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Abstract

Acid soils contain elevated concentrations of mobile aluminium (Al) ions which 
are toxic for plants. Plants form symbioses with the rhizosphere microorgan-
isms stimulating plant growth and affecting Al availability. Here, for the first 
time the approach based on the ability to immobilize Al in soil was applied 
for initial selection of beneficial rhizosphere microorganisms. Al-Immobilizing 
yeast Rhodotorula sp. AL1 and 12 bacterial strains assigned to various genera 
and species were isolated from the rhizosphere of pea cultivated in acid soils. 
Immobilization of Al was related to the increased pH of the environment and 
the formation of insoluble Al phosphates in soil. The strains differed in pos-
sessing beneficial properties such as modulation of the nutrient element (Ca, 
Fe, K, Mg, Mn, P) concentrations in soil, production of phytohormones (auxins, 
abscisic and gibberellic acids, ethylene), utilization of 1-aminocyclopropane-
1-carboxylic acid and organic components typical for root exudates, acetylene 
reduction and antifungal activities. Eight strains promoted root elongation of 
radish seedlings by 30 ÷ 50 % with a maximal effect exerted by Cupriavidus basi­
lensis strain D39. Taking together, the selected microorganisms are promising 
models to study the mechanisms of plant-microbe interactions in the presence 
of toxic Al and improving Al tolerance of plants in acid soils.
Keywords: acid soil, aluminium tolerance, immobilization, pea, PGPR, rhizo-
sphere, yeast

Introduction

Aluminium (Al) has high mobility in acid soils and negatively affects plant growth 
due to inhibition of root development and photosynthesis, induction of oxidative 
stress and decrease in nutrient uptake (Taylor, 1991; Gupta, Gaurav, and Kumar, 2013; 
Kochian, Piñeros, Liu, and Magalhaes, 2015). Plants counteract phytotoxic effects of 
Al3+ ions by its immobilization in the rhizosphere via increasing pH, complexation 
by the exuded organic acids, detoxification in plant tissues and efflux from roots (Ma, 
Ryan, and Delhaize, 2001; Kochian, Piñeros, Liu, and Magalhaes, 2015). Pea (Pisum 
sativum L.), being a very important agricultural crop, is a relatively Al-sensitive spe-
cies (Lazof and Holland, 1999; Arunakumara, Walpola, and Yoon, 2013). Therefore 
attempts were made to understand the mechanisms of Al toxicity and to increase Al 
tolerance of this crop (Singh, Yadav, and Amist, 2011; Kichigina et al., 2017). 

As a legume plant species, pea has a high symbiotic potential forming sym-
biosis with various types of microorganisms, including plant growth-promoting 
rhizobacteria (PGPR) which improve adaptation to abiotic stresses (Bukhat et al., 
2020; Kumar et al., 2021). Although positive effects of PGPR on plants in the pres-
ence of toxic heavy metals (particularly Cd, Cu, Pb, and Zn) are well documented 
(Belimov et al., 2003; Khan, 2005; Jing, He, and Yang, 2007; Sessitsch et al., 2013), 
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the role of these bacteria in plant tolerance to Al toxicity 
and acid soils is scarcely understood. It was shown that 
some strains of associative nitrogen fixer Azospirillum 
brasilense had high Al tolerance and improved growth 
of rice (Rai, 1986) and finger miller (Rai, 1991) cultivat-
ed on an acid soil. Increased Al tolerance was observed 
on barley inoculated with nitrogen-fixing Azospirillum 
lipoferum 137 and auxin-producing Flavohacterium sp. 
L30 (Belimov, Kunakova, and Gruzdeva, 1998). Growth 
stimulation of pea inoculated with Al tolerant Viridi-
bacillus arenosi IHBB7171 (Thakur et al., 2017) and of 
maize inoculated with Burkholderia sp. (Arora, Singh, 
and Tiwari, 2017) in the presence of toxic Al concentra-
tions was described. However, mechanisms of anti-stress 
effects of these bacteria were not investigated in details. 

Further experiments with various Al-tolerant PGPR 
strains demonstrated the ability of bacteria to chelate Al 
by the produced siderophores and alleviate Al toxicity for 
ryegrass grown in soil probably due to the formation of 
Al3+-siderophore complexes (Mora et al., 2017). Increased 
biomass production and decreased Al accumulation in 
mung bean inoculated with Bacillus megaterium CAM12 
and Pantoea agglomerans CAH6 (Silambarasan, Loges-
wari, Cornejo, and Kannan, 2019c), as well as in lettuce 
inoculated with PGPR Curtobacterium herbarum CAH5 
(Silambarasan, Logeswari, Valentine, and Cornejo, 2019a) 
or yeast Rhodotorula mucilaginosa CAM4 (Silambarasan 
et al., 2019b) were also described. The contribution of oth-
er beneficial traits of these microorganisms, such as phos-
phate solubilization, auxin production, 1-aminocyclopro-
pane-1-carboxylate (ACC) deaminase and phosphatase 
activities in plant growth promotion was also discussed.

Recently we showed that PGPR Pseudomonas fluo-
rescens strain SPB2137, initially selected as a biocontrol 
bacterium (Shaposhnikov et al., 2019), improved Al 
tolerance of pea due to immobilization and exclusion 
of this toxicant from root zone (Belimov et al., 2022). 
Although this strain immobilized Al, produced auxins 
and possessed ACC deaminase activity, it was relatively 
sensitive to Al, and its effects on plants were sometimes 
insignificant. This led us to the idea to select Al toler-

ant beneficial microorganisms having a high ability to 
immobilize this toxicant and increase pH of the envi-
ronment. As a result, for the first time the approach for 
selection of beneficial microorganisms from plant rhizo-
sphere based on their ability to immobilize Al and alka-
lize the environment has been successfully applied. This 
report describes the selection procedure and properties 
of such microorganisms.

Materials and methods

Soil characteristics. The following soils were collected 
for isolation of Al-immobilizing microorganisms and 
named as: soil A — Umbric Albeluvisols Abruptic, Len-
ingrad region, vicinity of the village Belogorka, soil ho-
rizon 5 ÷ 20 cm; soil B — Haplic Albeluvisols Abruptic, 
Leningrad region, neighborhood of the village Orekho-
vo, 30 ÷ 50 cm; soil C — Haplic Albeluvisols Abruptic, 
Leningrad region, neighborhood of the village Orek-
hovo, soil horizon 30 ÷ 50 cm; soil D — Haplic Lepto-
sols, Leningrad region, neighborhood of Boksitogorsk, 
soil horizon 45 ÷ 60 cm; soil E — Umbric Albeluvisols 
Abruptic, Novgorod region, neighborhood of Holm, soil 
horizon 10 ÷ 30 cm; soil F — Haplic Albeluvisols Abrup-
tic, Novgorod region, neighborhood of the village Ra-
kovo, soil horizon 10 ÷ 30 cm. Soil type listed according 
to the World Reference Base for Soil Resources (https://
www.fao.org/soils-portal/data-hub/soil-classification/
world-reference-base/en/). 

Agrochemical characteristics of soils were deter-
mined by the standard methods (Arinushkina, 1970) 
and presented in Table  1. Soil pHKCl was determined 
using pH meter F20 (Mettler-Toledo, Schwerzenbach, 
Switzerland). To determine water-soluble contents of 
Al, Fe and Mn (the elements being toxic in acid soils), 
the soil samples were incubated in deionized water (5 g 
soil + 25 mL water) at continuous shaking at 200 rpm for 
1 h and centrifuged at 10000 g for 10 min. Supernatants 
were tested for metal concentrations using an inductive-
ly coupled plasma emission spectrometer ICPE‑9000 

Table 1. Characteristics of the studied soils

Soil 
designation рНKCl

hydrolytic 
acidity, mg 
equal kg–1

Total C,  
g kg–1

Nitrate 
nitrogen,  
mg N kg–1

Available P,  
mg kg–1

Available К,  
mg kg–1

Water soluble elements, mg kg–1

Al Fe Mn

A 4.6 ± 0.1 55 ± 7 22 ± 1 10 ± 1 17 ± 1 87 ± 7 7.6 ± 0.1 6.0 ± 0.0 0.07 ± 0.01

B 3.7 ± 0.3 266 ± 21 56 ± 1 7 ± 1 nd 133 ± 11 14.1 ± 0.4 2.1 ± 0.1 0.20 ± 0.10

C 4.4 ± 0.4 375 ± 2 6 ± 2 4 ± 1 nd 209 ± 21 12.0 ± 0.3 5.0 ± 0.1 0.43 ± 0.01

D 4.5 ± 0.4 175 ± 1 2 ± 1 4 ± 1 24 ± 2 208 ± 22 8.5 ± 0.5 21.3 ± 0.6 0.54 ± 0.02

E 4.7 ± 0.3 455 ± 4 22 ± 0.1 15 ± 3 22 ± 2 106 ± 17 2.6 ± 0.1 2.0 ± 0.1 0.08 ± 0.02

F 4.5 ± 0.2 210 ± 31 31 ± 2 9 ± 1 15 ± 1 70 ± 06 1.1 ± 0.1 2.8 ± 0.3 0.19 ± 0.03

Data are means ± SE (n = 2). nd stands for not determined.
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(Shimadzu, Kyoto, Japan) following manufacturer’s in-
structions. 

Isolation of microorganisms. For isolation of Al 
tolerant microorganisms, the previously developed 
method was applied (Belimov et al., 1999). For this 
purpose, 100 g of soil samples were supplemented with 
200 mg Al kg–1 as AlCl3, moistened up to 70 % of wa-
ter holding capacity and incubated at 22 °C for 7 days. 
Seeds of pea (Pisum sativum L.) line SGE were surface-
sterilized and scarified by treatment with 98 % H2SO4 for 
10 min, rinsed with sterile water, and germinated in the 
prepared soils for 10 days at 22 °C with a 16 h photope-
riod of 500 µmol m–2 s–1. Then seedling roots were gently 
washed and homogenized in sterile tap water. Aliquots 
of diluted homogenates (50 µL) were plated onto Petri 
dishes with the original medium composed for isolation 
of Al-tolerant rhizosphere microorganisms (ATRM) 
medium containing (g L–1): mannitol — 2; fructose — 2; 
sucrose  — 1; sodium citrate  — 1; yeast extract  — 0.5; 
KH2PO4 — 1; NH4NO3 — 0.25; MgSO4 — 0.25; CaCl2 — 
0.1; NaCl — 0.1; agar — 16; pH = 5.6. The ATRM me-
dium was additionally supplemented with 15 mg Al L–1 
as AlCl3. After incubation for 5 days at 28 °C, colonies 
varying in morphology were picked and repeatedly re-
streaked on the ATRM medium until colony morphol-
ogy of each isolate was homogenous. Then the isolates 
were tested for Al tolerance by incubating on the ARTM 
medium supplemented with a range of Al concentrations 
varying from 10 to 150 mg Al L–1. The minimal growth 
inhibiting (MIC) and minimal lethal (MLC) concentra-
tions were determined, and the most Al-tolerant isolates 
were selected for further study. 

Aluminium immobilization by microorganisms. 
The microorganisms were cultivated for 5 days at 28 °C 
in a liquid the ATRM medium or in soil suspensions (1 g 
soil + 10 mL deionized sterile water) supplemented with 
14 mg Al L–1 as AlCl3. The samples were centrifuged at 
10000 g for 15 min at 4 °C and supernatants were tested 
for Al and nutrient element concentrations (B, Ca, Fe, 
K, Mg, Mn, P, S and Zn) using spectrometer ICPE-9000 
(Shimadzu, Kyoto, Japan) as described above. 

Properties of microorganisms. Microorganisms 
were cultivated in a liquid ARTM medium and the 
suspensions were centrifuged as described above. Phy-
tohormones (indole-3-acetic, indole-3-lactic, indole-
3-carboxylic, abscisic, salicylic and gibberellic (GA3) 
acids) were extracted from the medium by ethyl acetate 
(pH = 3.0), separated on Waters ACQUITY UPLC BEH 
RP18 Shield (1.7  µm, 2.1 × 50  mm) column (Waters, 
USA) and determined using the UPLC system Waters 
ACQUITY H-Class (Waters, USA) as described previ-
ously (Belimov et al., 2015). 

To determine the production of endogenous ethyl-
ene, microorganisms were cultivated for 4 days in flasks 
containing 5 mL of a liquid ARTM medium supplement-

ed with the precursors of microbial ethylene biosynthesis: 
methionine, glutamine and asparagine (Frankenberger 
and Arshad, 1995) in the amount of 0.2 g L–1. Then the 
flasks were sealed with rubber stopper, incubated for 
1 day, and then 1 mL of a gas phase was taken for ethylene 
analysis. Reduction of acetylene to ethylene (nitrogen fix-
ation assay) by the microorganisms was measured by the 
acetylene-reduction method (Rennie, 1981) as modified 
by Belimov et al. (Belimov et al., 2005). The amounts of 
endogenous ethylene and the fixed ethylene were deter-
mined using a gas chromatograph GC-2014 (Shimadzu, 
Japan) following manufacturer’s instructions. 

The presence of 1-aminocyclopropane-1-carboxyl-
ate (ACC) deaminase was determined visually by grow-
ing the microorganisms on agar nitrogen free Dworkin 
and Foster’s medium (Jacobson, Pasternak, and Glick, 
1994) supplemented with 250 mg L–1 of ACC as a sole 
nitrogen source (Glick, Karaturovic, and Newell, 1995). 

Antimicrobial activity of the studied microorgan-
isms against phytopathogenic bacteria Achromobacter 
xylosoxidans Cm1, Pectobacterium carotovorum 01001, 
Pseudomonas corrugate 176, Pseudomonas brassicacearum 
520-1, Pseudomonas syringae RCAM03278 and fungi Al-
ternaria solani RCAM03318, Fusarium sporotrichioides 
RCAM02587, Pythium ultimum RCAM02498 and Botrytis 
cinerea RCAM04325 was determined by the method of 
wells as previously described (Kravchenko et al., 2002). 
Biocontrol strain Pseudomonas fluorescens SPB2137 (Sha-
poshnikov et al., 2019) was used as a positive control. 
Phytopathogenic strains and Ps. fluorescens SPB2137 were 
obtained from the Russian Collection of Agricultural Mi-
croorganisms (RCAM, St. Petersburg, Russian Federation, 
http://www.arriam.ru/kollekciya-kul-tur1/).

Identification of microorganisms. The selected 
bacterial strains were identified by determination of 16S 
rRNA gene and 16S-23S rDNA ITS-region sequences 
as described previously (Belimov et al., 2005). The yeast 
strain was identified by the determination of the nuclear 
ribosomal internal transcribed (ITS) region sequence as 
described previously (Brazhnikova et al., 2022). The se-
quences were compared to similar sequences in the NCBI 
database using BLAST analysis and submitted to the Gen-
Bank/DDBJ/EMBL databases. BLAST analysis was used 
to identify the closest relatives from the NCBI database. 

The GEN III MicroPlate™ test panel with Microbial 
Identification Systems software OmniLog® Data Collec-
tion (Biolog, Inc., Hayward, USA) was used to obtain a 
phenotypic pattern and additional identification of bacte-
ria. Utilization of some components (citric, fumaric, lactic, 
malic, pyruvic and succinic acids, glucose and fructose) 
playing an important role in Al detoxication by plant root 
exudates (Ma, Ryan, and Delhaize, 2001; Belimov et al., 
2022), and pH of the batch cultures supplemented with 
these substances as a sole source of carbon, were deter-
mined as previously described (Kuzmicheva et al., 2017).

http://www.arriam.ru/kollekciya-kul-tur1/
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Root elongation assay. The plant root elongation 
promoting activity of the studied microorganisms was 
determined using the root elongation assay (Belimov et 
al., 2005) with several modifications. Microorganisms 
were cultivated on a liquid ARTM medium for 4 days at 
28 °C. The obtained bacterial suspensions were diluted 
with sterile tap water by 10 and 100 times and used as 
inoculum. Six mL of the diluted bacterial suspensions 
or sterile ARTM medium (uninoculated controls) were 
added to glass Petri dishes with filter paper. The seeds 
of radish (Raphanus sativus var. radicula Pers.) cultivar 
Ranniy were surface-sterilized with a mixture of etha-
nol and 30 % H2O2 (1 : 1) for 20 min, washed with sterile 
water and placed on wetted filter paper. Two Petri dishes 
with 10  seeds each were prepared for each treatment. 
Root length of seedlings was measured after incubation 
of closed Petri dishes for 5 d at 25 °C in the dark. 

Statistical analysis. Statistical analysis of the data 
was performed using the software Statistica 10 (TIBCO 
Software Inc., Palo Alto, CA, USA). ANOVA analysis 
with Fisher’s LSD test was used to evaluate the differ-
ences between means.

Results and discussion

Total of 65  colonies were initially isolated, the isolates 
were purified and tested for Al tolerance on agar ATRM 
medium (data not shown). Among them, 12 strains hav-
ing a high level of Al tolerance and capable of immobi-
lizing Al in batch cultures of a liquid ATRM medium 

and/or soil suspensions were selected for further experi-
ments (Table 2). 

The minimal growth inhibiting concentration of the 
selected strains varied from 15 to 35 mg Al L–1, whereas 
the lethal concentration varied from 40 to 120 mg Al L–1. 
The most Al-tolerant microorganism selected was the 
yeast strain AL1 (Table 2). 

The strains should be considered as true Al-tolerant 
microorganisms, since their tolerance to toxicant was 
comparable with the most Al-tolerant microorganisms 
selected by other authors, namely Azospirillum brasi-
lense strain Alr-3 tolerant to 25 mg Al L–1 (Rai, 1991), 
Curtobacterium herbarum strain CAH5  tolerant to 
180 mg Al L–1 (Silambarasan et al., 2019a), Rhodotorula 
mucilaginosa strain CAM4 tolerant to 60 mg Al L–1 (Si-
lambarasan et al., 2019b), Bacillus megaterium CAM12 
and Pantoea agglomerans CAH6 tolerant to 200 mg Al 
L–1 (Silambarasan et al., 2019c), Kosakonia radicincitans 
strain CABV2 tolerant to 200 mg Al L–1 (Silambarasan et 
al., 2022) and strains Klebsiella sp. RC3, Stenotrophomon-
as sp. RC5, Klebsiella sp. RCJ4, Serratia sp. RCJ6  and 
Enterobacter sp. RJAL6 tolerant to about 250 mg Al L–1 
(Mora et al., 2017). It should be noted that the test media 
for studying Al tolerance of these microorganisms sig-
nificantly differed and sometimes were rich in organic 
compounds or phosphorus that could partially bind and 
chelate Al ions. Therefore, it is difficult to compare the 
results of these studies with high accuracy. The strains 
isolated here were much more tolerant to Al as com-
pared with PGPR strains Az. lipoferum 137 or Flavobac-

Table 2. Tolerance to Al and immobilization of Al by the selected microorganisms

Strain name and 
treatment

Minimal growth 
inhibiting 

concentration,  
mg Al L–1

Minimal lethal 
concentration,  

mg Al L–1

Immobilized Al in 
the liquid nutrient 

medium, µg Al mL–1

Al concentration in 
supernatant of soil 

suspensions,  
µg Al mL–1

Final pH of soil 
suspension

Control – – 2.34 ± 0.03 39.1 ± 0.7 4.33 ± 0.01

AL1 35 120 2.28 ± 0.05 9.6 ± 0.1 * 4.62 ± 0.02 *

A12 30 80 2.77 ± 0.04 * 16.4 ± 6.4 * 4.81 ± 0.01 *

A35 20 50 2.90 ± 0.15 * 9.6 ± 0.1 * 4.97 ± 0.07 *

A47 30 55 2.57 ± 0.08 16.1 ± 0.3 * 4.91 ± 0.02 *

B01 25 50 2.84 ± 0.16 * 9.8 ± 0.1 * 5.16 ± 0.05 *

B10 15 40 2.76 ± 0.05 * 23.8 ± 7.2 * 4.80 ± 0.05 *

С06  25 65 3.04 ± 0.03 * 8.1 ± 0.4 * 5.17 ± 0.07 *

D60 20 45 2.69 ± 0.12 14.3 ± 4.9 * 5.01 ± 0.04 *

D31 15 40 3.14 ± 0.06 * 9.3 ± 0.5 * 4.83 ± 0.03 *

D39 20 50 3.01 ± 0.10 * 12.2 ± 2.9 * 5.30 ± 0.11 *

E52 25 55 2.65 ± 0.04 9.3 ± 0.2 * 4.76 ± 0.05 *

F55 25 50 2.62 ± 0.11 15.2 ± 5.5 * 4.54 ± 0.08 *

Data are means ± SE (n = 3). Asterisks show significant differences as compared to the control treatment (Fisher’s LSD test, P < 0.05). The initial 
concentration of Al in liquid ATRM medium was 14 μg Al ml–1. Soil suspensions were supplemented with μg Al ml–1.
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terium sp. L30 (MIC and MLC equal to 5 and 30 mg Al 
L–1, respectively) improving Al tolerance of barley plants 
(Belimov, Kunakova, and Gruzdeva, 1998) and Ps. fluo-
rescens SPB2137 (MIC equal to 5 mg Al L–1) improving 
Al tolerance of pea plants (Belimov et al., 2022).

Seven strains were able to immobilize Al during 
cultivation in the liquid nutrient medium, whereas all 
the strains decreased Al concentration in the superna-
tant of soil suspensions suggesting Al immobilization 
in soil (Table 2). Microorganisms increased pH of soil 
suspension (Table 2), and the final Al concentration in 
soil suspension negatively correlated with pH (r = –0.62; 
P = 0.025; n = 13). This suggested that microbial alkali-
zation of the environment was involved into the immo-
bilization of Al. Experiments with batch cultures showed 
that all the strains, except AL1, utilized organic acids 
resulting in alkalization of the medium, whereas sugars 
were utilized resulting in acidification. Strain AL1 didn’t 
utilize lactic and pyruvic acids, whereas strain D31 did 
not utilize fructose. Cultivation of AL1 on organic acids 
did not change pH with exception of alkalization of the 
medium in the presence of malic acid (data not shown). 
This suggested possible involvement of organic acids 
(that could be present in soil or exuded by plant roots) 
in the alkalization process in soil suspensions and in the 
plant rhizosphere. 

Experiments with soil suspension also showed that 
microorganisms changed the mobility of nutrient ele-
ments (Table 3). Particularly, all the strains decreased 
concentration of P in supernatants, and this parameter 

negatively correlated with pH (r  =  –0.61; P  =  0.026; 
n = 13) but positively correlated with Al concentration 
(r = +0.75; P = 0.003; n = 13). It is possible that Al im-
mobilization occurred due to the formation of insoluble 
phosphates accompanied by alkalization of the medium. 
Generally, microorganisms increased concentrations of 
Fe, K and Mg, but decreased concentrations of Mn (Ta-
ble 4). Concentration of Ca were increased by the strains 
A12 and F55, but decreased by the strains C06 and D31. 
Concentrations of other nutrients (B, S and Zn) were 
not affected by microorganisms (data not shown). The 
results are in line with repeatedly documented effects 
of various rhizobacteria on the availability of nutrient 
elements for plants (Pii et al., 2015; Meena et al., 2017; 
Belimov et al., 2020). It should be interesting to estimate 
the effects of the studied microorganisms on the plant 
nutrient uptake from acid soil. However, based on the 
obtained results, we propose that such effects may be 
complex and vary depending on both the strain and nu-
trient element. 

All the strains produced auxins, strains A12 and 
D31 produced abscisic acid, strains B01, D31 and F55 
produced GA3, and 7 strains produced ethylene (Ta-
ble 4). Salicylic acid was not detected in supernatants. 
Capability to utilize ACC was found in 8  strains with 
B10, C06 being the most active utilizers (Table 4). Acet-
ylene reduction (nitrogen fixing) activity was detected 
in 7 strains. Among them, the strains С06 and E52 had 
maximum values of the reduced acetylene (Table  4) 
comparable with the activity of known associative ni-

Table 3. Concentration of nutrient elements in supernatant of soil suspensions supplemented with the selected 
microorganisms

Strain name 
and treatment

Concentration of elements, µg mL–1

Ca Fe K Mg Mn P

Control 43 ± 1 14 ± 1 3.8 ± 0.2 6.3 ± 0.1 5.3 ± 0.1 13.2 ± 0.3

AL1 44 ± 1 22 ± 2 * 4.8 ± 0.1 * 6.6 ± 0.1 4.6 ± 0.1 * 11.3 ± 0.6 *

A12 49 ± 1 * 15 ± 1 4.4 ± 0.1 * 6.9 ± 0.1 * 5.0 ± 0.1 11.1 ± 0.4 *

A35 44 ± 2 23 ± 1 * 3.7 ± 0.1 6.4 ± 0.1 4.7 ± 0.1 * 10.8 ± 0.2 *

A47 47 ± 2 19 ± 1 * 4.8 ± 0.1 * 6.9 ± 0.2 * 4.9 ± 0.1 9.9 ± 0.1 *

B01 47 ± 1 17 ± 1 4.1 ± 0.1 6.7 ± 0.1 4.7 ± 0.1 * 10.7 ± 0.4 *

B10 46 ± 2 21 ± 2 * 3.8 ± 0.1 6.6 ± 0.3 4.9 ± 0.2 11.8 ± 0.6 *

С06  37 ± 1 * 19 ± 1 * 3.6 ± 0.1 5.7 ± 0.2 * 3.8 ± 0.1 * 9.5 ± 0.4 *

D60 45 ± 2 18 ± 1 3.9 ± 0.1 6.5 ± 0.1 4.6 ± 0.2 * 10.0 ± 0.1 *

D31 37 ± 1 * 20 ± 2 * 3.7 ± 0.1 5.9 ± 0.1 3.9 ± 0.1 * 8.4 ± 0.6 *

D39 41 ± 4 20 ± 2 * 3.8 ± 0.2 6.3 ± 0.4 4.4 ± 0.3 * 9.1 ± 0.8 *

E52 42 ± 1 19 ± 1 * 3.8 ± 0.1 6.2 ± 0.2 4.7 ± 0.1 * 8.8 ± 0.4 *

F55 49 ± 2 * 16 ± 1 4.4 ± 0.1 * 6.9 ± 0.3 * 5.0 ± 0.2 11.2 ± 0.3 *

Data are means ± SE (n = 2). Asterisks show significant differences as compared to the control treatment (Fisher’s LSD test, P < 0.05).
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trogen fixers belonging to Azospirillum and other genera 
(Cavalcante and Dobereiner, 1988; Belimov et al., 1995; 
Banik, Mukhopadhaya, and Dangar, 2016). 

Strain F55 showed antifungal activity against F. spo-
rotrichioides, A. alternata and P. ultimum, and strain A12 
inhibited growth only of A. alternata. The example of the 
results of such test is presented in Fig.  1. The selected 
strains possessed no antibacterial activity against the 
test-strains (data not shown).

Eight strains promoted root elongation of radish 
seedlings after inoculation with microbial cultures diluted 
by 10 times (Fig. 2A), and four strains did it in the pres-

ence of microbial culture diluted by 100 times (Fig. 2B). 
In both cases a maximum positive effect was evident after 
inoculation with strains D31, D39 and E52. These strains 
could be considered as PGPR. Strain A12 completely in-
hibited seed germination at both concentrations of the in-
oculum, suggesting that this strain is a phytotoxic or phy-
topathogenic bacterium. Information about the effects 
of Al-tolerant and/or Al-immobilizing microorganisms 
on plants is limited. The Al-tolerant strain Viridibacillus 
arenosi IHBB7171 promoted pea plants probably due to 
the production of auxins and the activity of ACC deami-
nase (Thakur et al., 2017). PGPR strain Burkholderia sp. 

Table 4. Production of phytohormones, utilization of ACC and acetylene reduction by the selected microorganisms

Strain 
name

Phytohormone production ACC 
utilization as 

a nitrogen 
source

Acetylene 
reduction,  

nmol  
С2Н4 mL–1 h–1

Indole-3-acetic  
acid, ng mL–1

Indole-3-lactic  
acid, ng mL–1

Indole-3-
carboxylic 

acid, ng mL–1

Abscisic acid,  
ng mL–1

Gibberellic 
acid (GA3), 

ng mL–1

Ethylene,  
pmol С2Н4 

mL–1 d–1

AL1 32 ± 1 19 ± 1 194 ± 4 nd nd nd – nd

A12 68 ± 2 52 ± 1 393 ± 7 14 ± 1 nd 0.6 ± 0.2 – 0.59 ± 0.02

A35 108 ± 3 38 ± 1 48 ± 1 nd nd nd + nd

A47 524 ± 12 294 ± 2 80 ± 2 nd nd 0.9 ± 0.1 – 0.31 ± 0.05

B01 63 ± 2 38 ± 1 67 ± 1 nd 16 ± 2 0.5 ± 0.1 + nd

B10 3 ± 1 399 ± 3 44 ± 1 nd nd 0.5 ± 0.1 ++ nd

С06  9 ± 1 4 ± 1 33 ± 2 nd nd nd ++ 0.87 ± 0.03

D60 7 ± 1 457 ± 3 11 ± 1 nd nd 0.8 ± 0.3 + 0.33 ± 0.08

D31 96 ± 2 542 ± 4 22 ± 2 23 ± 2 91 ± 3 nd + nd

D39 82 ± 2 64 ± 1 31 ± 3 nd nd 0.8 ± 0.1 + 0.26 ± 0.02

E52 312 ± 7 498 ± 4 45 ± 2 nd nd nd + 0.77 ± 0.03

F55 313 ± 7 24 ± 1 31 ± 1 nd 12 ± 1 0.9 ± 0.2 – 0.27 ± 0.04

Data are means ± SE (n = 3). ACC stands for 1-aminocyclopropane-1-carboxylic acid. nd stands for not determined. Growth on ACC: active (++), 
middle (+) or no growth (–).

Fig. 1. Antifungal activity of the studied microorganisms against Pythium ultimum RCAM02498.
Strain names are shown by black text. Red bars show radius of the fungal growth inhibition zone. 
Biocontrol strain Pseudomonas fluorescens SPB2137 is used as a positive control.
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increased root length of maize and decreased Al accumu-
lation in roots as a result of binding Al ions by the phos-
phates (Arora, Singh, and Tiwari, 2017). Inoculation with 
nitrogen-fixing Azospirillum lipoferum 137 and auxin-
producing Flavobacterium sp. L30 stimulated the growth 
of barley cultivated in acid soil and decreased accumula-
tion of proline induced by Al toxicity in roots (Belimov 
et al., 1998). Al-tolerant strains of Azospirillum brasilense 
improved the growth of rice (Rai, 1986) and finger miller 
(Rai, 1991) cultivated in acid soil. Positive effects of sym-
biotic nodule bacteria on nitrogen fixation and adapta-

tion to Al toxicity of mung bean (Munns et al., 1979) and 
soybean (Munns, Hohenberg, Righetti, and Lauter, 1981) 
were also registered. However, the mechanisms of positive 
bacterial effects on plants were not studied in these re-
ports. Later, several PGPR strains belonging to Klebsiella 
sp., Stenotrophomonas sp., Serratia sp. and Enterobacter 
sp. and possessing multiple beneficial traits (P solubiliza-
tion, auxin production, ACC deaminase and phosphatase 
activity, exudation of organic acids and siderophores) im-
mobilized Al and increased biomass of ryegrass grown 
in a volcanic soil rich in aluminum (Mora et al., 2017). 

Fig. 2. Effect of the studied microorganisms on root elongation of radish seedlings in sterile assay. Seeds were treated with supernatants of 
batch cultures diluted with sterile water by 10 (A) and 100 (B) times. Vertical bars show SE. Asterisks show significant differences as compared 
to the control treatment (Fisher’s LSD test, P < 0.05, n = 20).

Table 5. Taxonomic position of the studied microorganisms

Strain  
sign

Defined taxonomic position 
of the studied strain

Type strains of the closest relatives in  
the NCBI database

Sequence similarity with 
the type strain, % Sequence accession 

number in the NCBI 
database16S DNA ITS

AL1 Rhodotorula sp. Rhodotorula mucilaginosa CBS316T nd 99.08 OP596320

A35 Paraburkholderia sp.
Paraburkholderia phytofirmans PsJNT 98.55 OP596319

Paraburkholderia megapolitana LMG 23650T 89.71 OP598098

С06  Paraburkholderia sediminicola Paraburkholderia sediminicola HU2-65WT 99.86 nd OP596318

D39 Cupriavidus basilensis Cupriavidus basilensis DSM 11853T 99.90 nd OP596316

E52 Herbaspirillum sp.
Herbaspirillum rhizosphaerae UMS-37T 99.10 OP596317 

Herbaspirillum hiltneri N3T 93.87 OP598099

nd stands for not determined.
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Table 6. Utilization of carbon sources and resistance to chemicals as assayed by the Biolog GEN III MicroPlate method

Carbon source
Strain

Carbon source
Strain

A35 C06 D39 E52 A35 C06 D39 E52

Dextrin – ± – – L-Histidine + ± + –

D-Maltose – – – – L-Pyroglutamic Acid + + + +

D-Trehalose – – – – L-Serine + ± ± –

D-Cellobiose – – – – Pectin – – ± –

Gentiobiose – – – – D-Galacturonic Acid ± ± ± +

Sucrose – – – – L-Galactonic Acid Lactone ± ± – +

D-Turanose – – – – D-Gluconic Acid ± + + +

Stachyose – – – – D-Glucuronic Acid ± ± ± +

Growth at pH 6 + + + + Glucuronamide ± ± ± ±

Growth at pH 5 + + ± ± Mucic Acid + + + +

D-Raffinose – – – – Quinic Acid ± + + +

α-D-Lactose – – – – D-Saccharic Acid ± + + +

D-Melibiose – – – – p-Hydroxy-Phenylacetic Acid + + + –

β-Methyl-D-Glucoside – ± – – Methyl Pyruvate + + + +

D-Salicin – ± – – D-Lactic Acid Methyl Ester ± ± – –

N-Acetyl-DGlucosamine + + – + L-Lactic Acid ± + + +

N-Acetyl-β-DMannosamine ± ± – – Citric Acid – ± + +

N-Acetyl-D-Galactosamine ± + – – α-Keto-Glutaric Acid ± + ± +

N-Acetyl Neuraminic Acid – –  – – D-Malic Acid ± ± + ±

Growth at 1 % NaCl – – ± ± L-Malic Acid ± + + +

Growth at 4 % NaCl – – – – Bromo-Succinic Acid + + + +

Growth at 8 % NaCl – – – – Tween 40 + + ± –

α-D-Glucose + + – + γ-Amino-Butryric Acid + + – ±

D-Mannose ± + – ± α-Hydroxy-Butyric Acid ± + ± +

D-Fructose + + ± ± β-Hydroxy-D,LButyric Acid + + + +

D-Galactose ± + – + α-Keto-Butyric Acid + + – +

3-Methyl-Glucose – – – – Acetoacetic Acid – – ± ±

D-Fucose ± ± – + Propionic Acid – – + +

L-Fucose + + – + Acetic Acid – + + +

L-Rhamnose ± ± – – Formic Acid – + + +

Inosine – ± – –

1 % Sodium Lactate – + ± + Resistance to chemicals:

Fusidic Acid – – – ± Troleandomycin – ± – –

D-Sorbitol ± + – – Rifamycin SV ± + + +

D-Mannitol + + – + Minocycline – – – –

D-Arabitol + + – + Lincomycin ± + + +

myo-Inositol ± ± – – Guanidine HCl – – ± –
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A consortium of aluminum tolerant strains Bacillus mega-
terium CAM12 and Pantoea agglomerans CAH6 stimu-
lated growth and reduced Al uptake by mung bean plants 
(Silambarasan et al., 2019c). Similar results were obtained 
after inoculation of lettuce with Curtobacterium herbarum 
CAH5 (Silambarasan et al., 2019a) and Rhodotorula mu-
cilaginosa CAM4 (Silambarasan et al., 2019b). It might be 
speculated that the selected Al-immobilizing microor-
ganisms, particularly the strains having root elongation 
promoting activity, contribute to counteracting negative 
effects of Al on plants. 

Assessing the obtained results, five the most interest-
ing bacterial strains (AL1, A35, C06, D39 and E52) were 
genetically identified by sequencing of 16S rRNA gene and 
16S-23S rDNA ITS-region. The strain AL1 was identified 
as yeast Rhodotorula sp. closely related to species Rhodo-
torula mucilaginosa, however the level of sequence simi-
larity with the type strain was not enough to assign AL1 to 
this species (Table 5). Strains C06 and D39 had very high 
sequence similarity with type strains of Paraburkholderia 
sediminicola and Cupriavidus basilensis and were assigned 
to these species, respectively. Strains C06 and E52 had low 
similarity of both 16S rRNA gene and 16S-23S rDNA ITS-
region sequences with several type strains of genera Para-
burkholderia and Herbaspirillum. Therefore, these stains 
were identified on a genus level (Table 5). The taxonomic 
positions of the studied strains suggested their relation to 
the typical inhabitants of the plant rhizosphere, namely 
representatives of genera Paraburkholderia, Cupriavidus 
and Herbaspirillum (Döbereiner, 1988; Estrada-De Los 
Santos, Bustillos-Cristales, and Caballero-Mellado, 2001; 
Jurelevicius et al., 2010). Yeast Rhodotorula mucilaginosa 
was described as an Al-tolerant and Al-immobilizing mi-

croorganism exerting positive effects on plants subjected 
to toxic Al concentrations (Silambarasan et al., 2019b). 
Bacterium Cupriavidus basilensis and other species of this 
genus nodulated tropical legume plants (Andam, Mondo, 
and Parker, 2007; Jurelevicius et al., 2010; Marchetti, Ca-
trice, Batut, and Masson-Boivin, 2011). 

The studied bacterial strains were also tested for a 
more detailed characterization of phenotype and taxo-
nomic identification using the GEN III MicroPlate™ test 
panel. Phenotype profiles of these strains are presented 
in Table 6. Strain A35 was not identified by this method 
on a species level, but had the closest relative species 
Paraburkholderia phenazinium with very low similar-
ity level (SL) of 0.221. Strain C06  was closely related 
to Paraburkholderia phenazinium (SL = 0.589). Strains 
D39 and E52 were identified as Cupriavidus campinensis 
(SL = 0.795) and Herbaspirillum huttiense ss. Huttiense 
(SL = 0.697), respectively. In general, the results of 16S 
DNA sequencing and the phenotyping test were simi-
lar, but some disagreement between them was probably 
due to the interspecies phenotypic variability or the ab-
sence of some species in the OmniLog® Data Collection. 
A more detailed study needs to be performed to identify 
Paraburkholderia sp. C06 and Herbaspirillum sp. E52 up 
to the species level. It is possible that these strains belong 
to new species. All the studied microorganisms were de-
posited to the RCAM collection.

Conclusion

Taking together, Al-tolerant microorganisms (bacteria 
and yeasts) are present in acid soils and colonize plant 
rhizosphere. Some of them immobilize Al in nutrient me-

Carbon source
Strain

Carbon source
Strain

A35 C06 D39 E52 A35 C06 D39 E52

Glycerol ± + ± + Niaproof 4 – – – –

D-Glucose-6-PO4 ± ± – – Vancomycin – ± + +

D-Fructose-6-PO4 ± ± ± – Tetrazolium Violet ± ± + +

D-Aspartic Acid + + + + Tetrazolium Blue ± ± + +

D-Serine – – – – Nalidixic Acid – – + –

Gelatin ± – – – Lithium Chloride – – – –

Glycyl-L-Proline + + + + Potassium Tellurite – – + +

L-Alanine + + ± + Aztreonam – – + ±

L-Arginine + + – – Sodium Butyrate – – – –

L-Aspartic Acid + + + + Sodium Bromate – – – –

L-Glutamic Acid + + + + D-serine – – – –

N o t e: ‘–’ — negative reaction; ‘+’ — positive reaction; ‘±’ — uncertain reaction.

End of the Table 6
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dium and in soil suspensions, probably due to increasing 
pH of the environment and binding Al ions with phos-
phates. These microorganisms could also change mobility 
of nutrient elements in soil. A number of beneficial prop-
erties, such as phytohormone production, utilization of 
ACC and nitrogen fixation, were detected in the selected 
Al-immobilizing microorganisms. Consequently, several 
bacterial strains stimulated plant root elongation and 
could be considered as PGPR. Thus, the proposed origi-
nal approach for the selection of growth-promoting mi-
croorganisms among Al-resistant and Al-immobilizing 
inhabitants of the rhizosphere made it possible to detect 
strains that have a high potential for increasing the resis-
tance of plants to toxic Al. However, the bacteria deleteri-
ous for plants were also presented among Al-tolerant and 
Al-immobilizing microorganisms. Further study will be 
aimed at understanding the mechanisms of interaction 
between these microorganisms and plants in the presence 
of toxic Al and in acid soils.
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