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Abstract—Obligately and facultatively methylotrophic bacteria with different pathways of C1 metabolism
were found to be able to produce auxins, particularly indole-3-acetic acid (IAA), in amounts of 3—-100 pg/ml.
Indole-3-pyruvic acid and indole-3-acetamide were detected only in methylobacteria with the serine pathway
of C1 metabolism (Methylobacterium mesophilicumand Aminobacter aminovorans). The production of auxins
by methylobacteriawas stimulated by the addition of L-tryptophan to the growth medium and wasinhibited by
ammonium ions. The methylobacteria under study lacked tryptophan decarboxylase and tryptophan side-chain
oxidase. At the same time, they were found to contain several aminotransferases. IAA is presumably synthe-

sized by methylobacteria through indole-3-pyruvic acid.
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Aerobic methylotrophic bacteria capable of utiliz-
ing oxidized and substituted methane derivatives as
sources of carbon and energy are known as methylo-
bacteria. They are widely found in nature and are often
associated with plants, where they occur on seeds and
in the plant phyllosphere and rhizosphere. Some
authors explain the close association of aerobic methy-
lobacteria with plants by the functioning of the so-
called methanol cycle, in which the methanol synthe-
sized and excreted by plantsis used by methylobacteria
as a source of carbon and energy [1]. However, other
authors believe that the relationship between methylo-
bacteria and host plantsis symbiotic in nature. Earlier,
the pink-pigmented facultative methylotrophs of the
genus Methylobacterium were found to synthesize
cytokinins [2]. Using the polymerase chain reaction
(PCR) technique, we revealed the cytokinin biosynthe-
Sis genes in representatives of different methylobacte-
rial genera [3] and showed the formation of zeatin
and/or zeatin riboside in Methyl obacterium mesophili-
cum and the obligate methylotroph Methylovorus mays
[4]. The fact that methylobacteria promote seed germi-
nation and the growth of seedlings [1] suggests that
these bacteria may synthesize not only cytokinins, but
also other phytohormones, for instance, auxins. To the
best of our knowledge, there is as yet no experimental
evidence that methylobacteria are able to synthesize
such phytohormones.

The aim of the present work was to study the ability
of aerobic methylobacteria with different pathways of
C1 metabolism to synthesize auxins.

MATERIALS AND METHODS

Bacterial strains and cultivation conditions. In
this study, we used three facultatively methylotrophic
strains (the pink-pigmented Methylobacterium meso-
philicum VKM B-2143 (= JCM 2829 and DSM 1708)
and the colorless Aminobacter aminovorans ATCC
23314 and Paracoccus kondratievae GB VKM
B-2222) and the obligately methylotrophic colorless
Methylovorus mays strain VKM B-2221. The strains
were grown in a medium containing (g/l) KH,PO,, 2;
(NH4)2SO4, 2; MgSO4 - 7H20, 0025, and FeSO4 "
7H,0, 0.002, (pH 7.2). The growth media were supple-
mented with 0.5 vol % CH;OH as the source of carbon
and energy, except for the growth medium of A. amino-
vorans, which was supplemented with 0.3 wt %
CH,NH,. In some experiments, the growth media were
supplemented with 1 mM L-tryptophan or 1 mM
tryptamine (Fluka, Switzerland) as auxin precursors.
The effect of nitrogen sources on auxin biosynthesis
was studied by adding 1 g/l KNO, or CH;NH, to the
growth medium instead of (NH,),SO.,.

Extraction and analysis of indole compounds.
The amount of indole compounds in the culture liquid
of methylobacteria was determined in the late logarith-
mic phase after removing cells by centrifugation at
10000 g for 30 min. Indole compounds in the culture
liquid were determined quantitatively as follows [5].
An aliquot of the culture liquid (1 volume) was mixed
with 0.5 volume of the Salkowski reagent (0.05 M
FeCl, in 35% HCIO,) and after 1 h of incubation, the
optical density of the mixture was measured at 540 nm
with a Specol-221 spectrophotometer (Germany). The
calibration curve was constructed from the data that
were obtained using indole-3-acetic acid solutions of
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known concentrations. Qualitative reactions for the
presence of indolesin the culture liquid were run using
the Ehrlich, Kovacs, and van Urk reagents [6].

Auxinswere extracted, with an equal volume of eth-
ylacetate, from the culture liquid acidified to pH 2.5—
3.0 with HCI. The extracts were dried, the residues
were dissolved in 80% ethanol [7], and the auxins
present in these solutions were separated either by thin-
layer chromatography (TLC) on DC Alufolien Kiesel-
gel 60 F-254 plates (Merck, Germany) in achloroform—
ethylacetate—acetic acid (8 : 2 : 1) solvent system or by
high-performance liquid chromatography (HPLC) on a
Separon Six C18 (5 um) column (L aboratorni pristroje,
Czech Republic). The auxins were eluted with 30%
methanol (acidified with 3-fluoroacetic acid to pH 3.0)
a a flow rate of 0.5 ml/min and detected at 280 nm
using an OE-308/1 UV detector (Hungary). The col-
umn was calibrated using 1AA, indole-3-lactic acid
(ILA), indole-3-pyruvic acid (IPyA), indole-3-acet-
amide, indole-3-acetaldehyde, and indole-3-methanol
purchased from Sigma (United States).

Aminotransferase enzyme assay. Bacteria grown
in a medium with KNO; in the presence of 10 mM
L-tryptophan were harvested by centrifugation at
10000 g for 30 min and resuspended in 20 mM potas-
sium phosphate buffer (pH 8.0) containing 10 mM EDTA,
10% glycerol, 0.1 mM dithiothreitol, and 20 pM pyri-
doxal phosphate. The cell suspension was sonicated at
4°Cfor 2minin 30-s bursts using a 150-W M SE disin-
tegrator (United Kingdom) operated at 20 kHz. The
debris was removed by centrifugation at 15000 g for 1 h
and the cell-free extract was analyzed by native electro-
phoresisin a5-20% gradient PAA gel slab at 4°C. After
electrophoresis, the gel slab was incubated at 37°C for
2 hin 50 ml of 50 mM potassium phosphate buffer
(pH 7.5) containing 6.8 MM a-ketoglutarate, 10 mM tryp-
tophan, 3mM NAD*, 0.7 mM p-nitrotetrazolium blue,
0.13 mM phenazine methosulfate, 0.7 mM pyridoxal
phosphate, and 6 U glutamate dehydrogenase.

Assay of tryptophan side-chain oxidase (T SO).
Methylobacteria were grown on agar plates for 48 h
(obligate methylotrophs) or 70 h (facultative methy-
lotrophs), and then the plates were overlaid with athin
layer of a1.2% agar medium containing 0.5 M glycine—
HCI buffer (pH 3.0), 10 mM tryptophan, and 0.5%
sodium dodecyl sulfate. After 12 h of incubation at
room temperature, the TSO-positive colonies turned
dark, whereas the TSO-negative colonies remained
white [8].

Tryptophan decarboxylase assay. Methylobacte-
ria grown in a medium with KNO; as the nitrogen
source in the presence of 10 mM L-tryptophan were
harvested by centrifugation, washed twice with sodium
phosphate buffer (pH 7.6), and resuspended in 1 ml of
this buffer. The cells were disrupted by ultrasound as
described above. The homogenate was centrifuged at
15000 g for 1 h. An aiquot (0.3 ml) of the supernatant
was mixed with 4.7 ml of 10 mM (600 mg/ml) tryp-
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Fig. 1. IAA content in methylobacteria grown in the pres-
ence of 1 mM L-tryptophan and (1) (NH,4),SO, (pH 7.2),
(2) KNO3 (pH 7.2), (3) (NH4),S04 (pH 8.2), or (4) CH3NH,
(pH 7.2).

tophan and the reaction mixture was incubated at 30°C
for 16 h. Then, the pH of the mixture was adjusted to
8.0 with 0.5 M Tris—HCI buffer (pH 8.8), and the prod-
ucts of L-tryptophan transformation were extracted
with butanol. The control butanol extract was prepared
from the unincubated part of the supernatant. The
butanol extractswere dried, the residues were dissolved
in methanol, and the methanal solutions were analyzed
by TLC on Silufol F-254 plates (Czech Republic) in an
n-butanol—acetic acid—water (8 : 2 : 2) mixture. The
activity of tryptophan decarboxylase was eval uated by
the formation of tryptamine, which was determined
with the ninhydrin reagent (0.6% ninhydrin in a mix-
ture of 93 ml of n-butanol and 7 ml of ice acetic acid).

RESULTS

Our attemptsto reveal indole compoundsin the cul-
tureliquids of the methylobacteriaunder study gavethe
following results. The Ehrlich and Kovacs reagents,
which are usually recommended for indole detection
[9], alowed us to detect indole compounds only in one
methylobacterium, A. aminovorans. At the same time,
analysis with the Salkowski and van Urk reagents
reveal ed the formation of indoles, including IAA, by al
of the methylobacteria studied. The quantitative analy-
sis with the Salkowski reagent of the culture liquids of
methylobacteria grown in a nitrate-containing medium
with L-tryptophan showed that the amount of synthe-
sized |AA varied from 5-14 pg/ml in M. mesophilicum,
M. mays, and P. kondratievae to 100-120 pg/ml in
A. aminovorans (Fig. 1). The presence of L-tryptophan
in the growth medium led to the formation of a brick-
red pigment. It should be noted that Paris and
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Fig. 2. The reversed-phase chromatography of auxins from the culture liquid of () A. aminovorans, (b) M. mesophilicum, (c) P.
kondratievae, and (d) M. mays on a Separon Six C18 (5 um) column (Laboratorni pristroje, Czech Republic). Auxins were eluted
with 30% methanol, acidified with 3-fluoroacetic acid to pH 2-3 at a flow rate of 0.5 ml/min, and detected at 254 nm using an

OE-308/1 UV detector (Hungary).

Magasanic explained the formation of a similar pig-
ment in aKlebsiella aerogenes culture by the nonenzy-
matic polymerization of indole-3-pyruvate [10].

Tryptophan, which is a precursor of IAA in micro-
organisms and plants, frequently occurs in plant exu-
dates. According to the observations of Schneider and
Wightman [11], L-tryptophan stimulates the synthesis
of auxinsin certain bacteria, asit stimulated auxin syn-
thesis in the present study. The rate of auxin synthesis

strongly depended on the species and the composition
of its growth medium. For instance, the obligate meth-
ylotroph M. mays, which is unable to grow on polycar-
bon substrates, synthesized indole compounds only in
the presence of tryptophan. At the same time, the facul-
tative methylotrophs M. mesophilicum, A. amino-
vorans, and P. kondratievae grown on peptone synthe-
sized indoles in amounts of 2, 5, and 8 ug/ml, respec-
tively, even in the absence of tryptophan in the growth
No. 4 2001

MICROBIOLOGY  Vaol. 70



AEROBIC METHYLOBACTERIA ARE CAPABLE

medium. Indole synthesis was strongly inhibited by
ammonium ions. the subgtitution of KNO; for
(NH,),SO, in the growth medium led to a 2- to 15-fold
increasein theindole synthesisrate (Fig. 1). Earlier, an
analogous inhibiting effect of ammonium ions on
indole synthesis was observed in bacteria of the genera
Azotobacter [12] and Pseudomonas [13]. This effect is
possibly due to the competition of ammonium ions
with the amino groups of tryptophan, which are elimi-
nated during the biosynthesis of indoles. Bearing in
mind that some methylobacteria are able to use methyl-
amines as nitrogen sources, we substituted CH;NH, for
(NH,),SO, in the growth medium and found that such
substitution did not significantly stimulate the synthesis
of IAA (Fig. 1). The increase in the initia pH of the
growth medium to 8.2 mitigated the inhibiting effect of
ammonium ions, which was probably due to their con-
version to free KNO;.

As was shown by Crozier et al. in relation to the
nitrogen-fixing soil bacterium Azospirillum lipoferum,
the analysis of indoles in the growth medium with the
Salkowski reagent may overestimate the indole content
as compared to the data of radioisotopic analysis [14].
This can be due to the presence of nonpolar indole com-
poundsin the cultureliquid of certain bacteriathat react
with the Salkowski reagent but are not extracted by
acidified organic solvents, such as ethylacetate or sulfur
ether. In view of this, we compared the indole contents
of the culture liquid of methylobacteria before and after
its extraction with acidified ethylacetate and found that
more than 85% of the indole compounds reacting with
the Salkowski reagent are extracted by the acidified
ethylacetate. Therefore, the use of the Salkowski
reagent for the evaluation of the indole content of the
culture liquid of methylobacteriais proved.

The identification of the indole compounds
extracted from the culture liquid of methylobacteria by
TLC and HPLC (Fig. 2) showed that the culture liquids
of M. mays and P. kondratievae also contained, in addi-
tion to IAA, ILA. This suggests that these culture lig-
uids may also contain IPyA, which is an extremely
labile compound and an important intermediate of the
tryptophan conversion pathway into IAA. Among the
exometabolites of the serine-pathway methylobacteria
A. aminovorans and M. mesophilicum, we found sub-
stances that are close to IPyA and indole-3-acetamide
in their chromatographic mobilities.

The occurrence of ILA and IPyA in the culture lig-
uids of the methylobacteria under study suggests that
they synthesize auxins through IPyA, which is formed
from tryptophan under the action of aromatic ami-
notransferases. Native PAA gel electrophoresis showed
that each of the methylobacteria contained severa pro-
teins with aminotransferase activity (Fig. 3). This prop-
erty is not unique, as some other microorganisms also
exhibited the presence of more than one aromatic ami-
notransferase in their cells[15].
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Fig. 3. Electrophoresis of proteins with aminotransferase
activity from (1) M. mays, (2) M. mesophilicum, (3) A. ami-
novorans, and (4) P. kondratievae.

To verify the possibility that IAA is synthesized by
methylobacteria through tryptamine, methylobacterial
cells were incubated with 10 mM (600 mg/ml) tryp-
tophan and the reaction products were analyzed by
TLC. Such analysis failed to revea tryptamin; there-
fore, tryptophan decarboxylase was probably absent as
well. In accordance with these observations,
tryptamine, unlike tryptophan, did not effectively stim-
ulate the formation of IAA in the methylobacteria
under study.

It is known that the conversion of tryptophan into
IAA through indole-3-acetaldehyde is catalyzed by
tryptophan side-chain oxidase (TSO). Our attempts to
reveal this enzyme in aerobic methylobacteria by the
plate technique gave negative results. Taking into
account the facts that the TSO of Pseudomonas fluore-
scens is induced in the stationary growth phase (by
comparison, the tryptophan aminotransferase of this
bacterium is most active in the logarithmic growth
phase) [8] and that the bacteria that can grow on tryp-
tophan as the source of carbon and energy usually con-
tain TSO, the inability of methylobacteria to grow on
tryptophan and the absence of TSO activity in the sta-
tionary-phase methylobacteriagrown on methanol in the
presence of L-tryptophan suggest that they do lack TSO.

DISCUSSION

Many epiphytic and soil bacteria are able to synthe-
size auxins, primarily 1AA [16, 17], due to which they
influence the growth of plants either beneficialy (these
are bacteria of the genera Azospirillum, Rhizobium,
Pseudomonas, and some others) or adversely (in this
case, |AA acts as afactor of phytopathogenicity) [16].

Aerobic methylobacteria are a taxonomically and
physiologically diverse group of microorganisms. In
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Fig. 4. 1AA biosynthesis pathwaysin bacteria.

view of this, we chose to investigate four different spe-
cies differing in their physiological and biochemical
characteristics: the pink-pigmented facultative methy-
lobacterium M. mesophilicum with the serine pathway
of C1 metabolism, which was isolated from the phyllo-
sphere of the perennia rye grass Lolium perenne L.
[18]; the colorless facultative methylobacterium
A. aminovorans with the serine pathway of C1 metabo-
lism, which was isolated from soil [19]; the colorless
obligate methylobacterium M. mays with the ribulose
monophosphate pathway of C1 metabolism, which was
isolated from the phyllosphere of the maize Zea mays L.
[20]; and the colorless facultative methylobacterium
P. kondratievae with the ribulose bisphosphate path-
way of C1 metabolism, which was isolated from the
mai ze rhizosphere [21].

The formation of indoles is one of the taxonomic
characteristics of microorganisms. It is believed that
amost all known methylotrophic and methanotrophic
bacteria are unable to produce indoles. However, this
belief relies on the experimental data that were
obtained with the Ehrlich and Kovacs reagents [9],
which are very specific for indoles but possess low sen-
sitivity (about 50 pg/ml indoles), whereas methyl obac-
teriausually produce lower amounts of indoles. In view
of this, we used not only these two reagents for indoles
but also the more sensitive Salkowski and van Urk
reagents, whose sensitivity is as high as 2 pg/ml
indoles. Analysis with the Ehrlich and Kovacs reagents
failed to reveal indoles in the culture liquids of
M. mesophilicum, M. mays, and P. kondratievae. In our
opinion, this failure can be explained not only by the
low sensitivity of the two last reagents but also by the
use of the growth media that contained ammonium
ions, which inhibit the synthesis of indoles from tryp-
tophan. We may suggest that the failure of the attempts
of Urakami et al. [20] to reveal indolesin an A. amino-
vorans culture is explained by the same reason.

The four known pathways of IAA synthess in
microorganisms involve IPyA, indole-3-acetamide,
tryptamine, and indole-3-acetd dehyde with TSO (Fig. 4).
The detection of 1AA, ILA, IPyA, and aminotrans-
ferase activity in the culture liquids of the methylobac-
teria suggests that they synthesize IAA from L-tryp-

tophan through IPyA. The absence of tryptophan decar-
boxylase and TSO in the methylobacteria under study
confirms that they do not synthesize IAA through
tryptamine.

The two-step pathway of IAA biosynthesis through
indol e-3-acetamide has been proved only for the phyto-
pathogenic bacteria Pseudomonas syringae and Agro-
bacterium tumefaciens. The detection of indole-3-ace-
tamidein the rhizosphere bacteria Pseudomonas putida
and P. fluorescens[13] did not allow the inferenceto be
made that the rhizosphere pseudomonads synthesize
IAA via indole-3-acetamide, since the analysis of the
DNA of 216 rhizosphere strainsfailed to reveal the nec-
essary tryptophan monooxygenase genes. Anaogously,
the detection of indole-3-acetamide in the culture lig-
uids of the methylobacteria cannot be considered to be
convincing evidence that these bacteria synthesize IAA
by the indole-3-acetamide pathway.

Thus, we showed that aerobic methylobacteria are
able to synthesize auxins from tryptophan by the path-
way that involves IPyA. Together with the earlier find-
ing that methylobacteria are able to synthesize cytoki-
nins, this confirms the existence of the close relation-
ship between the methylobacteria and the host plants.

ACKNOWLEDGMENTS

Thiswork was supported by grant nos. 99-04-48251
and 01-04-06413 from the Russian Foundation for
Basic Research.

REFERENCES

1. Fal, R., Cycling of Methanol between Plants, Methy-
lotrophs, and the Atmosphere, Microbial Growth on C1
Compounds, Lindstrom, M.E. and Tabita, FR., Eds,,
Dordrecht: Kluwer Academic, 1996, pp. 343-350.

2. Long, R., Morris, R., and Polacco, J., Cytokinin Produc-
tion by Plant-associated Methylotrophic Bacteria, Plant
Physial., 1997, Abstr. no. 1168.

3. Shepelyakovskaya, A.O., Doronina, N.V., Laman, A.G.,
Brovko, F.A., and Trotsenko, Yu.A., New Evidence for
the Ability of Aerobic Methylotrophic Bacteria to Syn-
thesize Cytokinins, Dokl. Akad. Nauk, 1999, vol. 368,
no. 4, pp. 555-557.

MICROBIOLOGY Vol. 70 No. 4 2001



10.

11.

12.

13.

AEROBIC METHYLOBACTERIA ARE CAPABLE

Ivanova, E.G., Doronina, N.V., Shepelyakovskaya, A.O.,
Laman, A.G., Brovko, FA., and Trotsenko, Yu.A., Fac-
ultative and Obligate Aerabic Methylobacteria Synthe-
size Cytokinins, Mikrobiologiya, 2000, vol. 69, no. 6,
pp. 764—-7609.

Gordon, S.A. and Weber, R.P,, Colorimetric Estimation
of Indole-Acetic Acid, Plant Physiol., 1951, vol. 26,
pp. 192-195.

Kirchner, J., Thin-Layer Chromatography, New York:
Wiley, 1978, val. 1, p. 242.

Yokota, T., Murofushi, N., and Takahashi, N., Extrac-
tion, Purification, and Identification, Hormonal Regula-
tion of Development, MacMillan, J., Ed., Berlin:
Springer, 1980, vol. 1, pp. 113-202.

Oberhandli, T., Defago, G., and Haas, D., Indole-3-Ace-
ticAcid (IAA) Synthesisin the Biocontrol Strain CHAO
of Pseudomonas fluorescens: Role of Tryptophan Side
Chain Oxidase, J. Gen. Microbiol., 1991, vol. 137,
pp. 2273-2279.

Manual of Methods for General Bacteriology, Gerhardt, P.
et al., Eds., Washington: Am. Soc. Microbiol., 1981.
Translated under thetitle Metody obshchei bakteriol ogii,
Moscow: Mir, 1984, val. 3.

Paris, C.G. and Magasanic, B., Tryptophan Metabolism
in Klebsiella aerogenes. Regulation of the Utilization of
Aromatic Amino Acids as Sources of Nitrogen, J. Bacte-
riol., 1981, vol. 145, no. 1, pp. 257—265.

Schneider, E.A. and Wightman, F., Metabolism of Auxin
in Higher Plants, Annu. Rev. Plant Physiol., 1974,
vol. 25, pp. 487-513.

Sharma, PK. and Chakhal, V.PS., Effect of Amino
Group Acceptors on the Synthesis of Indole-3-Acetic
Acid from Tryptophan by an Azotobacter, Mikrobi-
ologiya, 1986, val. 55, no. 6, pp. 1041-1043.

Mordukhova, E.A., Skvortsova, N.P, Kochetkov, V.V.,
Dubeikovskii, A.N., and Boronin, A.M., Synthesis of the
Phytohormone Indole-3-Acetic Acid by Rhizosphere

MICROBIOLOGY Vol. 70 No.4 2001

14.

15.

16.

17.

18.

19.

20.

21.

397

Bacteria of the Genus Pseudomonas, Mikrobiologiya,
1991, val. 60, no. 3, pp. 494-499.

Crozier, A., Arruda, P, Jasmin, JM., Monteiro, A.M.,
and Sandberg, G., Analysis of Indole-3-Acetic Acid and
Related Indoles in Culture Medium from Azospirillum
lipoferum and Azospirillum brasilense, Appl. Environ.
Microbiol., 1988, vol. 54, no. 11, pp. 2833-2837.

Ruckadaschel, E., Kittell, B.L., Helinski, D.R., and
Klingmuller, W., Aromatic Amino Acid Aminotrans-
ferases of Azospirillum lipoferum and Their Possible
Involvement in |AA Biosynthesis, Azospirillum [V:
Genetics, Physiology, Ecology, Klingmiller, W, Ed.,
Berlin, 1988, pp. 49-53.

Fett, W.F., Osman, S.F,, and Dunn, M.F., Auxin Produc-
tion by Plant-Pathogenic Pseudomonas and Xanthomo-
nas, Appl. Environ. Microbiol., 1987, vol. 53, pp. 1839—
1845.

Libbert, E., Wichner, S., Schiewer, U., Risch, H., and
Kaiser, W., TheInfluence of Epiphytic Bacteriaon Auxin
Metabolism, Planta, 1966, vol. 68, pp. 327-334.

Austin, B. and Goodfellow, M., Pseudomonas mesophil-
ica, a New Species of Pink Bacteria |solated from L eaf
Surfaces, Int. J. Syst. Bacteriol., 1979, vol. 29, no. 1,
pp. 373-378.

Doronina, N.V., Kudinova, L.V., and Trotsenko, Yu.A.,
Methylovorus mays, a Novel Species of Plant-associated
Aerobic Obligate Methylobacteria, Mikrobiologiya,
vol. 69, no. 5, pp. 599-603.

Urakami, T., Araki, H., Oyanagi, H., Suzuki, K., and
Komagata, K., Transfer of Pseudomonas aminovorans
(den Dooren de Jong 1926) to Aminobacter gen. nov. as
Aminobacter aminovorans comb. nov. and Description
of Aminobacter aganoensis sp. nov. and Aminobacter
niigataensis sp. nov., Int. J. Syst. Bacteriol., 1992,
vol. 42, no. 1, pp. 84-92.

Doronina, N.V. and Trotsenko, Yu.A., Novel Plant-asso-
ciated Thermotolerant Alkaliphilic Methylotroph of the
Genus Paracoccus, Mikrobiologiya, vol. 69, no. 5,
pp. 593-598.



