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The aim of the work was to research production of phytohormones that inhibit the plant growth and
development — abscisic acid and ethylene by various nitrogen—fixing symbiotic efficiency biotechnological
strains of Bradyrhizobium japonicum under in vitro conditions. The amounts of abscisic acid were deter-
mined by SDTLC-chromatography of high resolution and that of ethylene — by gas chromatography.

It was shown that symbiotic nitrogen—fixing bacteria of soybean were able to synthesize abscisic acid
(566.5—72.0 ng/g of absolutely dry biomass) and ethylene (0.046—3.461 nmol/h-g of absolutely dry bio-
mass). It was revealed that the differences in amounts of abscisic acid and ethylene in B. japonicum were
strains properties and they were not related directly to conditions of cultivation, nitrogenase activity of
the bacteria and their effectiveness in symbiosis with soybean plants. The ability of biotechnological
strains of B. japonicum to synthesize the phytohormones inhibiting plant growth and development under
in vitro conditions may be an additional factor that increases virulence of the bacteria and determines
their potential activity under infection of plants. The obtained data are important for development of the

technology of microbiological preparations—legume inoculants with combined properties.

Key words: Bradyrhizobium japonicum, abscisic acid, ethylene, symbiosis, soybean.

Due to the environmental impact caused
by people, which threatens increasingly
agriculture of Ukraine, there is a need to
restore natural ecosystems, to maintain
their biological diversity and to protect them
from destruction. Therefore, it is important
to create and apply modern biotechnologies
based on the use of environmentally safe
microbiological preparations of new generation
with combined properties of means for
increasing crop yields and their resistance
to extreme environmental factors. In recent
years efforts of scientists were focused on
development of complex bacterial preparations
(inoculants) based on living nitrogen-
fixing soil microorganisms, which include
phytohormones, vitamins, amino acids and
other physiologically active substances.

At establishing symbiotic interactions
between nodule bacteria and leguminous plants
the highly specialized structures — nodules
are formed which develop on host plants roots,
and in which the nitrogen fixation takes place
directly [1]. Mechanism of nodules formation
(or nodulation) is highly specific. It includes
cascade of chemical reactions with signaling
molecules of different chemical nature. Among
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them the phytohormones of both the plants
and bacterial origin are important (auxins,
cytokinins, gibberellins, abscisic acid and
ethylene).

The ability to production phytohormones
is inherent in a wide range of soil
microorganisms. Among them there are
the symbiotic nitrogen—fixing bacteria
(rhizobia, from families Rhizobiaceae and
Bradyrhizobiaceae) [2—4]. It is known that
the phytohormones synthesized by rhizobia,
take part in regulation of such processes
of symbiosis as: rhizogenes stimulation;
increase of roots surface area; enhancement
of exometabolites exchange efficiency in the
plant—soil-organisms system; stimulation
of plant roots cell proliferation (nodulation);
control of nodules number and they mass;
increase nitrogenase activity of bacteroides;
enhancement of plant resistance to
environmental stress factors [5—7].

Previously we have researched biosynthesis
of the phytohormones auxins and cytokinins by
free—living bacteria Azotobacter chroococcum
and symbiotic strains of Bradyrhizobium
japonicum with various effectiveness
rates [8, 9]. However, the ability of these
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microorganisms to production phytohormonal
compounds that inhibit the of plant growth
and development, which include abscisic
acid (ABA) and gaseous hormone ethylene,
and their role in symbiosis functioning of
remain researched insufficiently. Such
studies are essential for development of
the microbiological preparations—legume
inoculants technology with combined
properties, because in the composition of these
preparations should be the optimal ratio of
living cultures of nitrogen—fixing bacteria and
their metabolites for efficient formation and
functioning of symbiosis.

In this connection, the aim of the
work was to research the production of
phytohormones that inhibit the plants growth
and development — ABA and ethylene by
various nitrogen—fixing symbiotic efficiency
biotechnological strains of B. japonicum under
the conditions in vitro.

Materials and Methods

The objects of research were the nodule
soybean bacteria strains with different
nitrogen fixation activity under symbiosis
conditions: highly effective biotechnological
strains of B. japonicum UCM B-6018, UCM
B-6023, UCM B-6035 and UCM B-6036, which
were high virulent, formed active nitrogen—
fixing apparatus on soybean roots under
symbiosis conditions and increase in the crop
yield and the protein content in soybean seeds
(strains are from the collection of Department
of general and soil microbiology, Zabolotny
Institute of Microbiology and Virology of the
National Academy of Sciences of Ukraine,
deposited in the Ukrainian collection of
microorganisms, UCM). These strains are
industrial and they used as producents to

bacterial preparations (inoculants) for crop
plants in the factory for the production of
biological products in Ukraine.

In the research, in order to compare the
biosynthesis ability of symbiotic bacteria of
soybean, were used nonindustrial rhizobia
such as: B. japonicum 21110 strain with small
efficiency, which had low virulence, formed
nodules with low nitrogen—fixing activity
on soybean roots and had little effect on the
crop yield and its quality (strain received in
previous years from the collection of the All-
Russian Research Institute of Agricultural
Microbiology RAAS, St. Petersburg, Pushkin);
and ineffective strain of B. japonicum 604k
(the control strain), which had high virulence
but formed nodules without nitrogen—fixing
activity on soybean roots (strain granted in
previous years, the Institute of Agriculture
Crimea, NAAS).

Characteristics of the studied B. japonicum
strains under conditions of establishment and
functioning of symbiosis with soybean plants,
which included such indicators as: the average
number and mass of nodules and their nitrogenase
activity per plant, were obtained in previous
years by the Department of general and soil
microbiology, Zabolotny Institute of Microbiology
and Virology, NAS of Ukraine (Table).

The cultivation of bacteria was performed
in flasks with volume of 750 ml rocking
(220/min) at 26—28 °C during 72—-96 hours in
the liquid nutrient medium of Iswaran with
such composition (g/1);: mannitol — 10.0;
east extract — 2.0; calcium gluconate —
1.5; K,HPO, — 0.5; MgSO,7H,0 — 0.2;
NaCl — 0.1; FeCl3:6H,0 — 0.01; pH 7.2. The
cultures of B. japonicum in the exponential
growth phase (92—-96 h) grown on the Iswaran
medium were used as inoculums. The amount
of inoculums was 5% of the medium volume.

Characteristics of nitrogen—fixing strains of B. japonicum in the formation and functioning
of symbiosis with soybean plants

B. japonicum strains ﬁzflﬁgg ;:glig;g,f The ;V:;‘c’;,lll;::i 1111(1)(giu1es llf;:lllﬁiz,n :ﬁ;f%ﬁ;‘gﬁ};ﬁﬁ

pcs. plant for 1 hour

604k (control, ineffective) 565 + 29* 880.0 = 70.0* 0.009 +0.001*
21110 (small efficiency) 16 = 2 970.5+17.8 0.70 = 0.02
UCM B-6018 (highly effective) 303 1370.0 = 33.7 1.09 +0.12
UCM B-6023 (highly effective) 36 =3 803.0 = 11.2 1.21 +£0.09
UCM B-6035 (highly effective) 38=+5 1275.0 = 34.5 1.63+0.14
UCM B-6036 (highly effective) 406 1080.0 + 23.4 1.05+0.08

* Data are accordance with the work [10].
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For separating the biomass the bacteria
culture broth was centrifuged for 20 min
at 9000 rev/min and 4 °C. Bacterial cells
were washed with saline three times in order
to clean from exopolymers residues, each
time they were centrifuged under the same
conditions. The supernatants were used for
further studies for the purpose of extraction
of ABA, and the residue of cells was suspended
in distilled water and then dried at 103—-105 °C
in an oven until the constant weight was
reached. The amount of absolutely dry biomass
(ADB) of microorganisms was determined
gravimetrically.

The extracellular ABA was isolated from
the supernatant of B. japonicum by extraction
of phytohormones with ethyl acetate at pH 3.0
[11]. The obtained extracts were evaporated
in vacuum at 40-45 °C. The dry residue was
dissolved in 5 ml of ethanol and transferred
to micro test tubes. Ethanol extracts from the
supernatant of the studied soybean rhizobia
were used for accumulative thin-layer
chromatography. The previous purification
and the concentration of ABA were performed
on plates with silica gel, mark Silufol UV,
(Chemapol, Czech Republic), in the mixture
of solvents applied subsequently: chloroform;
12.5% aqueous ammonia; ethyl acetate:
acetic acid (20:1). The purified in that way
extracts were separated on plates with silicon
oxide Merck, Ne5554, Fy5, (Germany) in the
mixture of solvents: chloroform: ethyl acetate:
acetic acid (100:100:1) [12]. The quantitative
detection was performed with a scanning
spectrodensitometer (“Sorbfil”, Russia). The
amount of extracellular ABA was calculated in
ug per 1 g ADB of the producer. The standard
was the synthetic ABA by Sigma-Aldrich
(Germany).

The amount of ethylene produced by
symbiotic nitrogen-fixing soybean bacteria
was measured by gas chromatography. The
bacteria were cultivated in flasks of 25 ml
on solid synthetic medium slant of Iswaran,
in which L-methionine (Met) was added with
concentration of 0.1 g/1 [5]. The flasks were
tightly closed with rubber stoppers and special
metal clamps in order to prevent escape of the
synthesized ethylene. The further cultivation
of B. japonicum strains was performed for
72 hours at 28 °C. After the cultivating of
bacteria the gas mixture from the flasks was
analyzed with a gas chromatograph (“Chrome-5~,
Czech Republic) with a flame ionization
detector (a column with 3-B’'oxide propionitrile).
Recalculation was performed on the calibration
schedule built according to ethylene dilutions.
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All experiments were performed in 6
iterations. The results obtained were processed
statistically using computer program Excel
from licensed Microsoft Office 2010. In the
Table and the Figures the average values and
standard errors (M = m) are presented. Values
of P <0.05 were considered to be significant.

Results and Discussion

The study results revealed that the ABA
production by symbiotic soybean bacteria
under the conditions in vitro did not correlate
with nitrogenase activity of the strains in
symbiosis. It is noted that the ability to
form large amount of this phytohormone —
plant growth inhibitor is a strain property
of high virulent biotechnological rhizobia.
Thus, significant amounts of ABA
(566.5-72.0 ng/g ADB) are capable to
synthesize both the highly effective
microsymbionts of soybean B. japonicum UCM
B-6035 and UCM B-6036 and the ineffective
strain of B. japonicum 604k (Fig. 1). The ABA
synthesis was almost 20 times higher in the
effective industrial strains of B. japonicum
UCM B-6035 and UCM B-6036 than in the
other active industrial strains of B. japonicum
UCM B-6018 and UCM B-6023.

According to the literature, this fact
may indicate that in various strains of
symbiotic soybean bacteria synthesized
ABA can both increase and reduce activity
of nitrogenase enzyme, which is directly
involved in converting air nitrogen into amine
nitrogen. Therefore, processing of legumes
with biological preparations—inoculants,
which contain large amount of bacterial
ABA specifically, can negatively affect the
formation of nodules and reduce the efficiency
of symbiotic nitrogen fixation [6]. At the
same time, the ability of B. japonicum to
production ABA is an additional factor that
increases potential activity of these strains
in infection of plants. Also, it is known that
ABA can reduce high concentrations of growth
stimulating substances [13].

It is known that ABA, on the one hand,
is a phytohormonal adaptogen, therefore, it
enhances the plant resistance to environmental
stress factors. On the other hand, it stimulates
nitrogenase activity by inhibiting production
of nitric oxide in nodules [14]. At the same
time, ABA is a chemical factor that determines
the pathogenicity of microorganisms in
infection of plants[2, 15]. This phytohormone
inhibits the plant growth and development and
accelerates defoliation and fruit ripening [16].
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Fig. 1. Production of extracellular abscisic acid
by various nitrogen—fixing symbiotic efficiency biotechnological strains of B. japonicum
Here and after: M = m, n = 6; */** — P < 0,05 vs. control.

The role of ABA synthesis as the hormonal
exometabolites for microorganisms is not
studied enough yet. In the literature the data
on the role of this compound in plant—microbe
interactions are presented mainly.

In particular, the role of ABA in legume—
rhizobia symbiosis also is not fully clear.
The depressing effect of the hormone in
formation of nodules was shown [17, 18] that
was associated with the decrease in content of
flavonoids (daidzein, genistein, kumestrol) in
soybean roots. There are the data that ABA
can interact with phytohormones cytokinins at
process of root cortical cell division inhibiting
it [19].

After inoculation with rhizobia the
formation of nodules on a soybean plant slows
down under the influence of exogenous ABA
and, on the contrary, the number of nodules
increases abruptly at reducing concentration
of the hormone under action of the specific
inhibitor (9-cis-epoxycarotenoid dioxygenase).
The observation on the root hair deformation
revealed that ABA blocked the stage between
the root hair swelling and its curling. It is
assumed that in this way ABA controls the
number of nodules on the plants roots [17].
However, it was shown that ABA was not
directly involved in system self-regulation of
nodules number and inhibited their formation
only locally [20].

We have obtained the data on small
amounts of gaseous phytohormone—inhibitor of
the plant growth ethylene that were produced
by symbiotic soybean bacteria B. japonicum
(Fig. 2). As it is evident from the results

obtained, the level of ethylene synthesis in
diverse biotechnological strains varies widely.
Thus, highly effective industrial rhizobia
strains of B. japonicum UCM B-6023, UCM
B-6018 and UCM B-6035 have low rates of
synthesis of this phytohormone. Instead,
the ineffective strain of B. japonicum 21110
differs significantly in amount of synthesized
ethylene, which is 75.2 times higher than the
lowest value of B. japonicum UCM B-6035. The
direct correlation between level of synthesis
of the hormone and nitrogenase activity of
the strains in symbiosis was not observed.
According to the literature, the relatively
low pool of ethylene in plant is important to
the symbiotic bacteria, because this hormone
significantly inhibits formation of nodules
on the plants roots [21, 22]. Probably,
this explains the relatively low level of
ethylene synthesis by all studied strains of
B. japonicum.

Ethylene plays the dual role in formation of
nitrogen—fixing nodules: it can suppress their
formation or under certain concentrations it
can stimulate rhizobium infection [23, 24]. It
is known that inhibition of ethylene synthesis
contributes to an increase in number of nodules
formed on the roots of peas, alfalfa and other
legumes [7].

In order to study mechanisms that
rhizobia use to control nodulation the gene of
synthesis of enzyme 1-aminocyclopropane-1-
carboxylic acid (ACA) deaminase, inhibiting
the formation of ACA-ethylene synthesis
precursor in higher plants, was isolated and
characterized in Rhizobium leguminosarum
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Fig. 2. Production of ethylene by B. japonicum

bv. viciae 128C53K. Due to the action of
ACA-deaminase, bacteria can reduce ethylene
synthesis in plants [24].

There is an information that ethylene, as
a component of signaling system, takes part
in bacterial infection in legumes and it is a
negative regulator of the Nod-factor signaling
[23, 25]. Increase of endogenous ethylene
level in cells of the host plant under NO; can
lead to further restrictions of nodulation in
addition to regulatory impact (autoregulation)
on these processes regarding ethylene,
synthesis of which is initiated by Nod-factor.
The impact of nitrate on ethylene synthesis is
associated with the activation of ACA oxidase
[24]. However, the mechanism of ethylene
influence on formation of legume—rhizobia
symbiosis is not fully understandable. It was
shown that ethylene inhibited all primary host
plant responses to rhizobia infection including
output of Ca®' into the cytosol [22]. It is
assumed that ethylene can affect the activation
of Nod-factor signaling pathway. It can act as
a secondary messenger, regulating nodulation
in response to the nitrogen status of the host
plant, and as a negative regulator of rhizobia
infection [21, 25].

Production of ethylene by rhizobia, in
particular B. japonicum, was studied by
cultivating the bacteria on the medium
with of L-methionine, which resulted in
increased phytohormone synthesis under
these conditions. In addition, if L-methionine
is present in apoplast or root exudates, the
association of Bradyrhizobium with the plant
can increase level of endogenous ethylene in
a plant and thereby inhibit the formation of
nodules [5].
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Therefore, the synthesis of ABA and
ethylene by symbiotic rhizobia of soybean
under the conditions in vitro is a specific
property of researched biotechnological
strains. This process does not depend on
their nitrogenase activity in nodules and
further functioning of symbiosis. The
ability to synthesize the phytohormones,
which show the depressing effect on the
plant growth and development, can be an
additional factor that increases virulence
of strains of B. japonicum and can influence
the growth of their pathogenicity in
infection of plants. We can assume that
ABA and ethylene of bacterial origin take
part in the formation of legume—rhizobia
symbiosis, and their role is primarily to
stimulate cell division of roots tissues,
which start the formation of symbiotic
relationship and the creation of the optimal
number of nodules for a plant. Besides that,
excessive concentration of these compounds
in bacterial biological preparations obtained
from cultivation of B. japonicum and used
for legume seeds processing before sowing,
can significantly reduce quality of the
obtained preparation and, accordingly,
reduce the effectiveness of functioning of
legume—rhizobia systems.

In addition, the results obtained are of
practical importance for development of
new biotechnologies for creation of efficient
microbial preparations and inoculants for
plant cultivation and further forecasting
of microorganisms activity in agricultural
ecosystems.
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MeToi0 pob6oTHu OYJI0 MOCHIAKEHHS MPOAY-
KyBaHHSA (piTOTOPMOHIB, ITIO MPUTHIYYIOTH PiCT
i POBBUTOK POCJIMH — abCIM30BOI KUCJIOTHU Ta
eTUJIeHy, pisHuuMu 3a eheKTUBHICTIO cuMObio-
TUYHUMU a30TQiKCyBaAJIbHUMYU 0i0TEXHOJIOTIYU-
HuMmu mramamu Bradyrhizobium japonicum B
yMoBax in vitro. KilbkicTh abCcIii130B01 KMCJIOTH
BU3HAYAJIN METOJOM CIEKTPOJAEHCUTOMETPUY-
HOI TOHKOIIIapoBOi XpomaTorpadii, a KiTbKicThb
eTUJIEHY — METOJOM Ira30oBoi xpomaTtorpadii.

IToxazano 3maTHicTh cUMOiOTHYHHUX
asoTdikcyBaJbHUX OaKTepiii col IPOAYKY-
BaTW TO3aKJITHHHY abOCIIM30BYy KUCJIOTY
(56,5-72,0 mxr/T abCco0THO cyx0i 6iomacu) Ta
eruyeH (0,046—3,461 HMOJIb/TOA'T aGCOJTIOTHO
cyxoi 6iomacu). BecranoBiyeHo, 1o BiAMiHHO-
CTi B KiJIbKOCTi a0CI[M30BOI KMCJIOTHU I eTUJIEHY
y B. japonicum € MITaMOBUMHU OCOOJMBOCTAMU
i 6esmocepeHBO He TTOB’A3aHi 3 yMOBaAMU KYJIb-
TUBYBAaHHS, HiTPOT€HA3HOI0 aKTUBHICTIO X
bakTepilt Ta IXHBOIO e()eKTUBHICTIO Yy cuM0bio3i
3 pocJaMHAMU COi. 3IaTHICTh 010TeXHOJIOTIUHIX
mrTamiB B. japonicum cuHTe3yBaTu (PiTOTOPMO-
HU — iHri0iTOpM poCTy i POSBUTKY POCIUH B
yMoBax in vitro Mmoke OyTHU JOJATKOBUM UMH-
HHUKOM, I110 301JbIIIye BipydeHTHiCTDh OaKTepii
i BU3Hauae iXHIO MOTEHIIiaJbHY AKTUBHICTH
mig vyac indikyBanua pocaua. Ogepsrani mani
MaloTh BasKJINBe 3HAUEHHSA JJIS PO3POOJIEHHSA
TeXHOJIOrii BUpOOHUITBA MiKpobiosoriunmx
mpernapaTiB—iHOKYJIAHTIB Jist 6000BUX POCJIUH
3 KOMOiHOBAHUMU BJIACTUBOCTSAMU.

Knwouwosi cnoea: Bradyrhizobium japonicum,
abciiu3oBa KMCJIOTA, eTHUJIEeH, cuM0ios, cosd.
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ITenpio paboThl OBLIO HCCJEIOBAHUE IPO-
aIynupoBaHus GUTOTOPMOHOB, KOTOPbIE IMoa-
BJIAIOT POCT U Pa3sBUTHE pacTeHUil — abCcIiu-
30BO¥ KUCJOTHI U 9TUJIEHA, PABJIUUYHBIMU IO
5P (PeKTUBHOCTU CUMOMOTHYECKUMU a30TPUK-
CUDYIOIUMU OMOTEXHOJOTHUECKUMH IIITaMMa-
mu Bradyrhizobium japonicum B ycyoBUAX in
vitro. KoanuecTBo abCI30BOM KICJIOTEI OIIPe-
IeJISJIA MEeTOIOM CIIeKTPOLeHCUTOMETPUUECKOM
TOHKOCJOMHOUN XpoMaTorpadum, a KOJIUIECTBO
ATUJIeHA — METOJOM Ia30BOM XpomaTorpadumu.

IToxasaHa CIMOCOOHOCTH INITAMMOB CHUM-
OMOTHUYECKUX a30TPUKCUPYIONIUX OaKTe-
puii cowm MTPOAYIIMPOBATHL BHEKJETOUHYIO
abciu3oByw Kwucigory (56,5-72,0 mMKr/r
abCoNIOTHO CcyxXO0li Omomacchl) W OTHUJIEH
(0,046-3,461 uamosb/4u'T abCOJIOTHO CYXOW
6uoMmacchl). YCTAHOBJIEHO, UYTO Pa3JUUYUd B
KoJinyecTBe aOCIIM30BOM KUCJOTHI U 9THUJIEHA
y B. japonicum aBnfIOTCA HITAMMOBBIMHU OCO-
0eHHOCTSMHU U HETOCPEACTBEHHO He CBSI3aHBI
C YCJIOBUSAMU KYJbTUBUPOBAHUS, HUTPOreHAa3-
HOM aKTMBHOCTBIO 3TUX OaKTepuil u mx s@-
(heKTUBHOCTBHIO B CUMOMO3€e C PACTEHUAMHU COMU.
C110c00HOCTh OMOTEXHOJIOTUYECKUX IIITAMMOB
B. japonicum cuHTe3WpPOBaTh (DUTOTOPMOHBI,
UHTUOMPYIOIEe POCT ¥ PA3BUTHE PACTeHUH, B
YCJIOBUSAX in vitro MOXKeT OBITH TOIIOJHUTEIb-
HBIM (haKTOPOM, YBEJIUUNBAIOIIUM BUPYJIEHT-
HOCTBL OAaKTepUil U OupeneaouM UX IIOTEeH-
MUATBbHYI0 aKTUBHOCTDL HPU MHMUINPOBAHUNI
pacrenuii. IlonmyueHHBIe JaHHBIE UMEIOT BaK-
HOe 3HaueHUe OJA Pas3spaboTKU TeXHOJOTUU
MIPOU3BOACTBA MUKPOOMOJJOTUUECKUX IIpema-
PaTOB—MHOKYJIAHTOB IJis 0000BBIX PACTEeHUII C
KOMOMHWPOBAHHBIMY CBOMCTBAMU.

Kntwouesvie cnoea: Bradyrhizobium japonicum,
abciu3oBas KUCJIOTA, DTUJIEH, CUMONO03, COs.





