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A b s t r a c t  
 

The Azospirillum is one of the most common objects to study associative interactions be-
tween bacteria and plants. In the rhizosphere of cereals the Azospirillum cells form effective 
association and demonstrate a stimulating effect on plant growth and development, in particular in 
wheat. However, the details of these positive effects are still unknown. For example, there is no 
evidence of whether the Azospirillum cells are infected with bacteriophages, and little is known about 
the role that the bacteriohages of soil microorganisms can play in the development of associative 
relationship between microorganisms and plants. Nevertheless, the bacteriophages are well known to 
control the bacteria number in the population and be involved in genetic transduction. Note that the 
studied bacteriophages are mostly isolated from environment, in particular, from soil, while the 
bacteriphages of associative soil bacteria still remain poorly studied. To evaluated changes in the 
morphology of the wheat (Triticum aestivum L.) root system in Saratovskaya 29 variety after 
inoculation with Azospirillum brasilense Sp7 bacterial cells and bacteriophage FAb-Sp7, isolated 
from these cells, we first inoculated the 3-day old wheat seedlings with A. brasilense Sp7 at 108, 106, 
104 cells per 1 ml. It resulted in a decrease in the length of the root, and the number of lateral roots 
grew considerably at 102 cells per 1 ml. After treatment wiht bacteriophage FAb-Sp7 an average 
number of roots remained unchanged. It was shown that wheat seedling inoculation with 
Azospirillum suspension resulted in a 3-fold decrease in root elongation zone, and the suction zone 
reduced 1.5 times. Treatment of wheat seedlings with a suspension containing Azospirillum and 
phages resulted in a 3.3-fold decrease in the tensile zone, but the root hair zone remained 
unchanged. Using confocal microscopy we demonstrated that incubation of wheat seedlings 
with Azospirillum at 102 cells per 1 ml significantly increased the number and length of root 
hairs (on average by 40 %) compared with the control. It was shown that a simultaneous 
inoculation with Azospirillum Sp7 cells and bacteriophage FAb-Sp7 also increased the number 
and length of root hairs (60 % on average) compared with control. It is suggested that 
bacteriophages of Azospirillum are involved into complex interaction of bacteria with wheat 
root system, and can influence on and, ultimately, determine the effectiveness of associative 
relationships between the plant and microorganisms. 
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The representatives of Azospirillum are among the most common objects 
for the study of associative interactions between bacteria and plants [1]. Azospirillae 
belong to -proteobacteria of the Rhodospirillaceae family capable of assimilat-
ing atmospheric nitrogen. In natural conditions, they can colonize both the sur-
face and internal tissues of plant roots, mainly in cereals [2-4], and formation of 
these symbioses increases cereal productivity [5-8]. As to A. brasilense Sp7, in 
the 1990s, the presence of strain cells on the root surface only was demonstrated 
in a series of studies [3-4, 9].   

A multifactorial positive effect of the Azospirillum bacteria on plant 
growth, development and productivity is known. In this regard, high nitrogen-
fixing activity, production of indole-3-acetic acid and other plant hormones, 
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fungicidal and bactericidal activity and the ability to synthesize physiologically 
active substances of high molecular weight are considered significant features [7].  

Bacteriophages of soil microorganisms attract the attention of researchers 
due to their prevalence, diversity and important ecological role [10, 11]. In most 
cases, bacteriophages were isolated from various environmental objects, including 
soil [12-17], and just some studies describe bacteriophages from soil bacteria as-
sociations. Thus, in the study of 24 soil bacteriophage strains that stimulate the 
growth of plants, it was first found [18] that most bacteria isolates belong to the 
family of Azospirillum. Bacteriophages were isolated from 11 of 24 strains ana-
lyzed, including A. brasilense Сd, A. brasilense Sp7, A. brasilense Sp245, A. bra-
silense Wb1, A. lipoferum B-518, А. dobereinerae and a number of other strains. 
The role of bacteriophages in associative interactions of Azospirillum cells with 
plants is of particular importance.  

Our purpose was to study the effect of Azospirillum bacteriophages on 
the growth and development of the root system in wheat seedlings in an in vitro 
microorganism-plant system.  

Technique. Spring wheat seedlings (var. Saratovskaya 29), Azospiril-
lum brasilense strain Sp7 (collection of the Institute of Biochemistry and 
Physiology of Plants and Microorganisms of the Russian Academy of Sci-
ence) and bacteriophage FAb-Sp7 isolated by us from the same strain were 
used as the model for the study of associative interaction. A. brasilense Sp7 
was grown on LB solid medium, then in liquid LB medium [19] and cultured 
in Erlenmeyer flasks (250 ml) at a rotary shaker with aeration (160 rev/min) 
at 30±1 C for 18-20 hours.  

Bacteriophage preparations were obtained as described [19]. The micro-
organism culture was cooled at +4 С for 1.5-2.0 hours for the stimulation of 
the release of bacteriophages from the cells, after which the cells were separated 
by centrifugation at 2,500 g for 40 min, and 1/5 of the volume of 20 % polyeth-
ylene glycol solution (PEG-6000 Panreac, Spain) with 1.6 M NaCl (PEG-
NaCl) was added to the supernatant, covered with ice and placed in a refrigera-
tor for 2.0 hours to flocculate the particles. Samples were centrifuged at 12,000 g 
for 30 min, the supernatant was removed. Then, 1 ml of TE buffer (10 mM 
Tris-HCl, 1 mM EDTA, pH 7.5-8.0) was added to the pellet, mixed thoroughly 
and centrifuged for 5 min at 10,000 g. The supernatant was collected in a sterile 
container, 1/5 of the volume of PEG-NaCl was added, the pellet was quickly 
vortexed and centrifuged for 5 minutes at 6,500 g. The resulting pellet was resus-
pended in 1 ml of TE buffer and stored at 16 С.  

The microbial cell titer was determined by the OD540 using the Specol-
221 instrument (DDR) in a cuvette with the optical path length of 1.0 cm and 
recalculated for the dry cell weight (g/l) using calibration curves. The phage par-
ticle titer was determined spectrophotometrically using a Specord BS-250 in-
strument (Analytik Jena, Germany) in a 1 mm cuvette. We proceeded from the 
fact that 30 optic units match the density of phage suspension of 2½1014 parti-
cles/ml [20]. The following formula was used for the phage titer computation: 
(A269  A320) ½ 5½1014/15.  

Triticum aestivum L. wheat seeds (Saratovskaya 29) were washed with 
distilled water with 1 % household detergent solution, treated with 6 % calcium 
hypochlorite for 10 min and washed with sterile distilled water three times. To 
accelerate germination, seeds were soaked in warm (45 С) sterile distilled water 
for 1 hour, after which 10 to 12 seeds were put in sterile Petri dishes with capron 
substrate, 10 ml of sterile distilled water was added and the seeds were placed in 
a thermostat at 24 С for 3 days.  

To assess the impact of A. brasilense Sp7 on seedlings, bacteria were 
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washed out of the medium with sterile distilled water, using thrice centrifugation 
at 3,000 g for 5 min. Sterile A. brasilense Sp7 suspension (20 ml) of 108, 106, 
104, and 102 cells/ml (without bacteriophages) was added to 3-day-old seedlings, 
then the seedlings were grown for 4 days at 23 С (thrice repetitions for each 
variant). The results were registered at the day 7. Untreated seedlings obtained in 
sterile distilled water under similar conditions were the control.  

To study the effects of bacteriophages on the growth, various dilutions of 
the FAb-Sp7 preparation isolated from A. brasilense Sp7 cells was used. At the 
same time, 3-day-old wheat seedlings were placed into sterile glass tubes and 
their roots were treated with the bacteriophage suspension in sterile water for 
3 hours. Next, the seedlings were put in sterile Petri dishes containing sterile wa-
ter and allowed to stay in a thermostat at 23 С. The results were registered at 
the day 7. Seedlings not treated with bacteriophage grown in sterile distilled wa-
ter under similar conditions were the control.  

Root hairs at 1 mm of the root length were calculated using a confocal 
TCS SP5 microscope (Leica Microsystems GmbH, Germany). A total of 10 roots 
were stained for 5 minutes in methylene blue aqueous solution by a conventional 
method, then washed with water. Root zones were measured in wet preparations 
using a MBS-9 binocular microscope (Russia).  

Statistical analysis included calculation of arithmetic means and stan-
dard errors.  

Results. In cereal rhizosphere, Azospirillum form highly effective micro 
associations demonstrating stimulating effect on plant growth and development, 
particularly in wheat [21]. By light and electron microscopy using fluorescent 
antibodies and nucleotide probes, azospirillum were found to be arranged in 
mucigel on root surface, and in some cases in the inner layers of parenchyma as 
well [21]. We could find no literature data on the impact of the infected and un-
infected by bacteriophages bacteria on the associative interaction with the plant, 
and on the participation of the very bacteriophages in the interaction of soil mi-
croorganisms with plants. At the same time, bacteriophages play an important 
role as a factor regulating the number of microbial cells, and in the transfer of 
genetic information by transduction [22]. Therefore, we tried to identify the 
phenomenon of the bacteriophage impact on associative relationships between 
the plant and microorganisms.  

1. Morphometric parameters of the root system in spring wheat (Triticum aesti-
vum L.) var. Saratovskaya 29 seedlings inoculated with Azospirillum brasilense 
Sp7 (laboratory experiment) 

Root length, cm 
Variant 

Number of roots 
per seedling, pcs maximum minimum 

Number of lat-
eral roots, pcs 

I 5.2±0.2 8.3±0.1 2.9±0.2 3.4±0.2 
II 4.8±0.2 4.3±0.3 1.0±0.2 3.0±0.2 
III 4.9±0.1 4.2±0.3 1.0±0.1 3.0±0.2 
IV 4.8±0.2 6.8±0.2 1.9±0.2 2.6±0.4 
V 4.9±0.2 7.6±0.2 2.1±0.2 4.1±0.1 

N o t e. I — control (no inoculation); II-V — A. brasilense Sp7 suspension inoculation (20 ml, density of 108 

cells/ml, 106 cells/ml, 104 cells/ml and 102 cells/ml). Arithmetic mean values and standard deviations (errors) are 
summarized for 286 seedlings of each variant. 

 

Since most microorganisms are lysogenic, first the effect of A. brasilense 
Sp7 cells in the lysogenic state on the linear growth parameters of the wheat var. 
Saratovskaya 29 seedling root system was studied. Treatment of seedlings with 
Azospirillum suspensions in all studied doses was shown not to change the mean 
number of roots per seedling significantly (Table 1). However, the root system 
morphology was changed, particularly root length decreased when the seedlings 
were treated with suspensions of high density (108, 106, and 104 cells/ml) (Fig. 1), 
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while the number of lateral roots changed significantly only with the suspension 
of 102 cells/ml (see Table 1). The latter may indicate the strengthening of the 
root system formation which is consistent with literature data on the stimulating 
effect of Azospirillum on wheat [23, 24].  

 

A B 

 
 

C D 

 

Fig. 1. Morphological changes in 7-day-old spring wheat (Triticum aestivum L.) var. Saratovskaya 
29 seedling root system after Azospirillum brasilense Sp7 inoculation: А, B, C and D ― suspension 
density under the inoculation of 108 cells/ml, 106 cells/ml, 104 cells/ml and 102 cells/ml, respectively 
(20 ml). In the upper ranks: control (no inoculation), in the lower ranks: inoculated samples (labo-
ratory experiments).  

 

2. Morphometric parameters of the root system in spring wheat (Triticum aesti-
vum L.) var. Saratovskaya 29 seedlings inoculated with FAb-Sp7 bacteriophage 
isolated from Azospirillum brasilense Sp7 (laboratory experiments) 

Root length, cm 
Variant 

Number of roots 
per seedling, pcs maximum maximum 

Number of lat-
eral roots, pcs 

I 4.7±0.2 8.3±0.3 2.9±0.2 4.0±0.2 
II 5.1±0.1 6.5±0.1 1.6±0.2 4.2±0.2 
III 5.0±0.1 7.6±0.2 2.1±0.3 5.5±0.2 

N o t e. I — control (no inoculation); II и III — inoculation (20 ml of bacteriophage suspension with the titer of 
108 particles/ml and 106 particles/ml, respectively). Arithmetic mean values and standard deviations (errors) are 
summarized for 264 seedlings of each variant. 

 

Some properties of bacteriophage FAb-Sp7 isolated from the A. brasi-
lense Sp7 cells have been described earlier [18]. In our studies, the mean num-
ber of roots after the treatment of wheat seedlings with bacteriophage prepara-
tions was actually unchanged (Table 2). Under increased bacteriophage suspen-
sion density, the maximum and the minimum root length was reduced. The 
number of lateral roots grew only when the suspension with a density of 106 
phage particles per milliliter was used.   

Simultaneous inoculation with Azospirillum suspension and phage particles 
resulted in a mild increase in the mean root number and in the 1.5 times de-
crease in the maximum root length, in the 1.8 times decrease in its minimum 
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length, and in the 1.5 times increase of the number of lateral roots (Table 3).  

3. Morphometric parameters of the root system in spring wheat (Triticum aesti-
vum L.) var. Saratovskaya 29 seedlings with simultaneous inoculation with Azo-
spirillum brasilense Sp7 and bacteriophage FAb-Sp7 isolated from this strain 
(laboratory experiments) 

Root length, cm 
Variant 

Number of roots 
per seedling, pcs maximum maximum 

Number of lat-
eral roots, pcs 

I 4.8±0.2 8.3±0.3 2.9±0.2 4.0±0.2 
II 4.9±0.2 7.6±0.2 2.1±0.2 4.1±0.1 
III 5.2±0.3 7.9±0.4 1.7±0.3 6.1±0.4 
IV 5.0±0.1 7.6±0.2 2.1±0.3 5.5±0.2 

N o te. I — control (no inoculation); II — A. brasilense Sp7 inoculation (102 cells/ml, 20 мл); III — simultaneous 
inoculation with A. brasilense Sp7 (102 cells/ml) and bacteriophage FAb-Sp7 (106 particles/ml) (20 ml); IV — in-
oculation with bacteriophage FAb-Sp7 (106 particles/ml, 20 ml). Arithmetic mean values and standard deviations 
(errors) are summarized for 264 seedlings of each variant. 

 

In case of seedling inoculation with Azospirillum, the tensile root 
zone decreased 3.0 times, and the absorption zone decreased 1.5 times (Table 4). 
When treated with Azospirillum suspension with bacteriophage added, the tensile 
zone decreased 3.3 times, and the zone of root hairs decreased 1.5 times.  

4. Zone area and root hair development in spring wheat (Triticum aestivum L.) 
var. Saratovskaya 29 seedlings simultaneously inoculated with Azospirillum bra-
silense Sp7 and bacteriophage FAb-Sp7 isolated from this strain (laboratory ex-
periments) 

Zone area, cmа 
Variant 

root tensile root hair 
Total root  
length, cm 

Number of root hairs per  
1 mm, pcs (versus control, %) 

I 0.38±0.2 9.3±0.2 9.69 55.0 (100 %) 
II 0.11±0.1 6.1±0.2 6.17 70.9 (129 %) 
III 0.12±0.2 6.3±0.3 6.38 63.1 (115 %) 
IV 0.18±0.1 8.0±0.4 8.18 55.6 (101 %) 

N o t e. I — control (no inoculation); II — simultaneous inoculation with A. brasilense Sp7 (108 cells/ml) and 
bacteriophage FAb-Sp7 (titer of 1011 particles/ml) (20 ml); III — inoculation with  A. brasilense Sp7 (108 cells/ml, 
20 ml); IV — inoculation with bacteriophage FAb-Sp7 (1011 particles/ml, 20 ml); а — arithmetic mean values and 
standard deviations (errors) are summarized for 40 roots of each variant. 

 

When wheat seedlings were incubated with Azospirillum cells, an in-
crease in the number of root hairs (15 % on average compared to control) was 
observed, when incubated with bacteriophage FAb-Sp7, significant changes in 
this value were not observed (Fig. 2, see Table 4). Simultaneous inoculation with 
bacteriophages FAb-Sp7 and Azospirillum strain Sp7 increased the number of 
root hairs significantly (29 %) while no significant changes in the formation of 
lateral roots were observed.  

In general, after inoculation with A. brasilense Sp7 in the lysogenic 
state, with FAb-Sp7 bacteriophage preparation and with their combination, the 
total root length, the number of lateral roots, the area of root zones, the num-
ber and length of root hairs varied more or less, and significantly in case of si-
multaneous inoculation.  

To date information indicates the positive effect of wheat plant root sys-
tem inoculation with nitrogen-fixing Azospirillum bacteria but the mechanisms of 
this effect is not known yet. For example, there is no information about whether 
Azospirillum cells are infected or uninfected with bacteriophages and how the ly-
sogenic state of bacteria affects the associative interaction with the plant. Despite 
the long history of using bacteriophages, they are very poorly studied in soil mi-
croorganisms, and especially it relates to their participation in the association of 
microorganisms with plants. Perhaps, the effect of bacteriophages is associated 
with their function of the control over the number and condition of the popula-
tion of associative soil bacteria. Thus, they are capable of determining the inter-
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action with plant root system and, ultimately, their productivity which may be 
one of the ways of increasing the efficiency of microbial-plant systems.  

 

А B 

 
C D 

 
Fig. 2. Roots of  7-day-old spring wheat (Triticum aestivum L.) var. Saratovskaya 29 seedlings in-
oculated with Azospirillum brasilense Sp7 and bacteriophage FAb-Sp7 isolated from this strain: A ― 
control (no inoculation); B ― inoculation with A. brasilense Sp7 (an increase in the number of root 
hairs); C ― inoculation with FAb-Sp7; Г ― inoculation with A. brasilense Sp7 together with FAb-
Sp7 (a significant increase in the number of root hairs). Confocal microscopy (½360, TCS SP5, Leica 
Microsystems, Germany). Stained in methylene blue.  

 

Thus, formation of symbioses with the cereal root system increases the 
productivity of the latter. The study of role of bacteriophages in associative inter-
actions of Azospirillum cells with plants is of particular importance. In the exam-
ple of the model strain A. brasilense Sp7 and bacteriophage FAb-Sp7 isolated from 
the same strain, as well as wheat seedlings, the effect of azospirillum bacterio-
phages on the changes in wheat root morphology was studied. Changes in the total 
root length, the number of lateral roots, the root zone area, the number and 
length of root hairs in wheat seedling root system after inoculation with A. brasi-
lense Sp7 cells in the lysogenic state and bacteriophage FAb-Sp7, as well as simul-
taneous inoculation with Azospirillum cells and bacteriophage have been shown. 
Significant changes in the wheat seedling root system were recorded after simulta-
neous inoculation with Azospirillum cells and bacteriophages. Based on the results 
of the study, it is suggested that bacteriophages of Azospirillum are involved into 
complex interaction of bacteria with wheat root system and can influence the ef-
fectiveness of associative relationships between the plant and microorganisms.  
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