments (results not shown). The significant promotion (p ≤ 0.01) in maize coleoptiles segments
exerted by FZB42 and FZB37 was found to be equivalent to a concentration of 10–6 mol/l – 10–7 mol/l
IAA, which is close to the maximum of IAA action at 10–5 mol/l (Fig. 2A). Culture filtrates from cells
grown at 22 °C and at low aeration (stroke frequency: 75 rpm) were found to be most efficient in
promoting maize seedlings. Presence of tryptophan in the culture medium did not enhance further
biological activity in the maize coleoptiles cylinder test. On the contrary, treatments with culture
filtrates from all strains produced at 37 °C/200 rpm did not enhance segment elongation suggesting
that production of phytohormone-like compounds did not occur under those conditions. Application
of FZB42, 0.1 % culture filtrate produced at high temperature (37 °C), but low oxygen concentration
(75 rpm), resulted in a reduced increment of segment length, which was comparable to that of 10–9

mol/l IAA suggesting that both, temperature and aerobic conditions, are affecting production of
phytostimulatory substances (Fig. 2B).

No significant differences were found after cultivation of bacilli in different media: results obtained
using an alternative medium for cell propagation, soil extract medium 1C were found comparable with
those obtained in Landy medium. Also, addition of root exudates in varying concentrations and,
surprisingly, tryptophan did not affect production of phytostimulatory compounds suggesting that
exogenous tryptophan is not an essential precursor of the phytohormones efficient under our test
conditions. When culture filtrates of strain FZB42 produced in 1C-medium (at 22 °C/75 rpm), with
0.1 % and 10 % maize-root-exudates, were used in dilution of 0.1 % results were comparable to those
of 0.1 % culture filtrates produced in Landy medium. Again, biological effect of 0.1 % diluted Bacillus
culture filtrates was found comparable to that of 10–6–10–7 mol/l IAA (see previous section). In
summary, application of FZB42 supernatants produced from cells grown in 1C- and Landy medium to
maize coleoptiles segments in 0.05 or 0.1 % dilutions, resulted in an about twofold increase of segment
elongation (Table 1).

3.3 Auxin-like action of culture filtrates: specific action on plant cell elongation growth dem-
onstrated in coleoptiles bending test

Whereas increment of coleoptiles segment length as determined by the coleoptiles cylinder test de-
scribed above is a relatively unspecific reaction due to different groups of phytohormones, applying
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Fig. 1. Effect of IAA and di-
luted culture filtrates pro-
duced under different growth
conditions on length growth
of maize seedling segments
in coleoptile cylinder test. A:
Effect of indole-3-acetic acid
(IAA). C, control (distilled
water); –3, 10–3 mol/l IAA;
–4, 10–4 mol/l IAA, –5,
10–5 mol/l IAA; –6, 10–6

mol/l IAA; –7, 10–7 mol/l
IAA; –8, 10–8 mol/l IAA;
–9, 10–9 mol/l IAA; –10,
10–10 mol/l IAA. B–D: Ef-
fect of 0.1 % diluted culture
filtrates of Bacillus amyloli-
quefaciens FZB42 (B), B.
subtilis FZB37 (C), and B.
amyloliquefaciens FZB45 (D)
on length growth of maize
seedling segments in coleo-
ptile cylinder test. C, con-
trol (Landy medium with-
out bacteria); 1, culture fil-
trate from cells grown in
Landy medium at 22 °C and
a stroke frequency of 75
rpm; 2, culture filtrate from
cells grown under same con-
ditions, but with tryptophan
(50 µg/ml), 3, culture filtrate
from cells grown in Landy
medium at 37 °C and a
stroke frequency of 75 rpm;
4, culture filtrate from cells
grown in Landy medium at
37 °C and a stroke frequency
of 200 rpm.
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Fig. 2. Column diagram showing effect of culture filtrates produced under different growth conditions on length
growth of maize seedling segments in coleoptile cylinder test. A: Effect of indole-3-acetic acid (IAA). B: Effect of
0.1 % diluted culture filtrates of Bacillus amyloliquefaciens FZB42, B. subtilis FZB37, and B. amyloliquefaciens
FZB45 on length growth of maize seedling segments in coleoptile cylinder test. From left to right: culture filtrate
from cells grown in Landy medium at 22 °C and a stroke frequency of 75 rpm; culture filtrate from cells grown
under same conditions but with tryptophan (50 µg/ml); culture filtrate from cells grown in Landy medium at 37 °C
and a stroke frequency of 75 rpm; culture filtrate from cells grown in Landy medium at 37 °C and a stroke
frequency of 200 rpm; control with Landy medium without bacteria.
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coleoptiles bending test permits specific detection of auxin-like compounds, e. g., IAA, which specifi-
cally affect cell elongation growth (Borriss 1956). The test based on application of a phytohormone
solution on one side causing bending of the coleoptiles due to growth stimulation of the cell layer at the
site of application. The test has been originally developed by F. Went using etiolated oat (Avena sativa)
coleoptiles (Borriss and Libbert 1985) and was adapted by us for use with maize seedlings (see
methods). Two µl culture filtrate were applied to the seedlings prepared as described in the method
section. The results are presented in Figure 3. Bacillus amyloliquefaciens FZB24 did not affect seedlings,
but strong bending effects resulting in bending angles of more than 90° were observed with culture
filtrates of FZB37, FZB42 and FZB45, demonstrating presence of auxin-like compounds which are
specifically stimulate elongation growth of maize seedling cells. Such effects were only observed if
standard conditions of cultivation (22 °C, 75 rpm) were used. Cultivation at high aeration (200 rpm)
and high temperature (37 °C) did completely abolish phytostimulation as already found when using
the coleoptiles cylinder test assay (section 3.2).

3.4 Enrichment and characterization of the phytohormone-containing fraction

In order to characterize the chemical nature of the phytohormones produced by PGPR bacilli we
applied an ether extraction method (Sembdner et al. 1988), which allows separation of auxin-like
compounds as IAA and indole-3-acetonitrile (IAN) from other constituents of the culture filtrates.
Extract “A”, obtained from the first extraction at pH 8.5 and expected to contain mainly indole-3-
acetonitrile, was shown to be most efficient on maize seedling segment elongation using the coleoptiles
cylinder test (Table 2). Treatment with 0.1 % or with 0.05 % extract “A”, prepared from cells grown
in 1C- or Landy medium, displayed a significant increase (p ≤ 0.01, SD 1.187) of segment elongation,
which was equivalent to the promotion observed at 10–8 mol/l IAA. Extract “C”, resulting from the
second extraction step at pH 3.0 and referred to contain mainly IAA, and also the rest of the culture
filtrate after the first extraction “B” of both displayed growth promotion, but less than fraction “A” and
equivalent to about 10–9 mol/l IAA. No promotion of segment growth was recorded when applying the
remaining part after second extraction: fraction “D”, which is referred to contain no auxin-like
compounds. Taken together, these results underline the possibility that auxin-like compounds, but not
necessarily IAA, are the main factors in stimulation of elongation growth exerted by the bacterial
culture filtrates.

3.5 Detection of IAA produced by Bacillus amyloliquefaciens /subtilis strains FZB

In general, auxin-like substances are detectable by using the SALKOWSKI reagent (Sergeeva et al.
2002). We found that pink colour, indicating formation of an IAA-iron complex, occurred only at high
concentrations of 1 mmol/l and 100 µmol/l, while lower concentrations yielded different levels of
absorptions at 530 nm without appearance of a specific colour. The reaction of culture filtrates of tested
strains FZB, grown under different conditions, showed different absorptions at 530 nm, but no pink
colour characteristic of the IAA-iron complex suggesting that IAA concentrations present in culture
filtrates are to low (< 10–4 mol/l) to yield a specific reaction.

Table 1. Maize coleoptile cylinder test: Influence of medium composition on biological activity of supernatants
(CF) prepared from cells grown in medium 1C and in Landy medium at low aeration (75 rpm) and at
low temperature. Data are means ± SD, n = 3. Dissimilar letters in the same column indicate significant
differences at P < 0.05 using the Duncan multiple range test

FZB42 treatment CF produced in 1C-medium at CF produced in Landy-
22 °C/75 rpm medium at 22 °C/75 rpm

FZB42 10.25a ± 1.4 mm 10.08a ± 1.2 mm
FZB42/0.1 % plant exudates 10.75a ± 1.2 mm 9.91a ± 1.1 mm
FZB42/10 % plant exudates 10.25a ± 1.3 mm 9.75a ± 1.3 mm
Control 5.08b ± 0.6 mm 5.25b ± 0.7 mm
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Fig. 3. Coleoptiles ‘bending test’ performed with maize seedlings using 2 µl bacterial culture filtrates applied on
maize coleptiles. A: control with medium (top) and Bacillus subtilis 168 trpC2 (bottom); B: from left to right:
control with medium, B. amyloliquefaciens FZB24, B. subtilis FZB37; C: control with medium (left), B. amylo-
liquefaciens FZB42 (right); D: control with distilled water (top); fraction with a retention time of 2.5–2.9 min
obtained after HPLC chromatography of B. amyloliquefaciens FZB42 culture filtrate (bottom); E: culture filtrate of
B. amyloliquefaciens FZB42 grown at 22 °C/75 rpm (top), culture filtrate of B. amyloliquefaciens FZB42 grown at
37 °C/220 rpm (bottom); F: culture filtrate of B. amylo-liquefaciens FZB45 grown at 22 °C/75 rpm (top), culture
filtrate of B. amyloliquefaciens FZB45 grown at 37 °C/220 rpm (bottom); G: culture filtrate of B. amyloliquefaciens
FZB42 grown at 22 °C/75 rpm with tryptophan (top) and without tryptophan (bottom); H: control with medium
(left) and culture filtrate of B. amyloliquefaciens FZB45 grown at 37 °C/220 rpm (right).
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To obtain an unambiguous identification of IAA, we applied the highly sensitive immunological
approach, which allows detection of IAA concentrations down to 10–20 fmol (Sergeeva et al. 2002).
Culture filtrates from bacteria grown for 72 h in Landy medium under conditions of low aeration
(75 rpm) and low temperature (22 °C) were examined with specific monoclonal anti-IAA antibody
using ELISA (Weiler et al. 1981). The concentrations of IAA detected by ELISA in culture filtrates of
different strains varied between 1.32 to 10.81 nmol/l (Table 3). By far the highest IAA concentration
of 10.81 nmol/l was detected in culture filtrate of B. amyloliquefaciens FZB42 grown under permissive
conditions (low temperature, low aeration). However, even this concentration, which accords to less
than 10–9 mol/l IAA in the diluted culture filtrate, does not explain the strong growth stimulation
observed in maize coleoptiles, which were found comparable to the effect of 10–6 to 10–7 mol/l IAA
(section 3.2). On the contrary, the medium control without bacterial inoculation and the culture
filtrates produced under non-permissive conditions (37 °C/200 rpm) showed no or very little IAA-
antibody reaction suggesting that significant amounts of IAA can only be formed under specific
conditions of growth. Addition of tryptophan to the medium did not enhance IAA production in all
strains investigated in this study.

Table 3. Comparative analyses of IAA levels (nmol/l) in supernatants prepared from Bacillus strains grown in
Landy medium under different conditions and in presence and absence of tryptophan. Data obtained
by ELISA with IAA-specific antibodies. The values represent the mean ± 10 % SD from two independ-
ent experiments with three replicates each

22 °C/75 22 °C/75 rpm 37 °C/75 37 °C/200
Bacterial strain rpm + 0.01 mmol/l rpm rpm

Trp

Bacillus amyloliquefaciens FZB24 02.00 1.39 0.49 0.48
Bacillus subtilis FZB37 01.32 1.03 0.81 0.88
Bacillus amyloliquefaciens FZB42 10.81 0.73 1.09 0.53
Bacillus amyloliquefaciens FZB45 01.84 0.49 0.39 0.42
Landy medium (control) 00.003 – – –

Table 2. Plant growth-promoting activity of several fractions obtained after ether extraction of culture filtrate of
Bacillus amyloliquefaciens FZB 42 grown under conditions favourable for phytohormone production
(22 °C/ stroke frequency; 75 rpm) in Landy medium (LM) and 1C medium (1C). Plant growth-
promoting activity was measured with the maize coleoptile cylinder test as described in Methods.
Values are the mean values of three independent experiments with at least 8–10 seedlings

Extract fraction Culture concentration Coleoptiles Relation to IAA
medium applied cylinder test

Control 1C 0.1 % 5.18 ± 0.3 mm 0
“A” (1. extraction pH 8.5) 1C 0.1 % 12.00 ± 1.0 mm > 10–5 mol/l
“A” (1. extraction pH 8.5) 1C 0.05 % 10.25 ± 0.6 mm > 10–6 mol/l
“B” remaining fraction 1C 0.1 % 9.83 ± 0.5 mm ~ 10–6 mol/l
“C” (2. extraction pH 3.0) 1C 0.1 % 10.25 ± 0.1 mm > 10–6 mol/l
“D” remaining fraction 1C 0.1 % 6.25 ± 0.4 mm ~ 10–9 mol/l

Control LM 0.1 % 5.25 ± 0.2 mm 0
“A” (1. extraction pH 8.5) LM 0.1 % 10.41 ± 1.0 mm > 10–6 mol/l
“A” (1. extraction pH 8.5) LM 0.05 % 11.43 ± 1.1 mm ~ 10–5 mol/l
“B” remaining fraction LM 0.1 % 9.86 ± 0.4 mm ~ 10–6 mol/l
“C” (2. extraction pH 3.0) LM 0.1 % 10.03 ± 0.1 mm ~ 10–6 mol/l
“D” remaining fraction LM 0.1 % 5.41 ± 0.4 mm < 10–9 mol/l
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3.6 Identification of compounds 156 and 174 present in culture filtrates with plant growth-
promoting activity

Results described in previous sections point to the presence of phytohormones other than indole-3-
acetic acid in culture filtrates from the PGPR Bacillus spp. strains grown under conditions favourable
for development of plant growth-promoting activity (22 °C and 75 rpm). Culture filtrates of B. amylo-
liquefaciens FZB42 separated by analytical high performance liquid chromatography (HPLC) dis-
played a characteristic peak at a retention time of 2.67–2.70 min. This peak was not detected in culture
filtrates, when FZB42 was grown under non-permissive conditions (37 °C and 220 rpm). However,
retention time of this peak did not fit exactly with the retention time of IAA, which was determined
under the same conditions as to be 2.78–2.84. IAA was not detectable in HPLC since its detection limit
at 220 nm lies between 5.0–20 mg/l or 1,1 × 10–4 to 5 × 10–6 mol/l which is above IAA concentration
of 1.32–10.81 nmol/l as determined by ELISA.

Preparative HPLC was used to isolate a fraction eluting between 2.5 to 2.9 min containing the
compound, which peaked at 2.78–2.84. Mass spectroscopic analysis revealed that this fraction con-
tained one prominent peak with a molecular mass of 173.9 (compound 174), which is close but not
identical to IAA, whose molecular mass was determined as to be 175.2. ELISA assay with IAA-specific
monoclonal antibodies revealed a concentration of 13.98 nmol/l IAA present in this enriched HPLC
sample. In addition, biological activity of this fraction was demonstrated with the coleoptile bending
test (Fig. 3D).

Applying mass spectroscopy for direct analysis of culture filtrates of FZB42 yielded two peaks only
present if bacteria were grown under conditions permissive for development of plant growth-promot-
ing activity (low temperature and low aeration rate). Besides “compound 174”, we also detected a
compound with a molecular mass of 156.2 (“compound 156”), which fits well with the molecular mass
of indole-3-acetonitrile (IAN), known as an intermediate during synthesis of IAA from tryptophan
(Normanly and Bartel 1999).

Discussion

Enhancement of plant growth by root colonizing Bacillus and Paenibacillus strains is well documented
(Broadbent et al. 1977; Loper and Schroth 1986; Dolej 1998; Kloepper et al. 1989; Krebs et al.
1998; Marten et al. 1999). Moreover, PGPR of the Bacillus group offer biological solution to the
formulation problem due to their ability to form heat- and desiccation-resistant spores (Emmert and
Handelsman 1999). However, very little is known about the basic molecular mechanisms responsible
for beneficial action of the bacilli group of PGPR hindering development of optimal application
strategies in use of available formulations in agriculture and horticulture.

Here, we provide some lines of evidence that Bacillus species enhance plant growth via synthesis of
plant growth hormones, which are synthesized under specific growth conditions:

First, culture filtrates of B. amyloliquefaciens FZB42 and other strains investigated in this study did
positively affect plant elongation growth. Applying the coleoptiles cylinder test, we could show that the
effect exerted by diluted culture filtrates is close to the effect of nearly optimal IAA concentrations of
10–6 to 10–7 mol/l. Phytohormone auxin-like action of Bacillus metabolites present in culture filtrates
was demonstrated in the coleoptiles bending test. This biotest is considered to be a specific bio-assay for
detection of indole-3-acetic acids and related phytohormones belonging to the auxin group (Borriss
and Libbert 1985).

Second, using the highly sensitive ELISA assay with IAA-specific antibodies, we found indole-3-
acetic acid present in the culture filtrate in the range of 1–10 nmol/l.

Third, a fraction with a retention time between 2.5 to 2.9 min was obtained after HPLC chromato-
graphy, which contained an enhanced concentration of IAA (detected by ELISA) and was able to
stimulate elongation growth of maize seedlings (coleoptiles bending test). Moreover, using the ether
extraction method, which is considered to allow enrichment of phytohormones from plant material
(Sembdner 1988), we were able to obtain fractions with enhanced growth-promoting activity. All
phytohormone-like activities were only formed, when Bacillus was cultivated at low temperature
(22 °C) and at low aeration (stroke frequency: 75 rpm). Cultivation under standard conditions (37 °C,
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stroke frequency: 200–220 rpm) did completely abolished the ability to produce metabolites with plant
growth-promoting activity.

Although we were able to detect unambiguously IAA as a chemical constituent with phytostimulatory
effect, the question for other phytohormones in Bacillus culture filtrates still remains, since the
concentration of IAA is not sufficient to explain the strong effects on plant growth observed in the
coleoptiles cylinder test performed with several bacterial culture filtrates.

HPLC and mass spectroscopic analysis revealed a “compound 174” with an apparent molecular mass
close to 173 to 174, which is slightly different from that of IAA (175.2). This compound is only present
in culture filtrates of cells grown under conditions permissive for phytohormone synthesis. We were
unable to identify the chemical nature of this compound, but it is possibly an intermediate of auxin
synthesis, which might have some phytostimulatory activity. A second metabolite, “compound 156”,
was also only detectable if cells were grown under permissive conditions. The molecular mass of this
compounds fits well with that of indole-3-acetonitrile (IAN), which is a direct precursor of IAA. It has
been proposed that this compound is part of a pathway, which is independent from tryptophan and
could arise from indole or indole-3-glycerol phosphate (Fig. 4). It has been proposed that in maize and
also in some bacteria, the tryptophan-independent route is the primary pathway (Kobayashi et al.
1995). In fact, we did not observe any increase in IAA biosynthesis in FZB Bacillus spp. strains when
tryptophan was added to the culture medium.

Characteristics of promotion of plant stem elongation observed in the coleoptiles cylinder test is
attributable to auxins and gibberellinic acids as well. High amounts of gibberellins (GAs) have been
detected in PGPR Bacillus pumilus and Bacillus licheniformis (Guttierrez-Manero et al. 2001). Our
findings obtained with ether extraction from Bacillus spp. supernatants supported the notion that
beside auxin other phytohormones might contribute to growth-promoting activity. Applying fraction
“A” extracted at pH 8.5, revealed the highest segment elongation although no IAA was expected to be
present in it, while the (lower) bio-effect resulting from the application of the culture filtrate “B” after
the first extraction and extract “C” at pH 3.0, might be attributed to the effect of IAA or other auxin-
like compounds. Further studies applying combined gas chromatography and mass spectroscopy (GC-
MS), which has the highest potential to detect and identify low concentrations of phytohormones as
auxins and gibberellins, will further clarify the role of phytohormones in plant growth promotion
PGPR Bacillus spp. strains.
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