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There are different mechanisms of heavy metal resistance in soybean at different concentrations of
cadmium in a soil. For instance, at 10 maximum permissible concentration (MPC) of cadmium in the
soybean roots oxidative burst is more prolonged, and glutathione-S-transferase carries out a basic
contribution to overcoming stress. At the same time, doth guaiacol peroxidase and phenols play main role in
a reducing toxicity of cadmium at 100 MPC, and glutathione-S-transferase does in a lesser degree. The
consortium of bacteria inhibit activity of peroxidase and so far elevate H,O, concentration during oxidative
burst which in turn results in strengthening expression of the genes encoding glutathione-S-transferase and

enzymes of phenilpropanoid metabolism, and, finally, in more effective overcoming stress by plants.
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Introduction. Heavy metals (HM) - metals with a
density above 5 g/cm’ - are one of the most toxic
pollutants of the environment. They occur in a soil as
waste products of industrial enterprises, traffic,
space-heating systems, and fertilizers. In particular,
cadmium which is of the first class of hygienical
danger [HOST (State Standard) Ne 17.4.1.01-83],
easily enters the plants and moves over xylem to the
vegetative and generative organs, and this results in a
reduction of agricultural plants productivity and
human intoxication [1-3 ].

As a result of the HM direct action on a living
organism under assistance of the membrane
NADPH-oxidase induced by both biotic and abiotic
stresses, the reactive oxygen species (ROS) generate
so-called “oxidative burst”. ROS are high-reactive and
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toxic and can cause oxidative stress in plants that is
accompanied the processes of a free-radical oxidation
(FRO) of lipids, proteins, acid polysaccharides and
nucleic acids in the plant cell [2, 4, 5]. On the other side,
ROS (mainly H,0, and O*) take part in early defense
events against abiotic and biotic stresses [6, 7].

There are antioxidant defense systems for adjusting
the ROS level in cells. There are enzymes which
inactivate ROS [superoxide dismutase (SOD), catalase,
peroxidases etc.], products of peroxide oxidation of
lipids associated with development of FRO
(glutathione peroxidase), toxic products of FRO, and
the damaged cell components
(glutathione-S-transferase) [2]. Either an increase or a
decline of the antioxidant enzymes activity in
dependence on the plant organ and metal concentration
were indicated in different studies [2,4, 8-10]. It is
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assumed that under moderate stress conditions, a plant
responds on stressors by increasing the antioxidant
enzymes activity, however, under extreme toxicity a
general failure of the metabolism causes its attenuation
[2, 4]. Activation of SOD and inhibition of the
glutathione reductase, catalase and ascorbate
peroxidase activities (as a result of blocking their
SH-groups) results in H,0, accumulation and causes
the oxidative burst, however, finally, it activates
catalase, ascorbate peroxidase and
glutathione-S-transferase activities to overcome the
stress [2].

The long-term studies allowed to define the plant
genes which are regulated by cadmium, and also to
establish the mechanism of plant tolerance to this metal
[11, 12]. In particular, it is shown that phytochelatins
bind metal cations and compartmentalized them in
vacuoles. The objective of our study was to define
whether the bacteria of a rationally assembled
consortium promoted restoration of an
oxidant-antioxidant homeostasis in the soybean grown
on the artificially polluted by cadmium plots. The
prerequisites for this were the facts that a long-term
exposition of plants to high HM concentrations
resulted in development of the acquired systemic
resistance [5], on one side, and that bacteria can induce
systemic resistance in plants to stress agents, on the
other side [6, 7].

Materials and Methods

The followings species of bacteria were included
in the consortium used for a presowing plant
treatment: Pseudomonas sp. IMBG163, Pseudomonas
aureofaciens IMBG164, Paenibacillus sp. IMBG156,
Klebsiella oxytoca IMBG26, Pantoea agglomerans
IMV56, and  Stenotrophomonas  maltophilia
IMBG147. Bacteria were grown in following nutrient
media: Paenibacillus sp.— in MZ [13], pseudomonads
— in KB [14], the other cultures — in LB broth [15]
during 18-24 hours.

The study was conducted in 2006 year at Erastivska
Research Station of Institute of the Grain Farming of
UAAS in a grain-fallow crop rotation. Soybean plants
(Glycine max L.) of Podil’ska 416 cultivar were grown
in the soil with added cadmium when needed,
exceeding maximum permissible concentration (MPC)
in 10 and 100 times (10 and 100 MPC) of a gross output

(it was added in the form of 0.1 N water solution of
CdSO,). Inoculation of soybeans with the bacterial
consortium was executed immediately prior sowing.
Before the use, a suspension of bacterial strains mixed
in equal proportions at titre of 10’ CFU/ml was diluted
in 100 times to a final titre.

A plant sampling was performed in several periods
of time: under forming pseudo leaves, first and second
true leaves, during a flowering, and a bean inception
(stages 1-5). A protein carbonyl content in plant biomass
was determined as described by Semchishin [16],
soluble phenols content as described in [17], activity of
guaiacol peroxidase (GP, EC 1.11.1.7) as described by
Kholodova [18], and glutathione-S-transferase (GT, EC
2.5.1.18) as described by Vlasova [19]. A cadmium
content in the soil was determined by flame atomic
adsorption spectrophotometry using a C115-M1 (Selmi,
Ukraine) [20].

Results and Discussion

Influence of the bacterial
morpho-physiological — parameters of plants at
cadmium soil pollution. At the end of soybean plant
vegetation a content of mobile forms of Cd in the soil
was 7-17 and 18-27-time less than in plots with the
added doses of Cd (10 and 100 MPC of cadmium
correspond 30 and 300 mg/kg soil, respectively)
(Table). A gradual conversion of the added cadmium to
the unavailable for plants form was notable. A
difference between the bacteria-treated variant and
control grown in de bene esse clean soil was more
pronounced at 10 MPC: it was a 17-27-fold decrease of
Cd mobile forms content, as compared to control. At
the same time, at 100 MPC the difference was a
15-23-fold. A high availability of Cd in the soil resulted
in increasing its accumulation in the organs of soybean
plants: in leaves —in 4.0 and 37.0 times, in roots - in 3.8
and 39.0, in beans —in 5.6 and 29.0 times at 10 and 100
MPC, respectively. Inoculation the plants with bacteria
reduced content of Cd only at 10 MPC in beans (on 33.0
%) and roots (on 11.0 %), while in leaves it rised to 42.5
%. At 100 MPC bacteria promoted Cd accumulation: in
leaves on 39.0 %, inroots on 67.0 %, in beans on 20.0 %.

At 10 and 100 MPC of Cd in the soil the
morphological parameters of plants did not differ from
control ones. However, increase of the soil
contamination resulted in a plant biomass reducing,

consortium on
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Influence of the bacterial consortium on cadmium content in the soil and plant biomass, mg/kg

Content in a soil extract, mg/kg DW

Content in a plant organ, mg/kg DW

Level of X
soil pollution Variant 0.1 N HCI Ammonium acetate L
s buffer, pH 4,8 caf Root Bean

Unpolluted Control 0,140 0,060 0,356 1,949 0,351
Bacterial 0,090 0,030 0,433 0,745 0,203

consortium
10 MPCcadmium Control 4,300 1,750 1,469 7,351 1,969
Bacterial 2,000 1,100 2,094 6,566 1,316

consortium
100 MPCcadmium Control 16,500 11,000 13,229 76,065 10,325
Bacterial 20,500 13,000 18,398 126,823 12,401

consortium

compared to both inoculated and uninoculated plants
grown in the provisionally clear soil. This associated
also with a plant development falling behind control
plants on 5-7 days, and in occurring leaf chlorosis at the
3rd stage which manifested considerable destructive
processes. Presowing treatment of soybeans with
model bacteria improved efficiency of its germination
up to 80 % in all variants of the Cd contamination,
promoted development of the root system and
increased plant biomass both in the relatively clean and
contaminated soil (data not shown).

Consequently, the bacterial consortium diminished
negative influence of cadmium on a plant organism.
Inoculation with bacteria on the background of
different levels of contamination exhibited an opposite
effect on cadmium accumulation in the soybean plant
organs. So, at 10 MPC bacteria prevented the plant
from Cd accumulation (except leaves); at the same
time, at 100 MPC inoculation resulted in increasing Cd
content in plant biomass. This may have relevance to
the effect when at lower concentrations of cadmium in
the soil, bacteria decline its bioavailability, however, at
high cadmium concentration bacteria exhibit a
mobilizing action. A preventive action of bacteria was
observed in our previous study on the soil HM
contamination (Fe, Mn, Cu, Zn, Cd) at concentrations
of 1-5 MPC [21]. Except a decline of bioavailability of
indicated elements, bacteria  also reduced HM
accumulation in leaves due to a deposition in roots
(except Zn). This let us to expect that the above-ground
vegetative part will be safe for the use, although at a
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high level of contamination it would be better to apply

the  bacterial consortium  exceptionally  for
phytostabilization of HM in combination with
phytoextraction.

Influence of the consortium of bacteria on protein
oxidation in leaves and roots of soybean plants under
soil cadmium contamination. There is a balance
between oxygen activating and deactivating within the
normal physiologically active plant cell, therefore the
amount of ROS remains at a safe level. Under normal
conditions, interaction between the bacterial
consortium and soybean plants generates an
insignificant increase of protein peroxide oxidation
which balances at the level of 10-18 % over control
during plant growth, and only at a stage of a bean
ripening it rises up to 43 %. It testifies to the
development of a weak oxidative burst and, probably,
induction of a system resistance to Cd and other
stressful agents (Fig. 1A).

On the background of both 10 and 100 MPC,
protein oxidation is increased in the soybean roots,
comparing to control, and this correlated with the added
dose of metal only in the first week after the seed
germination (34 and 58 9%, accordingly). After
appearance of true leaves the symptoms of the oxidative
stress became more expressed under less concentration
of cadmium in the soil; at that time, at 100 MPC a
difference with control diminished. Consequently, at
higher cadmium concentration the alarm stage was
completed at the first stage of plant development. At
more low Cd content a plant responded slower, and
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Fig.1. Influence of the bacterial consortium on protein carbonyl content in soybean roots (A) and leaves (B) at cadmium contamination:
control on the provisionally clean soil (/), at 10 (3), and 100 MPC (5); the bacterial consortium on the provisionally clean soil (2), at 10 (4)
and 100 MPC (6). Developmental stage: / — unreal leaves, 2, 3 — the 1st and 2nd true leaves, 4 — a flowering, 5 — a bean inception.

maximal oxidative burst was observed only at the second
stage. A treatment of soybean with bacteria accelerated
adaptation of plants to the stress. At the first stage
mechanisms of the H,O, formation were initiated, and
the increase of cell protein oxidation in 1.6 times was an
indirect indication (Fig. 1A). This parameter varied in a
very narrow range in the process of plant growth, and
that was an evidence of the oxidant-antioxidant reactions
stability in the soybean roots.

The content of aldehyde and ketone protein
derivatives, occurring in the young soybean leaves,
practically did not vary with the time, while a treatment
with bacteria increased the content, beginning from the
3rd stage, and at the end of vegetation it resulted in a
3-fold difference (Fig. 1B).

As known, the above-ground part of plants
accumulates cadmium [11]. Obviously, mechanisms,
limiting Cd perception by plant, do work not enough
effectively at low metal concentration, and a toxic
action shows up immediately. Within the first three
stages a content of oxidized protein rised and reached a
maximum at 10 MPC of cadmium after appearance of
the fisrst true leaf, and at 100 MPC after the second one.
After that protein oxidation declined, in particular, at
low concentration of metal in the soil. In the
bacteria-treated plant variants diminishing protein
carbonyl content was not observed; on the contrary, at
100 MPC it increased exponentially, and during a bean
inception exceeded control in 4 times; that testifies to
greater duration of the oxidative burst.

Influence of the bacterial consortium on activity of
free guaiacol peroxidases and
glutathione-S-transferase in the soybean leaves and
roots. The oxidation level of proteins in cells is
determined by efficiency of two antioxidant systems.
On one side, the processes of ROS neutralization occur,
preventing of the cellular macromolecules FRO (one of
the most active components of this system is
nonspecific peroxidase that oxidizes phenolic
substrates), and, on the other side, there is detoxication
of FRO products under GT assistance.

Plants have a basic level of the antioxidant enzymes
activity that is rising in a course of time through
progress of protein oxidation within the process of
senescence. Growth of the plant roots is accompanied
the enzyme activities promotion, mainly GT.
Inoculation plants with bacteria resulted in diminishing
the GP activity in the roots in 2.3-3.0 times at 1-3
stages, and declining the GT activity in 1.6-2.6 times at
3-4 stages (Fig. 2A, 2C). Only during a flowering the
GP activity rised; at the same time, the GT activity was
being not changed practically, however, during a bean
ripening it grew up to the control level.

A growth of soybean plants in the soil with high
cadmium content accompanied the sharp increasing the
GP activity in 2 times after appearance of the 1st true
leaf and during a flowering it decreased to initial level,
again beginning to rise at a bean ripening. It may be
predefined by induction of system resistance at the
initial stage of plant growth, when inhibition of the
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Fig.2. Influence of the bacterial consortium on activity of free guaiacol peroxidase (A, B) and glutathione-S-transferase (C, D) of the
soybean roots (A, C) and leaves (B, D) at cadmium contamination: control in the provisionally clean soil (/), at 10 (3) and 100 MPC of
cadmium (5); the bacterial consortium in the provisionally clean soil (2), at 10 (4) and 100 MPC (6).

ascorbate peroxidase and catalase activities occured to
enhance a signal transduction during the oxidative burst
[6]. A treatment of plants with bacteria accelerated
acquisition of resistance to the cadmium which certified
the 6.5-time GP activity inhibition already before the
3rd stage of the plant development at 10 MPC of
cadmium, compared to control. However, at 100 MPC
this enzyme activity again rised up to 75 % of control.
Thus, at the extremely high concentrations of cadmium
the alarm stage was ended earlier, and a plant recovered
the metabolism more fast.

GT is one of key plant enzymes in a system
resistance induced by stress (an attack of pathogens, an
osmotic shock etc.) [22]. It is activated, as well as GP,
after formation of the 1st true leaf. At 10 MPC a rise of
the activity proceeded to the next stage, and after that
there was a sharp slop to the control level, while at 100
MPC a fall was completed at the 3rd stage. Soon after
there was the reactivation of enzyme in both variants
which was analogical to the increase of the GT activity
in the inoculated plants grown in the unpolluted soil.
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Bacteria promoted the GT activity, not changing the
character of the curve here. It is possible to make
conclusion that resistance to cadmium at the
concentration of 10 MPC is formed after the flowering
stage, and at 100 MPC this happens at a stage earlier.

In leaves there was the same interdependency
between enzyme activities (Fig. 2B, 2I'). The GP
activity was low at the first two stages of control plant,
however, in the sequel it rised in 1.1-2.5 times. The GP
activity in inoculated plants rised in 1.3-2.0 times at the
early stages and remains at the same level till a
flowering, diminishing in 1.7 times at the end of plant
vegetation. The same increase of activity occured at the
Cd-induced stress, however, at 100 MPC of cadmium at
the flowering stage there was a peak which exceeded
control in 1.5 times. A treatment with bacteria
promoted increase of the enzyme activity, but peak at
the flowering stage appeared at both concentrations of
cadmium in the soil, although less expressed.

On the contrary, the GT activity grew in 26-28
times linearly in uninoculated soybean plants, and rised
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Puc.3. Influence of the bacterial consortium on a soluble phenol content in the soybean roots (A) and leaves (B) at cadmium contamination:
control in the provisionally clean soil (/), at 10 (3) and 100 MPC of cadmium (5); the bacterial consortium in the provisionally clean soil (2),

at 10 (4) and 100 MPC (6).

exponentially in 30-40 times in the inoculated plants
grown on the cadmium-contaminated areas. At a higher
dose of Cd the enzyme activity was on 51-58 % lower.
In particular, in the case of 100 MPC it was below a
level of the inoculated plants grown on the soil without
addition of Cd. However, a decline of the GP activity at
the end of plant vegetation resulted in compensating
sharp increase of the GT activity.

Analyzing data resulted from Figure 2, we may
conclude that at the initial stages of plant growth under
high concentrations of cadmium in the substrate a
level of protein peroxide oxidation depends on the
concerted work of the antioxidant enzymes, such as
free guaiacol peroxidases and
glutathione-S-transferases. At that, the more actively
GP neutralizes H,O,, the less work for detoxication of
the  modified proteins (and also  other
biomacromolecules) remains for GT. And vice versa,
adecline of the GP activity is compensated by increase
of the GT activity. Due to inhibition of the peroxidase
activity bacteria enhance a signal during the oxidative
burst which triggers plant defense mechanisms. In
turn, it enhances expression of the genes encoding GT
needed to restore oxidized proteins to the basic level.

Influence of the bacterial consortium on content of
soluble phenolic compounds (PC) in the soybean
leaves and roots. Biosynthesis and oxidation of PC is
one of the first respond of the plant on a stress. In the
soybean roots of both uninoculated and inoculated
plants PC content rised at appearance of the true

leaves, and this coincided with plant growth
promotion and a root branching (Fig. 3A). These
substances served for adjusting availability of
chemical elements, and played an important role in the
relationships  of  plants  with  rhizosphere
microorganisms [4]. Therefore, the enhanced
biosynthesis of phenols in the roots could take place
with a purpose of subsequent excretion and defense
against pathogens.

There was a different scenario under plant
growing in the cadmium-polluted soil. Although PC
content in the roots of uninoculated plants was below
control level till the second growth stage, the
subsequent fall of their biosynthesis took place only at
the 5th stage which could testify to phenol
participating in detoxication/binding of cadmium ions
in the roots. A treatment of soybean plants grown at
high concentrations of cadmium in the soil with
bacteria declined the accumulation of phenols at the
first stages of plant growth, and that is in proportion to
concentration of cadmium. However, beginning from
the 3rd stage at 10 MPC and 4th stage at 100 MPC, PC
biosynthesis was being increased, that, probably,
testified to completion of the alarm stage and
transition to the stage of resistance to the stressor
action. An activating peroxidase had to be due to this
situation (a positive feed-back substrate regulation).
Increase of PC content in the plant roots was more
obvious at high concentration of cadmium in the soil.
Very likely, here an intracellular cadmium level
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reached a necessary threshold for a switching on
detoxication mechanisms at more early stages.

At the same time, leaves are the main location of
phenols biosynthesis. A content of PC rised already in
the first true leaves, and then their biosynthesis
diminished insignificantly (Fig. 3B). A treatment with
bacteria diminished also a content of these compounds
in 1.5-2.0 times. Only at the end of vegetation a plant
began to accumulate PC in leaves, probably, for an
outflow to beans and use them as germination
inhibitors. Cadmium addition drew the same effect on
PC content in the soybean leaves as a plant inoculation
with bacteria. At high concentrations of cadmium in the
soil bacterial inoculation promoted the increase of PC
accumulation that stronger expressed at 100 MPC, and
it was related to the increase of cadmium accumulation
in leaves [21].

Thus, the bacterial consortium diminishes negative
impact of cadmium on a plant growth. Model bacteria
promote acquisition of resistance to Cd in soybean
plants due to enhancement of the oxidative burst which
stimulates in turn both a biosynthesis and activity of
plant antioxidant system components. Similar
mechanisms were observed when this consortium was
used for growing French marigold in anorthosite rock
under excess of HM and low bioavailability of
plant-essential macro- and microelements [23].

3aeys 1. €., Kosuposcvrka H. O.

BrnB xoHcOpuiyMy OakTepiii Ha PO3BUTOK OKHCHOTO CTPECy Y

pocnuH coi npu 3a6pyMHEHH] TPYHTY KaJMieM
Pesrome

Ipu pizHux KOHYeHMpPayisax KaOMilo y epyHmi cnpaybosyoms pisHi
MexaHismu cmiukocmi coi 0o 0ii easxckux memanie. Tak, y kopeusx
coi' npu nepesuiyenHi 2panuyHo OONYCmMuUMoi KOHYeHmpayii Kaomiio
(IIK) y 10 pasis okuche 30ypeHHs € NPOIOHE08AHIWUM | OCHOBHUTL
B6HECOK Y NOOONAHHA cmpecy pobums 2iymamion-S-mpancgepasa,
y mou uac sk npu 100-pazosomy nepesuwenni IJIK 3meHnuienns
MOKCUYHOCMI KAOMIIO 30IUCHIOEMbCA 30 PAXYHOK 268AAKONNEPOKCU-
oasu i peHonie ma MeHulow Mipoio — 2iymamion-S-mpancgepasu.
3agosaku iH2IOY8AHHIO AKMUBHOCMI nepokcudasu Oakmepii KOH-
copyiymy cnpusitome ni08UUEHHIO KOHYEeHMpayii nepokcudy 600HIO
nio Yac OKUCHO20 30ypeHns, WO 6 C80I0 Uep2y NOCUNIOE eKCnpeciio
2enig enymamion-S-mpancgepaszu i epmenmis ¢penirnponanoi-
0HO20 MemabonizMy ma epexmusHiuie 0ONOMa2ac poCIUHaAM 001d-
mu cmpec.

Knrwuosi cnosa: koncopyiym 6axmepiii, Glycine max. L., axcki
memanu, OKUCHUU cmpec, 21ymamion-S-mpancgepasa, 26asxKoane-
poKcuoasa, po3uunHi gheHou.
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Bausinue KOHCOpLHHYMa 6aKT€pI/Iﬁ Ha pa3BUTHC OKHCJIHUTCIBHOI'O

cTpecca y paCTCHHH COM NPHU 3arpsI3HEHUH OUYBBI KaIMHEM

Pesome

Ipu pasneix Konyenmpayusax Kaomus 8 nouse cpabamuviéaion pas-
Hble MeXAHU3MbL YCIMOUYUBOCMU PACMEHU K OCUCMBUIO MAICENbIX
memannos. Tax, 6 kopusax cou npu 10-kpamnom npegvluienuu Max-
cumanvHo donycmumou konyewmpayuu (MAK) xaomusa oxuciu-
menvHblll 83pbl6 OoNlee NPOJIOHSUPOBAH U OCHOBHOU 6K1AO 8
npeoooieHue cmpecca 6HOCUm 2Iymamuon-S-mpancgepasa, 6 mo
spems kak npu 100-kpamuom npesviwienuu MIK moxcuunocmo
KAOMUsL YyMEHbUAemcst NOCPeOCmeoM 26AsIKOINEPOKCUOA3bl U (he-
HOJLOG U 8 MeHblell cmenenu — 2iymamuoH-S-mpancgepasol. bna-
200apsi UHSUOUPOBAHUIO AKMUBHOCMU NEPOKCUOA3bl Oakxmepuu
KOHCOPYUYMA YCUTUBAIOM NPOYECC 06PA308AHUSL NEPEKUCU 8000DO-
0a 80 8peMsL OKUCIUMENbHO20 83PblEd, UIMO 6 CE010 0UePedb, NPUBO-
oum K yCunieHuro dKCnpeccuu 2eH08 2ymamuon-S-mpancgepasol u
Gpepmenmos PeHurnponanoudHo20 MemaboiusMa u nomoz2aem
pacmenusam d¢hghpexmusnee npeodoaesams cmpecc.

Knrwuesvie cnosa: koncopyuym bakmepuii, Glycine max. L., ms-
Jrcenble Memainvl, OKUCIUMENbHYII CIMpecc, 2aymamuoH-S-mpanc-
@epasa, e6asaxonnepoxcuoasa, pacmeopumbvle PeHobl.
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