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Abstract. The physiological and biochemical activity of plant-microbial associations enables them to determine the
mobility, bioavailability, and accumulation of heavy metals in plant tissues. These abilities are the basis for the use of
plants and their associated microorganisms in the development of approaches that ensure both the prevention of the
ingress of toxic metals into food crops and the extraction of pollutants from polluted soils by using phytoremediation
technologies. Whether plant-microbial complexes are used successfully depends on the knowledge of how specific
organisms interact with heavy metals. We evaluated the effect of copper ions on common wheat (Triticum aestivum L.)
inoculated with three plant-growth-promoting rhizobacteria (PGPR) of the genus Azospirillum. We analyzed the growth
variables of 14-day-old wheat seedlings, the content of photosynthesis pigments, the activity of plant oxidoreductases,
and the accumulation of copper by plant tissues. All strains more or less compensated for copper toxicity to seedling
development and increased metal accumulation in roots and shoots. Copper affected the photosynthetic apparatus
of the inoculated plants, primarily by decreasing the content of chlorophyll b. An analysis of the activity of plant oxi-
doreductases (peroxidases and phenoloxidases), which are involved in the physiological responses of plants to pollut-
ant stress, showed strain-specific dependence and a significant effect of copper on the inoculated plants. Overall, the
obtained results clearly show that the effect of Azospirillum on the physiological and biochemical status of wheat is
diverse. The compensatory effect of bacteria on copper toxicity and the simultaneous increase in metal accumulation
in plant tissues can be considered as mutually exclusive crop-production aspects associated with the growing of food
plants in heavy-metal-polluted areas.
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BiusiH/e MIOHOB Mey Ha accoumanmuy 6akrepuii poga Azospirillum
C rpopocTKamu mineHunsl (Triticum aestivum L.)

A.IO. Myparosa ®, E.B. Awo6ynp, C.H. Toay6es, O.B. Typkosckas

WVHCTUTYT 61MOXUMNM 1 GU3MONOTUM PacTEHNIA N MUKPOOPraHN3MOB — 060C06NIeHHOe CTPYKTYPHOE NoapasaeneHne
DefepanbHOro nccnefoBaTenbckoro LeHTpa «CapaToBCKMIA HayUHbIN LieHTPp Poccuickol akapgemumn Hayk», Capatos, Poccus
® muratova_a@ibppm.ru

AHHOTauuA. PacTUTenbHO-MUKPOGHbIE accoumauuy B pesynbrate cBoell Gpr3noNoro-6MoXMMNYECcKOn akTUBHOCTH
CNocobHbl onpeaenaTb NOABUKHOCTb, OBMOJOCTYMHOCTb 1 HaKOMJIEHME B PAaCTUTESNIbHBIX TKAHAX TAXENbIX MeTassoB.
YKa3aHHble CMOCOBGHOCTU ABAAOTCA OCHOBOW [/1A UCMONb30BaHUA PaCTEHNI Y aCCOLUMMPOBAHHBIX C HUMK MUKPOOpPra-
HI3MOB B pa3paboTke NOAXOAO0B, 06ecneunBalLLNX Kak NpeAoTBpaLleHe NnonagaHusa TOKCMYHbIX METaIoB B MuLue-
Bble KyNbTypbl, TaK 1 N3BfIeYEeHVE NONIOTAHTOB 13 3arPA3HEHHbIX 3eMeflb C MOMOLLbIO TexHoNornii uTopemesmaumm.
YcnelHoe npriMeHeHre pacTUTeNbHO-MUKPOOHBIX KOMMIEKCOB B TOM UM MHOM 06/1aCcTy 3aBUCUT OT N3YUYEHHOCTU Me-
XaHWU3MOB B3aMMOLENCTBUIN B CUCTEME KOHKPETHbIX OPraH/n3MOB C TAXKeNbiMy MeTannamu. Llenbio npefctaBneHHbIX
nccrnefoBaHni 6bina oLeHKa BAVAHVA NOHOB Mean Ha 3bdeKTbl bakTepmnsaummn pacteHunii nieHuubl markon (Triticum
aestivum L.) Tpemsa wtammamm Azospirillum, obnagatowmmm cBocTBamm cTuMynauum pocta pacteHuin (PGPR). B xoge
JKCMeprMeHTa aHaNM3npPoBany POCTOBbIE NapameTpbl 14-CyTOUHbIX MPOPOCTKOB MLUEHNLbI, COAEPKaHNE NMUTMEHTOB
bOTOCUHTE3a, aKTUBHOCTb PACTUTENbHBIX OKCMOOPEAYKTa3 U akKyMynALMIO MeTanfia pacTUTeNbHbIMK TKaHAMU. Bce
LUTaMMbl B TOW UM MHOW CTEMEHN KOMMNeHCMpoBanu GUTOTOKCUYECKOe BO3AECTBYE MEAN Ha Pa3BUTNE MPOPOCTKOB 1
yBeNMumMBanu ee akkyMynaumio B KOpHAX 1 noberax. lokasaHO OTUETNVBOE YCUNEHNEe BO3AENCTBUA Mean Ha GOTOCKH-
TeTyecKuid annapat 6akTepu3oBaHHbIX PaCcTeHWA, BbipaXkalolleecs B U3MEHEHVN COieP>KaHNA OCHOBHbIX MUTMEHTOB,
B MepByto oyepefb yMeHbLUeHUn xiopodusina b. AHanm3 akTMBHOCTU PacTUTENbHBIX OKCUAOpeayKTas (nepokcuaas n
¢deHonokcnaas) Kak y4acTHUKOB $pr3MONOrnyecknx oTBETOB PaCcTEHNIA Ha CTPECCOBble BO3AENCTBUA BbIABW UX LUTaM-
MocneundUUHbIA XapaKTep U CyLLeCTBEHHOe BAMAHME Mean Ha 6akTepu3oBaHHble pacTeHus. B Lenom nonyuyeHHble
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Effect of copper ions on the associations of Azospirillum bacteria
with wheat seedlings (Triticum aestivum L.)

pe3ynbTaThl MOKasany OTUETNIMBOE Pa3HOMIAHOBOE BIIMAHWE UCC/IEA0BAHHbIX LITAMMOB a30CMUPWIN Ha Gpr3Monoro-
OUOXMMMNYECKMI CTATYC PACTEHUIA MNLWEHULb. BbIABNEHHDIN KOMMNEHCATOPHbI 3GGeKT 6akTepuii Ha GUTOTOKCMUYECKoe
BO3[eCTBUE MEAW V1 OLHOBPEMEHHO MOBbILIEHWE ee HAaKOMIeHWs B PAaCTUTENbHBIX TKaHAX MOTYT paccMaTpuBaThbCA
Kak B3a/MOVCKoUaloLLye acneKkTbl PaCTEHNEBOACTBA, CBA3aHHbIE C BbipaliMBaHWEM MULLEBbIX PACTEHWI Ha 3arpas-

HEHHbIX TAXKENbIMU METaslJTaMn NNoLwagax.

KntoueBble cnosa: Azospirillum; Triticum aestivum; mefib; NPOPOCTKN; POTOCMHTETUYECKNE MUTMEHTbI; NePOKCNa3a;

JlaKKa3a; TMpO3nHasa.

Introduction

Soil pollution by heavy metals is a serious environmental
problem. The accumulation of heavy metals in ecosystems
leads to their increased uptake by plants and migration along
food chains up to humans (Larionov M.V., Larionov N.V.,
2010). Plant-microbial complexes are most important for
the transformation, translocation, and accumulation of heavy
metals in nature. The physiological and biochemical activity
of microorganisms and plants enable them to transform heavy
metal compounds and determine metal mobility, bioavailabil-
ity and accumulation (Nadeem et al., 2015). These abilities
are the basis for the use of plant-microbial associations in
the development of approaches to prevent the input of toxic
metals into food crops, on the one hand, and in the develop-
ment of technologies for cleaning agricultural landscapes from
pollutants (phytoremediation), on the other hand. Whether
plant-microbial complexes are used successfully depends
on the knowledge of how specific organisms interact with
heavy metals.

The vital activity of Azospirillum bacteria, typical mem-
bers of the associative microflora of plants, is closely linked
to the root system of plants, mainly that of cereals (Reis et
al., 2015). Azospirilla are facultative diazotrophs that can fix
atmospheric nitrogen under microaerophilic conditions and
produce phytohormones (auxins, gibberellins, and cytokinins)
and other phytoactive substances. This makes them prominent
plant-growth-promoting rhizobacteria (PGPR) (Bashan, De-
Bashan, 2010; Fukami et al., 2018). Azospirilla use different
strategies to colonize plant roots, which enables differentia-
tion between epiphytic strains (those able to colonize only the
root surface) and endophytic strains (those able to penetrate
into the root interior) (Rothballer et al., 2003). By interact-
ing with plants, azospirilla promote their growth and reduce
environmental stress through various mechanisms, including
increased mobilization and absorption of minerals (Bashan,
De-Bashan, 2010). A typical associative plant for azospirilla
is wheat. Inoculation with Azospirillum is beneficial to agri-
culturally important crops, including wheat (Teixeira Filho et
al., 2017; Galindo et al., 2019; Boleta et al., 2020).

Members of the species A. brasilense are resistant to
a number of toxic metals (Co, Cu, Zn, and Cd). Endophytic
and epiphytic azospirilla differ markedly in their resistance
to metals (Kamnev et al., 2005, 2007).

Copper is a very important trace element involved in vari-
ous plant physiological processes, such as electron transport
during photosynthesis, mitochondrial respiration, response to
oxidative stress, and hormonal signaling. As a cofactor, this
metal is part of many plant enzymes and proteins, such as
superoxide dismutase, cytochrome ¢ oxidase, amino oxidase,
laccase, tyrosinase, polyphenol oxidase, and plastocyanin
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(Yruela, 2005; Pichhode, Nikhil, 2015). However, high con-
centrations of copper are phytotoxic and cause various kinds
of damage to plants, including wheat (Quartacci et al., 2000;
Michaud et al., 2007; Dang et al., 2009). Inoculation with
A. brasilense increases wheat resistance to stress caused by
the presence of Cu?* ions (El-Samad, 2017). Yet, inoculation
with strains that use different strategies to interact with plants
may differ in its effect, which requires additional study. Previ-
ous studies (Kamnev et al., 2007) showed that epiphytic and
endophytic 4. brasilense strains differ in the mechanisms of
metal resistance, which is linked to the accumulation of poly-
3-hydroxybutyrate as a factor contributing to survival under
adverse conditions. On the basis of those results, we assumed
that under heavy metal stress, such strains may differ in their
interaction with plants.

We examined the effect of copper ions on soft wheat
(Triticum aestivum L.) inoculated with different plant-growth-
promoting strains of 4. brasilense.

Materials and methods

Azospirillum brasilense Sp7 (IBPPM 150), A. brasilense Cd
(IBPPM 288), and A. baldaniorum Sp245 [IBPPM 219,
formerly A. brasilense Sp245 and reclassified by dos Santos
Ferreira et al. (2020)], from the IBPPM RAS Collection of
Rhizosphere Microorganisms (http://collection.ibppm.ru)
were used in this study.

Bacteria were grown in a liquid or on an agarized
(1.5 %) medium composed as follows (g/L): K,HPO, - 0.1;
KH,PO,—0.4; MgSO,-7H,0-0.2; NaCl-0.1; CaCl, —0.02;
FeSO,-7H,0—2.0; NTA-3Na—5.6; NaMoO,-2H,0 - 0.002;
sodium malate, 3.8; NH,CI — 1.0; pH 7.0. Copper was
used as a copper sulfate at 0.5 mmol/L, which, according to
preliminary studies, is the minimal concentration inhibiting
bacterial growth.

Seeds of soft spring wheat (Triticum aestivum L.
cv. Saratovskaya 29) were obtained from the Federal State
Budgetary Scientific Organization “Federal Center of
Agriculture Research of the South-East Region”. After being
calibrated, the seeds were washed with a detergent for 10 min
with shaking to remove hydrophobic contaminants and were
sterilized with 70 % (vol./vol.) ethanol for 3 min, then with
diacide (1:1000; 666 mg/L cetylpyridine chloride and 333 mg/L
ethanol mercury chloride) for 5 min, then with a mixture
of rifampicin (4 pg/mL) and amphotericin B (20 pg/mL)
at room temperature for 24 h with shaking (120 rpm), and
finally with diacide (1:1000) for 2.5 min. After each stage,
the seeds were repeatedly washed with sterile distilled
water. The sterilized seeds were placed one by one in sterile
biological tubes (20 x 300 mm) containing 15 cm? glass beads
with a diameter of 2 mm (SiLibeads, Sigmund Lindner,
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Warmensteinach, Germany) and 6 mL of Hoagland’s solution
for plant growth (Hoagland, Arnon, 1950). CuSO,-5H,0
was added to the growth medium to achieve a Cu?" ion
concentration of 0.5 mmol/L. The control medium was copper-
free. The tubes with experimental plants were inoculated with
a microbial suspension.

For inoculation, bacteria were grown in a liquid malate
medium for 18 h, after which they were centrifuged (11 000 g,
5 min), washed twice, and resuspended in a sterile medium.
Each tube with a 3-day-old seedling was inoculated with
30 pL of bacterial suspension to an inoculant concentration of
107 cells per mL in the plant growth solution. Noninoculated
plants were used as the control. The plants were grown under
controlled conditions at 24 °C for 14 days with a 13/11 h
day/night illumination period. Lighting was provided by
Fluora fluorescent lamps (Osram, Munich, Germany).

Atthe end of plant growth, we analyzed the growth variables
of 14-day-old seedlings, the content of photosynthesis
pigments, the activity of plant oxidoreductases, and the
accumulation of copper in plant tissues. The morphological
variables (root and shoot length) were measured with
a calibrated stainless ruler. The roots and shoots were then
dried to a constant weight.

Biochemical analysis of seedlings included the measurement
of the content of photosynthetic pigments and the examination
of the enzyme activity of roots and shoots. The content of
chlorophylls @ and b (Chl @ and Chl b) and carotenoids was
determined spectrophotometrically in ethanol leaf extracts, as
described earlier (Lyubun et al., 2020).

For determining the activity of plant oxidoreductases
(peroxidases, laccases, and tyrosinases), shoots and roots
(0.2-0.3 g) were ground in a mortar with quartz sand and were
resuspended in 2 mL of 0.2 M Na/K phosphate buffer (pH 6.0).
The homogenate was centrifuged at 5000 g for 10 min, the
sediment was additionally washed with a phosphate buffer
and was recentrifuged. Enzyme activity and protein content
were determined in the resultant combined supernatants by
using an Evolution 60 spectrometer (Thermo Scientific, USA).
The protein content was determined by the Bradford method
(Bradford, 1976).

Peroxidase activity (EC 1.11.1.7) was measured by
using 23 puM of 2,7-diaminofluorene (DAP) in 0.05 M
Na/K-phosphate buffer (pH 6.0) at 600 nm (Criquet et al., 2000);
I mM 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonate)
ammonium (ABTS) in 0.05 M Na-tartrate buffer (pH 3.5) at
436 nm (Yang et al., 2007); and 0.3 mM o-dianisidine (DAZ)
in 0.05 M Na/K-phosphate buffer (pH 6.0) at 460 nm in the
presence of 0.5 mM H,0,. Laccase activity (EC 1.10.3.2)
was determined by the formation of the oxidation products
of 7.5 uM syringaldazine (SGZ) in 0.05 M Na/K-phosphate
buffer (pH 6.0) at 525 nm (Leonowicz, 1981) and 23 uM DAP
in 0.05 M Na/K-phosphate buffer (pH 6.0) at 600 nm (Criquet
etal., 2000). Tyrosinase activity (EC 1.10.3.3) was determined
in a4 mM solution of 3,4-dihydroxyphenyl-L-alanine (DOPA)
and 50 mM Tris-HCI (pH 7.5) at 475 nm (Criquet et al., 2000).
Enzyme activity was expressed in mmol of oxidized substrate
per min per mg of protein.

The total plant content of copper was analyzed with an atomic
absorption spectroscopy system equipped with a graphite
furnace (Thermo Scientific iCE 3500 Solaar). A 3-mL portion
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of HNO; (Suprapur; Merck, Darmstadt, Germany) and 2 mL of
H,0, (30 %; JTBaker Chemical Co., Philipsburg, New Jersey,
USA) were added to Teflon containers containing 200 mg of
plant material. The samples were then processed in a CEM
MARS Xpress microwave digester (Matthews, NC, USA) by
using an optimized program. After processing, the volume of
the samples was adjusted to 20 mL with ultrapure deionized
water and was analyzed for metal content by spectrometry.

All experiments and analyses were carried out in at
least three replicates, each replicate using five to eight
plants. Means were compared by Student’s 7 test (p < 0.05).
Correlation analysis was conducted by using Spearman rank
correlations. Microsoft Excel 2007 (Microsoft Office, USA)
and Statistica 13.0 (TIBCO Software Inc. 2017, Statsoft
Russia) software were used for statistical analysis.

Results

Plant growth

Copper was significantly toxic to seedling development,
decreasing both length and biomass of roots and shoots. The
inhibition of root growth was more pronounced (root length
decreased by 58 % and root weight by 13 %), as compared
with shoots, whereas shoot length decreased by a mere 8 % and
shoot biomass weight was not changed significantly (Table 1).

The effect of inoculation on seeding development within
14 days under copper-free conditions depended on the strain
used (see Table 1). 4. brasilense Sp7 had a significant effect
only on shoot biomass, with an increase of 16 %, as compared
with the noninoculated control. A. baldaniorum Sp245
significantly reduced root length (by 20 %) and increased root
biomass (by 22 %). 4. brasilense Cd affected the seedlings
the most, significantly increasing root and shoot biomass (by
52 and 53 %, respectively).

The effect of inoculation on root and shoot length and
biomass was changed by copper. In seedlings inoculated
with strain Cd, root biomass tended to decrease and root
length decreased by 34 %. The shoot length and biomass of
the seedlings inoculated with strain Cd decreased by 14 and
18 %, respectively. The effect of copper on the root and shoot
length of the plants inoculated with strains Sp245 and Sp7
was nonsignificant. Yet, strain Sp245 reduced root biomass
but increased shoot biomass (by 11 %); by contrast, strain Sp7
increased root biomass by 33 % and slightly reduced shoot
biomass.

With all three strains, inoculation reduced copper toxicity
to seedlings, which was most evident as increases in root
length (by 1.7-2.4 times) and root biomass (by 30—68 %). The
negative effect of copper on root length was fully mitigated
only with strain Sp7. Inoculation with all strains not only
compensated for the effect of copper on root biomass but
also significantly increased it relative to the copper-free
noninoculated control.

Content of photosynthesis pigments
In noninoculated seedlings, copper had only a slight effect
on the content of and ratio between photosynthesis pigments
(Table 2).

Inoculation of seedlings grown without copper promoted
the content of chlorophylls @ and b and their total amount by
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Table 1. Length and dry weight of cv. Saratovskaya 29 seedlings grown in the presence
of copper ions and Azospirillum strains

Treatment Roots Shoots

Wlthoutcu2+wlthcu2+Wlthoutcu2+ .......................... W |thcu2+ ..............................
.............................................................................................................. |_ engthcm
Nom n ocu|ate d ......................... 1 88 J_,22 .................................. 78i0 9# .............................. 3 831,4 5 ................................. 3 53i6 2 ...............................
S p 245 ....................................... 1 49 i37* .............................. 1 47 ﬂ 7* .............................. 3 15i79 ................................. 3 75i6 9 ...............................
Cd ............................................. 2 09i16 ................................ 137i39#*412i17 ................................. 3 52i52# .............................
S p 7 ........................................... 1 82 136 ................................ 1 86 i19* .............................. 3 60i49 ................................. 3 9116 1 ...............................
............................................................................................................. Welghtmg
Nom n Ocu|ate d ......................... 1 170i1 4 2 ............................ 1 0131,6 6# ............................ 2 2741,1 5 7 ............................. 2 379i1 59 ..........................
S p 245 ....................................... 1 424i1 3 6 R 1 321i1 1 7 o 2 426t2 7 1 ............................. 2 7021,2 6 7#* .......................
Cd ............................................. ] 78111 6 6 e 1 63712 3 4 e 3 473t2 1 2 s 2 85512 32 o
S p 7 ........................................... 1 2751,1 3 4 ............................ 1 698i1 1 4 L 2 634i2 45 e 2 5711,1 6 2 s

Note. Values represent means (n = 6) + standard deviation. Here and in the Tables 2-4: * values differ significantly from noninoculated control, p < 0.05; # values
differ significantly from copper-free treatment, p < 0.05.

Table 2. Content of photosynthesis pigments in cv. Saratovskaya 29 seedlings
grown in the presence of copper ions and Azospirillum strains

Chla/Chlb

Carotenoids,

Treatment

Note. Values represent means (n = 6) + standard deviation.

11, 8, and 9 %, respectively, with strain Sp245, and by 12,
8, and 10 %, respectively, with strain Sp7. The ratio between
chlorophylls a and b and the carotenoid content changed
slightly in response to treatment with strains Sp245 and Sp7.

With strains Sp245, Cd, and Sp7, the effect of copper was
manifested in two ways: (1) significant decreases in the content
of the pigments, mostly chlorophyll b (by 43, 58, and 39 %,
respectively); in the total content of chlorophylls a and b
(by 23, 38, and 18 %, respectively); and in the content of
carotenoids (by 47, 58, and 44 %, respectively). (2) Significant
increases in the Chl a/Chl b ratio (by 61, 105, and 60 %,
respectively).
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Accumulation of copper in seedling tissues
The content of copper ions in the tissues of seedlings grown
in a copper-free environment varied from 17 to 28 pg/g of dry
biomass. The content of copper ions in the seedlings grown in
the presence of 0.5 mmol/L of copper is given in the Figure.
In noninoculated seedlings, the accumulation of copper
in the roots and shoots was 116 and 59 ng/g, respectively.
These variables were strongly increased by inoculation with
Azospirillum. Treatment with strains Sp245, Cd, and Sp7
increased the accumulation of copper in roots by 6, 10, and
14 times and in shoots by 4, 7, and 9 times, respectively.
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Activity of oxidative enzymes of wheat seedlings

The activity of the total peroxidase of wheat plants was
measured by using several substrates, which allowed us to
take into account different isoforms of this enzyme. In general,
according to our data (Table 3), the activity of peroxidase was
significantly higher in roots than in shoots.

The presence of copper in the growth solution at the
concentration used did not cause a significant change in root
peroxidase activity, but peroxidase activity tended to decrease
in shoots.

Inoculation of seedlings with strains Sp245 and Cd
increased DAZ and ABTS peroxidase activity by more than
1.5 and 5 times, respectively, in roots but not in shoots. With
strain Sp7, the enzymatic response to inoculation was different.
In roots the activity of DAZ and ABTS peroxidases remained
unchanged, whereas in shoots the activity of DAZ, ABTS,
and DAP peroxidases increased by 7.0, 5.8, and 7.5 times,
respectively. With strains Cd and Sp7, the activity of DAP
peroxidase in roots decreased.

In the presence of copper, the peroxidase activity of the
wheat seedlings inoculated with strain Sp7 was sharply
increased in roots (by 6.3, 5.7, and 7 times) and was less
increased in shoots (by 1.6, 1.6 and 2.5 times) for DAZ, ABTS,
and DAP, respectively. In the shoots of seedlings inoculated
with strains Cd and Sp245, copper increased peroxidase
activity by two to three times.

The measured results for the activity of copper-containing
plant phenol oxidases (laccase and tyrosinase) are given in
Table 4. In noninoculated seedlings, the addition of copper
to the growth solution increased laccase activity in roots
(by 1.5 times, with DAP), and decreased it in shoots (by
1.75 times, with SGZ).

Depending on the strain used, inoculation significantly
changed laccase activity. Strain Cd caused the most significant
increase in root laccase activity (by 6 times, with DAP), and
strain Sp7 promoted shoot laccase activity (by 7.5 times, with
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Copper content in dried biomass of cv. Saratovskaya 29 seedlings grown
in the presence of copper ions and Azospirillum strains.

*Values differ significantly from noninoculated control, p < 0.05.

SGZ). Copper reduced the effect of inoculation. With strains
Sp245 and Cd, the laccase activity of the roots was comparable
to that in noninoculated plants (with SGZ). By contrast,
strain Sp7 promoted laccase activity by almost 7 times. In
the presence of copper, the laccase activity in the shoots of
inoculated seedlings varied depending on the strain and test
substrate. The activity increased the most (by 1.8 times, with
DAP) with strain Cd and decreased (by 2 times, with SGZ)
with strain Sp7.

Similar to laccase activity, tyrosinase activity in the
presence of copper increased in roots and decreased in shoots
(by 1.7 times in either case). Without copper, strains Sp245
and Cd promoted tyrosinase activity by 1.5 and 5.6 times,
respectively, in roots but not in shoots, whereas strain Sp7,
on the contrary, promoted tyrosinase by 6.7 times in shoots
but not in roots. Copper reduced the effect of inoculation
with strains Sp245 and Cd on tyrosinase activity in roots
(by 1.7 and 3.3 times, respectively) and slightly increased it

Table 3. Peroxidase activity (U/mg of protein) in cv. Saratovskaya 29 seedlings

grown in the presence of copper ions and Azospirillum strains

Treatment DAZ ABTS DAP

WithoutCu™  WithCu® Without Cu™*  WithCu?  WithoutCu™  WithCu?*
.................................................................................................................... ROOtS
‘Noninoculated 661165 655:128  218%95 244591 500£63 552213
Sp245 .................................. 963i”2* .............. 414i100*# ............ 331i82* ................ 159142# .............. 727i105* ................ 285i”1*# ........
Cd ...................................... 3 5901934* .............. 754i83# .............. 1”41132* .............. 2571114# ............ 373i185* ................ 5391,173 ...........
5 p7 ...................................... 716i6 7 ................ 4 121i2 38 o 203i6 1 ................ 1399i1 4 1 o 4 57i1 1 3 o 3 886i437*# ........
................................................................................................................... ShOOtS
Nonmocmated ................... 156i58 .................. ”4127 .................... 42106 .................... 29i08# ................ 91123 ...................... 59126# ............
Sp245 .................................. 172i81 .................. 303i121*# .............. 43+11 .................... 52i27* .............. 1091,38 .................... 186i71*# ..........
Cd ........................................ 157165 .................. 236i71*# ................ 43117 .................... 58i13* ................ 99i26 .................... 158i34*# ..........
Sp7 .................................... 1099i310* .............. 185143*# .............. 245162* .................. 47i15*# ............ 6 831150* ................ 147151*# ..........

Note.Test substrates: DAZ, o-dianisidine; ABTS, 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonate) ammonium; DAP, 2,7-diaminofluorene.
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Effect of copper ions on the associations of Azospirillum bacteria
with wheat seedlings (Triticum aestivum L.)

Table 4. The activity of copper-containing phenol oxidases (laccase and tyrosinase)
in cv. Saratovskaya 29 seedlings grown in the presence of copper ions and Azospirillum strains

Treatment Laccase Tyrosinase
DAPSGZ ............................................................ D OPA .......................................................
WlthOUtcu2+Wlthcu2+WlthOUtcu2+Wlthcu2+WIthOUtcu2+Wlthcu2+ ...............

ROOtS ...................................................................................................................
NoanCUIatEd ................. 17i04 .................... 2 5i0821i0624i0745i17 .................... 7 6i24# ................
Sp24526i08* .................. 14+07#32i09*24i04#69121*40i15# ................
Cd ................................... 104123* .................. 3 5i18*96i14*24i08# ................. 2 52i35* .................. 7 6i16# ................
Sp7 .................................... 17+01 ................... 112i24*#23i05 .................. 161i42*#40+“ ................... 2 86i22*# ..............
.................................................................................................................. ShOOtS
Nonlnocmated0410104t010710204103 .................... 11101 ..................... 0 6101# ................
5p24505i00*05i00*07i0305i00* .................. 12i01 ..................... 15i07*# ...............
Cd05+0109i02*07i0205i01 ..................... 11i01 ..................... 16+02*# ...............
Sp725+06* .................. 2 7t10*53+13*25i02*74i13* .................. 15i00*# ...............

Note. Test substrates: DAP, 2,7-diaminofluorene; SGZ, syringaldazine; DOPA, 3,4-dihydroxyphenyl-L-alanine.

in shoots. By contrast, in the presence of copper, strain Sp7
promoted tyrosinase activity in roots (7-fold) and decreased
it in shoots (5-fold).

Discussion

Copper is an essential trace element. Excessive copper, how-
ever, inhibits plant growth and causes metabolic disorders
(Yruela, 2005; Michaud et al., 2007; Wang H. et al., 2011;
Pichhode, Nikhil, 2015). This element is widely involved in
various physiological processes (photosynthesis, respiration,
antioxidant response, hormonal signaling), and a violation of
the copper balance can lead to multiple damage to the plant.
The mechanism of the toxicity of copper is associated with
its ability to bind strongly to oxygen, nitrogen, and sulfur
atoms, which, under conditions of excess copper, gives rise
to additional bonds and/or substitution of other metals with
copper in various biomolecules, including in the active centers
of many enzymes (Yruela, 2005; Wang H. etal., 2011). Copper
toxicity to plants is manifested as inhibition of growth and
signs of chlorosis and is accompanied by oxidative stress. The
copper uptake and content in plants depend on several factors,
including cultivar differences (Medvedev, Derevyagin, 2017).

In this work, all experiments were conducted with one
cultivar of soft spring wheat. This means that the inoculation
and copper effects found for cultivar Saratovskaya 29 may
not be manifest in other wheat cultivars. Therefore, further
studies on different wheat genotypes are needed.

Copper at 0.05 mmol/L affected mainly the wheat seed-
ling roots, which were in direct contact with the toxicant.
Wang H. et al. (2011) reported decreases in the length and
weight of wheat roots grown hydroponically in the presence of
0.05 mmol/L of copper. Shoot length was also reduced, a trend
noted in this study as well. Yet, the copper concentration used
had no noticeable effect on the photosynthetic apparatus of
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wheat. This was concluded from the absence of significant
changes in the leaf content of chlorophylls and carotenoids
under the effect of the metal (see Table 2). Consequently, pho-
tosynthesis was undisturbed by copper toxicity to wheat roots.

The normal physiological concentration of copper in plants
ranges from 3 to 30 mg/kg (Wang H. et al., 2011). Wheat is
able to take up copper from soil, and roots accumulate larger
amounts of copper than does aboveground biomass (Sayyad
et al., 2009). Increased metal absorption is an undesirable
property of food grains. Liu et al. (2021) examined the ge-
netic mechanisms of metal accumulation by plants by using
246 wheat cultivars and two metals — copper and zinc. They
showed that some cultivars are the least prone to the accumu-
lation of toxic elements. The uptake of metals by plants from
soil is affected by microbial activity, as well as by numerous
organic and inorganic compounds released by roots and pres-
ent in soil solution (Wang S. et al., 2017). Microbes produce
extracellular polymer compounds that can adsorb or chelate
metal ions (Yaneva, 2009); as a result, metals are deposited
into the medium and are taken up by roots in greater amounts
(Wang S. et al., 2017).

Our results show that inoculation of wheat with A. brasi-
lense contributed to copper accumulation in plant tissues.
The degree of influence of the inoculants (Sp7 > Cd > Sp245)
on this variable is probably related to the differences in the
root colonization strategy between bacteria. Strain Sp245 is an
endophyte, whereas strain Sp7 is an epiphyte (Rothballer et al.,
2003). The available information about strain Cd is contradic-
tory: de Oliveira Pinheiro et al. (2002) failed to observe wheat
root penetration by this strain, whereas Caiola et al. (2004)
observed Cd cells in the tissues of tomato roots.

Here, A. brasilense inoculation of wheat contributed to
increased plant growth, which was manifested mainly as
increased length and weight of roots and shoots. Yet, the
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strains differed in their ability to promote plant growth. The
endophytic strain Sp245 inhibited root growth in the absence
of copper but compensated for the inhibitory effect of copper
in its presence. Strain Cd had the greatest effect on the length
and weight of the seedlings grown both in the presence and
in the absence of copper.

In turn, copper accumulation in wheat tissues was toxic to
plants. All inoculated plants showed a sharp twofold decrease
in the content of chlorophyll 5 and carotenoids (see Table 2),
which could not but disturb the photosynthesis apparatus. It is
known that high concentrations of copper can suppress photo-
synthesis, disrupting the architecture of thylakoid membranes,
changing the whole ultrastructure of chloroplasts, and inhibit-
ing the accumulation of chlorophyll and the electron transport
of both PS I and PS II (Rai et al., 2016). The toxic effect of
copper on the photosynthesis apparatus may be associated
with inhibition of the activity of biosynthesis enzymes and
with the displacement of Mg?" from the chlorophyll molecule
(Prasad M.N.V.,, Strzalka, 1999; Rai et al., 2016). When the
content of the main photosynthetic pigment chlorophyll a
decreases (which is what was observed when strain Cd was
used for inoculation), the auxiliary chlorophyll b converts to
chlorophyll a. As a result, the concentration of chlorophyll b
decreases to a greater extent than does the concentration
of chlorophyll a, and ultimately, the chlorophyll a/b ratio
increases (Breckle, 1991; Prasad D.D.K., Prasad A.R.K.,
1987). With strains Sp245 and Sp7, which did not affect the
chlorophyll a content in the inoculated leaves in the presence
of copper, the chlorophyll a/b ratio may have increased owing
to the photochemical oxidation of the light-harvesting com-
plexes binding chlorophyll » (Huang et al., 2004).

As a rule, environmental stress caused by both biotic and
abiotic factors leads to the formation and accumulation of
reactive oxygen species in plant cells, which damage the cells
and interfere with plant growth and yields. It is known that
heavy metals can induce plant oxidative stress, the mecha-
nisms and responses to which have been repeatedly described
(Titov et al., 2014). In addition, the ability of bacteria to cause
oxidative stress has been well documented (Rais et al., 2017).
In response to oxidative explosion, various forms of plant
antioxidants are activated, among which an important part
is played by antioxidant defense enzymes. The activation of
these enzymes under heavy metal stress has been described
in detail (Titov et al., 2014). Rais et al. (2017) proposed that
under stress caused by microbial infection, the antioxidant
enzymes are activated in response to the recognition of
microbial molecular patterns by the plant immune system;
to some secondary metabolites of the microorganisms; and
to plant iron status, altered by microbial siderophores. The
changes in the activity of the antioxidant enzymes in wheat
in response to various stress factors were summarized by
Caverzan et al. (2016).

This study has shown how Azospirillum strains that use
different strategies to colonize wheat roots in the presence of
copper can affect the activity of peroxidase — an enzyme that,
owing to its specific properties and a great variety its molecular
forms, is a key protective cellular system that is used when any
stress factors affect the plant (Statsenko et al., 2008). We have
found that the activity of the peroxidase of wheat seedlings
was significantly higher in roots than in shoots. The copper
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concentration used did not affect the activity of peroxidase
in the roots and only slightly reduced it in the shoots of non-
inoculated plants. In turn, inoculation significantly changed
peroxidase activity both in the absence and in the presence of
copper. The inoculation effect was strain-specific. In plants
grown without copper, peroxidase activity was significantly
increased in roots when strains Sp245 and Cd were used and
in shoots when strain Sp7 was used. By contrast, with copper,
strain Sp7 strongly induced peroxidase activity in roots and to
a lesser extent in shoots, whereas strains Sp245 and Cd pro-
moted peroxidase activity mainly in shoots. Thus, inoculation
caused a pronounced antioxidant stress response, in which
various peroxidase isoforms were probably involved. The
increase in copper uptake by the inoculated plants addition-
ally promoted peroxidase activity, which shows a potentiated
effect of the abiotic and biotic stress factors.

Besides peroxidases, phenol oxidases are almost universally
present in plants. They are often induced under stress caused
by damage to plants or by pathogen attack and are important
for plant defense response (Sullivan, 2015). There is evidence
(Yang et al., 2007) that biotic and abiotic stress activates
plant lignin synthesis, which involves phenol oxidase and
peroxidase. Our data show that the activity of these enzymes
was affected by inoculation to a greater extent than it was
affected by copper. Inoculation promoted an increase in the
tissue concentration of copper, which, as a rule, promoted
the activity of the phenol oxidases both as copper-dependent
enzymes and as stress enzymes.

The search for correlations between plant treatments and
the variables analyzed showed a significant close correlation
between the change in enzyme activity and the Azospirillum
inoculation of plants (7, = 0.76, p <0.05). It is noteworthy that
among the strains tested, only the epiphyte 4. brasilense Sp7
increased root enzyme activity in the presence of copper.

Thus, all the strains tested contributed to the uptake of
copper by plants. We emphasize that the differences in the
effects observed were caused by different strains. Thus,
without copper, the endophytic strain A. baldaniorum Sp245
reduced the length but increased the weight of the seedling
roots, contributed the least to the uptake of copper, and caused
the least induction of the antioxidant enzymes and phenol
oxidases. Inoculation of plants with the epiphytic strain
A. brasilense Sp7 in the absence of copper increased shoot
peroxidase and oxidase activity the most and contributed the
most to the uptake of copper and to the activation of root
peroxidases and oxidases in the presence of copper. The in-
between strain 4. brasilense Cd promoted wheat growth the
most, regardless of the presence of copper. Without copper,
this strain increased root peroxidase and oxidase activity the
most, and in the presence of copper, it inhibited the plant
photosynthesis apparatus the most.

Conclusion

Overall, the obtained results clearly show that the effect of
Azospirillum on the physiological and biochemical status of
wheat is diverse. The compensatory effect of bacteria on cop-
per toxicity and the simultaneous increase in metal accumula-
tion in plant tissues can be considered as mutually exclusive
crop-production aspects associated with the growing of food
plants in heavy-metal-polluted areas.
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