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Pink-pigmented aerobic facultative methylotrophic
bacteria of the genus Methylobacterium are widespread
phyllosphere symbionts. Phytosymbiosis of methylo-
bacteria is stipulated by the methanol released into the
environment by plants through stomata and consumed
by methylobacteria as a carbon and energy source. In
turn, methylobacteria stimulate plant growth and devel-
opment through synthesis of bioactive substances, or
phytohormones (namely, auxins and cytokinins) [1-3].

Despite of the fact that indole-3-acetic acid (IAA) is
a major plant auxin and a key phytosymbiosis factor,
the stimulating activity of auxins upon the metabolism
of bacterial producers was not reported until recently
[4]. Transcriptome and enzymological analysis
revealed that treatment of an Escherichia coli culture
with IAA resulted in increased levels of mRNA and
increased the activity of central metabolic enzymes [5]
as well as improved resistance of bacterial cells to var-
ious stress factors [6]. Therefore, bacter;ia producing
IAA may be themselves a subject of its activity. More-
over, several up-regulated IAA genes were found in
Azospirillum brasilense and Rhizobium etli which are
known to synthesize the auxin [7, 8]. However, no data
has been produced so far concerning the effect of IAA
upon the metabolism of I[AA-producing bacteria,
including methylotrophs. The aim of the present work
was therefore to investigate the effect of IAA added
into the growth medium on the activity of central met-
abolic enzymes in the M. extorquens strain AM1 and its
mutant AipdC, twice less active in IAA synthesis.

M. extorquens AM1 (VKM V-2067 = NCIB 9133 =
ATCC 14718) and its mutant strain AipdC were grown
in 2 I conical flasks on a K medium containing the fol-
lowing (g/1): KH,PO,, 2; (NH,),SO,, 2; NaCl, 0.5;
MgSO, - 7H,0, 0.025; and FeSO, - 7H,0, 0.002;
pH 7.2; it was supplemented with 1% (by vol.) metha-
nol or 5 g/l succinate. Cultures were grown on a shaker
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(180 rpm) at 29°C until the mid-exponential growth
phase (ODg, = 0.8). Then, cultures were divided in two
parts; 0.25 mM IAA (Sigma) dissolved in methanol
was added to the first part, and an equal volume of
methanol, to the second part in order to exclude the
stimulating activity of methanol added with IAA. By
the end of the exponential growth phase (ODgy, = 1.4),
the cells were precipitated by centrifugation (6000 g,
30 min, 4°C), washed with the buffer according to the
procedure for determination of the enzyme activity, and
resuspended in the same buffer. The cells were disinte-
grated using an MSE ultrasound disintegrator
(England) with a capacity of 150 W at 20 kHz (4 x30s)
at 4°C. Whole cells and cell fragments were separated
by centrifugation (10000 g, 45 min) and the supernatant
was used for spectrophotometric determination of the
enzymatic activity (Shimadzu Pharmaspec UV-1700,
Japan) as was described previously [9]. In the extracts,
protein was determined by the Lowry method [10].
Enzyme activity was measured in three independent
experiments in three repeats. Statistical processing of
the data was performed with the Systat Sigmaplot
10.0 software package (http://www.sigmaplot.com/
home.php). In the table, the average results of three
independent experiments are presented (standard error
did not exceed £5%).

The results of enzymological analysis of cell
extracts of the strain AM1 and AipdC mutant grown on
a mineral medium supplemented with either methanol
or succinate with or without IAA are given in the table.
It was demonstrated that the activity of the first enzyme
of methanol oxidation, methanol dehydrogenase
(MDH), did not change in comparison to the samples
which were not treated with IAA in the case of both
strain AM1, and the mutant. The result is logical, in
view of recent evidence that the expression of MDH
structural genes is not affected by the shift from a meth-
anol to succinate-containing medium [12]. By contrast
with MDH structural genes, those responsible for bio-
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Activity of the enzymes of central metabolism (nmol/min mg protein) in the extracts of Methylobacterium extorquens strain AM1
and its AipdC mutant grown on mineral medium containing methanol or succinate with or without addition of 0.25 mM TAA

AMI strain AipdC strain
Enzyme Cofactor Methanol Succinate Methanol Succinate

-IAA | +IAA | -IAA | +IAA | -TAA | +IAA | -TAA | 4IAA

Methanol dehydrogenase PMS 169 175 4 3 165 168 16 15
Formaldehyde dehydrogenase PMS 11 15 7 6 18 14 8 17
NAD* 1 4 0 0 1 3 0 0

NAD*, GSH 2 3 0 0 3 4 0 0

Formate dehydrogenase PMS 2 1 0 0 2 3 0.2 0.5
NAD* 43 42 0 0 34 50 0 0

Oxypyruvate reductase NADH 244 250 151 126 201 247 93 171
NADPH 16 18 50 47 13 14 51 88

Serine—glyoxylate aminotransferase NADH 137 147 17 22 76 100 26 32
NADPH 10 11 1 1 7 15 2 2

Glyoxylate reductase NADH 42 50 25 17 27 38 25 20
Isocitrate dehydrogenase NADPH 20 17 67 76 24 19 54 95
Citrate synthase DTNB 5 7 29 32 25 29 34 56
a-Ketoglutarate dehydrogenase NAD* 9 9 30 19 28 33 30 43

PMS, phenazine methosulfate; GSH, reduced glutathione; DTNB, dithionitrobenzoate.

synthesis of an MDH cofactor, pyrroloquinoline
quinone, were suppressed in the cells transferred to
succinate medium [12]. This explains a decrease in
MDH activity in the extracts of succinate-grown cells.

On the other hand, expression of the structural genes
coding for the enzymes of further methanol oxidation
(formaldehyde and formate dehydrogenases) and form-
aldehyde assimilation (oxypyruvate reductase and L-
serine-glyoxylate aminotransferase) decreased signifi-
cantly in the presence of succinate [12]. Apparently,
due to a higher variability in the regulation of these
enzymes, only a slight stimulation of their activity may
be observed in the case of methylotrophic growth of
strain AMI1 (see the table). By analogy with E. coli
experiments [5], increased activity of the enzymes in
the extracts of M. extroquens AM1 cells treated with
IAA may probably be due to an increase in the mRNAs
of corresponding proteins.

As M. extorquens AM1, unlike E. coli, is capable of
IAA synthesis from tryptophan, we assumed that the
stimulating effect of IAA on AMI1 cells should be less
pronounced. Therefore, a M. extorquens mutant with
deletion of the ipdC gene coding for the key enzyme of
the indolepyruvate pathway of IAA biosynthesis,
indole-3-pyruvate decarboxylase, was obtained by
homologous recombination with a mutant allele [11], to
verify the hypothesis. The mutant synthesized 55% less
IAA than AMI1. Enzymological analysis demonstrated
that methylotrophic growth of the ipdC mutant resulted
in increased activity of most of the tested enzymes
(except for MDH, formaldehyde dehydrogenase
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(FDH), and isocitrate dehydrogenase) in response to
the addition of IAA (see the table).

To evaluate the effect of IAA upon the activity of the
enzymes of the citric acid cycle (TCA cycle), as well as
on the enzymes of C; metabolism under heterotrophic
growth conditions, experiments were performed with
the cells grown on succinate-containing media.
Enzymes of C,; metabolism were shown to be down-
regulated; especially, formaldehyde and formate dehy-
drogenases. On the contrary, the activity of the TCA
cycle enzymes isocitrate dehydrogenase, citrate syn-
thase, and o-ketoglutarate dehydrogenase increased
(see the table). In the case of heterotrophic growth of
the mutant, enzyme activity was stimulated by IAA, in
particular, levels of oxypyruvate reductase, citrate syn-
thase, and isocitrate dehydrogenase were almost dou-
bled. On the contrary, the effect of enzyme stimulation
by exogenous IAA was less pronounced in the parent
strain under methylotrophic and heterotrophic growth
conditions. Therefore, the mutant with impaired IAA
biosynthesis is a potent model for further investigation
of the molecular mechanisms of the effect of this auxin
on bacterial metabolism.

ACKNOWLEDGMENTS

The work was supported by the Ministry of Educa-
tion and Science of the Russian Federation (project
no. RNP 2.1.1/605).



804

FEDOROV et al.

REFERENCES

. Trotsenko, Yu.A., Ivanova, E.G., and Doronina, N.V.,

Aerobic Methylotrophic Bacteria as Phytosymbionts,
Mikrobiologiya, 2001, vol. 70, no. 6, pp. 725-736
[Microbiology (Engl. Transl.), vol. 70, no. 6, pp. 623—
633].

Ivanova, E.G., Doronina, N.V., and Trotsenko, Yu.A.,
Aerobic Methylobacteria Are Capable of Synthesizing
Auxins, Mikrobiologiya, 2001, vol. 70, no. 4, pp. 452—
458 [Microbiology (Engl. Transl.), vol. 70, no. 4,
pp- 392-397].

Doronina, N.V., Ivanova, E.G., and Trotsenko, Yu.A.,
New Evidence for the Ability of Methylobacteria and
Methanotrophs to Synthesize Auxins, Mikrobiologiya,
2001, vol. 70, no. 6, pp. 130-132 [Microbiology (Engl.
Transl.), vol. 70, no. 6, pp. 116-118].

Spaepen, S., Vanderleyden, J., and Remans, R., Indole-
3-Acetic Acid in Microbial and Microorganism-Plant
Signaling, FEMS Microbiol. Rev., 2007, vol. 31, no. 4,
pp. 425-448.

. Bianco, C., Imperlini, E., Calogero, R., Senatore, B.,

Pucci, P., and Defez, R., Indole-3-Acetic Acid Regulates
the Central Metabolic Pathways in Escherichia coli,
Microbiology (UK), 2006, vol. 152, no. 8, pp. 2421-
2431.

Bianco, C., Imperlini, E., Calogero, R., Senatore, B.,
Amoresano, A., Carpentieri, A., Pucci, P, and Defez, R.,
Indole-3-Acetic Acid Improves Escherichia coli's

10.

11.

12.

Defences to Stress, Arch. Microbiol., 2006, vol. 185,
no. 5, pp. 373-382.

Vande Broek, A., Lambrecht, M., Eggermont, K., and
Vanderleyden, J., Auxins Upregulate Expression of the
Indole-3-Pyruvate Decarboxylase Gene in Azospirillum
brasilense, J. Bacteriol., 1999, vol. 181, no. 4, pp. 1338-
1342.

. Spaepen, S., Das F.,, Luyten E., Michiels J., and Vander-

leyden J. Indole-3-Acetic Acid-Regulated Genes in
Rhizobium etli CNPAF512, FEMS Microbiol. Letts.,
2009, vol. 291, no. 2, pp. 195-200.

Trotsenko, Y.A., Doronina, N.V., and Govorukhina, N.I.,
Metabolism of Non-Motile Obligately Methylotrophic
Bacteria, FEMS Microbiol. Letts., 1986, vol. 33, no. 2,
pp- 293-297.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J.,
Protein Measurement with the Folin Phenol Reagent, J.
Biol. Chem., 1951, vol. 193, no. 1, pp. 265-275.

Fulton, G.L., Nunn, D.N., and Lidstrom, M.E., Molecu-
lar Cloning of a Malyl Coenzyme A Lyase Gene from
Pseudomonas sp. Strain AM1, a Facultative Methy-
lotroph, J. Bacteriol., 1984, vol. 160, no. 2, pp. 718-723.
Bosch, G., Skovran, E., Xia, Q., Wang, T., Taub, F,
Miller, J.A., Lidstrom, M.E., and Hackett, M., Compre-
hensive Proteomics of Methylobacterium extorquens
AM1 Metabolism under Single Carbon and Nonmethy-
lotrophic Conditions, Proteomics, 2008, vol. 8, no. 17,
pp. 3494-3505.

MICROBIOLOGY  Vol. 78 No. 6 2009




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


