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Abstract

The growth of vegetable plants is dependent on numerous environmental factors, including
the presence of rhizosphere bacteria that produce phytohormones and support mineral
uptake. The aim of this study was to determine the effect of symbiotic bacteria belonging
to the Rhizobium leguminosarum species and other PGPR bacteria: Bacillus cereus, Chryseobac-
terium lathyri, and Lysinibacillus fusiformis, on seed germination and plant growth of a few
crop species (i.e., white cabbage, broccoli, red pepper, and sugar beet). Three inoculation
variants were tested: a mixture of R. leguminosarum strains (R), a mixture of other PGPR
bacteria (B), and a combination of both of them (R + B). Biometric parameters such as
seed germination, seedling growth, and the length and weight of upper parts and roots
were determined. Our results showed diverse responses of the studied crop species to
the bacterial mixtures used. In the case of variants R and R + B, the strongest effect of
inoculation on seed germination and plant growth was observed. The obtained results
indicated the agricultural potential of the analyzed bacterial consortia as biological support
for the production of vegetable crops. They also emphasize the need for further research
on their effectiveness in various environmental conditions.

Keywords: symbiotic bacteria; PGPR; seed germination; plant growth stimulation; white
cabbage; broccoli; red pepper; sugar beet

1. Introduction
Since the green revolution in the last century, agrochemicals, especially nitrogen (N),

have been extensively used for crop production. Although this approach resulted in a
remarkable increase in crop yield, it drastically reduced soil fertility and fossil reserves,
leading to negative effects on the environment and ecological sustainability [1]. As a
consequence, excessive N in water reservoirs and emissions of N in different forms play an
important role in global climate change and acid rain, causing several health problems for
humans and the environment.

Field crops are increasingly intensified to meet human food needs and renewable
energy resources. However, climate change is forcing humans to reorient strategies and
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develop a more sustainable and resilient agriculture [2]. Global warming may shorten crop
cycles in cold regions (temperate climate regions) but has serious negative consequences for
agriculture in arid and semiarid regions, in which drought is the main factor limiting the
productivity of field crops [2,3]. Furthermore, other environmental factors essentially affect
crop yields. Among them are nutrient limitation, salinity, toxic compounds, and heavy
metal pollution [4–6]. Therefore, modern agriculture is now a promising alternative to tra-
ditional crop production. It requires the development of new eco-friendly and cost-efficient
methods [7]. With the increasing demand for alternative solutions to replace or optimize
the use of synthetic fertilizers and pesticides, inoculation with bacteria—commonly re-
ferred to as PGPR—that can contribute to plant growth and health is essential. These
microorganisms belong to different species and possess unique and valuable phenotypic
traits [8–11].

Soil is a challenging environment for all organisms residing in it, including plants and
bacteria, where different conditions may change rapidly [12]. Therefore, they have to adapt
to survive. The health and growth of plants are directly linked to their root-associated
microbiota [13], as they are able to recruit soil microorganisms that are important for their
survival and beneficial development [14–16]. Soil microorganisms are responsible for the
carbon cycle (C) and the cycle of mineral elements (N, P, and K), which are the main limiting
factors of plant growth. Furthermore, the microbiota associated with plant roots, which
utilize root exudates as a source of C and energy, play an important role in the transfer
of water and mineral elements to plants [17,18]. Bacteria associated with roots and aerial
parts of plants are also engaged in the protection of their health against pathogens [19–21].
The mechanisms that enhance plant growth and health include the production of phyto-
hormones (e.g., auxins), abscisic acid, indole-3-acetic acid, and siderophores, as well as
inorganic phosphate solubilization and a decrease in the concentration of endogenous
ethylene by ACC deaminase activity [16,22–25]. Bacterial interactions with plants can also
increase both the root number and the leaf area [26]. Moreover, PGPR are able to protect
plants against various abiotic stresses, such as salt and metal pollution, by mechanisms of
capturing pollutants inside their cells or altering water use by plants [27–29]. Therefore,
the use of bacterial strains in modern agriculture seems to be highly beneficial for plant
growth and the quality of produced food. Inoculation of a single bacterial strain or a com-
bination of bacterial strains can stimulate plant growth and resistance to abiotic stresses,
as well as ensure protection against several pathogens [30–33]. The positive effects of this
type of biostimulation of plant growth and response to environmental stresses have been
confirmed in many different plants, including beans, chickpea, vetch, wheat, soya, and
maize [15,21,27,34–36]. The most widely studied bacteria exerting a confirmed positive
effect on plant growth under stress conditions belong to many genera, such as Pseudomonas,
Azospirillum, Bacillus, Paenibacillus, Brevibacillus, Pantoea, Rhizobium, Bradyrhizobium, Ensifer,
and Serratia [7,8,16,19,26,27,37–39]. Among the properties of these PGPRs, the production
of exopolysaccharides (EPS) is very important. This polymer ensures effective coloniza-
tion of the plant root surface and rhizosphere, which is the first step of plant-bacterium
interactions. Furthermore, EPS is important for the structuring of root-adhering soil. Many
bacteria possess the ability to synthesize EPS. However, substantial differences in their
sugar composition, structure, size, and level of synthesis have been found [5,8,40–45]. Bac-
terial EPS also helps to protect plants against biological and physical stresses (desiccation,
nutrient limitations, toxic compounds, and pathogens) [46,47]. Hence, the implementation
of cost-efficient and eco-friendly methods of plant cultivation, characterized by a reduced
use of water and synthetic fertilizers, is highly demanded. Inoculation with specific bacteria
or fungi is relatively easy in application; however, it suffers from some drawbacks. Among
these are the high specificity towards specific hosts of specific plant growth-promoting
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microorganisms and their unpredictable or non-uniform response to environmental con-
ditions [7,48]. Inoculation with single bacterial strains has been the preferred form of
plant biotization. However, the results of such treatments are usually very ambiguous [49].
Thus, simultaneous co-inoculation with different bacterial species brings better results in
terms of plant development than inoculation with single bacterial strains. In the natural
environment, plants harbor a high variety of different microorganisms that play diverse
roles in host fitness and drive the functioning of microbial consortia introduced into the
rhizosphere [7,8,37,50]. Utilization of consortia containing phylogenetically distinct mi-
croorganisms has not been investigated as readily, but this approach potentially carries
several advantages over inoculation with a single bacterium.

In this study, we tested three consortia (R, B, and R + B) composed of bacterial strains
belonging to different genera in accelerating the growth of a few vegetable plants that are
very important in the human diet. For this analysis, four plant species: Brassica oleracea
var. capitate (white cabbage), Brassica oleracea var. italica (broccoli), Capsicum annuum L.
(sweet red pepper), and Beta vulgaris subsp. vulgaris var. saccharifera (sugar beet), which are
known for their nutritional and health-promoting properties, were chosen. These plants are
a rich source of vitamin C, carotenoids, minerals, and polyphenols and serve as material
for sugar production in countries located in temperate climate regions. The cultivation
of these vegetables is maintained at a very high production level all over the world. The
leaders in the production of cabbage and broccoli include China (35.5 mln t/year (60% of
the global production) and 9.6 mln t/year (43%), respectively) and India (10 mln t/year
(17%) and 9.2 mln t/year (41%), respectively) (data for 2023) [51]. Moreover, the USA,
Spain, and Mexico are important producers of these vegetables [51,52]. China is also a
leading country in the production of red peppers, yielding 16.8 mln t of this vegetable
per year, which constitutes 53% of the world’s production. Other important red pepper
producers are Mexico (3.11 mln t; 9.7%), Indonesia (3.02 mln t; 9.5%), and Turkey (3 mln t;
9.4%). In turn, sugar beet is cultivated mainly in Europe and North America. The most
important producers are Russia, France, the USA, Germany, Turkey, and Egypt [51,52].

For preparation of bacterial consortium R, four symbiotic strains belonging to Rhi-
zobium leguminosarum species, isolated from root nodules of pea (Pisum sativum L.) and
faba bean (Vicia faba L.) plants, were used. These strains were selected based on their
previously characterized phenotypic traits, such as vigorous growth and efficient EPS
production. In addition, three bacterial species: Bacillus cereus, Lysinibacillus fusiformis, and
Chryseobacterium lathyri were included in the analyses and formed consortium B. They
were isolated from Arabidopsis arenosa belonging to the Brassicaceae family and have been
previously described as components of a larger bacterial consortium that had a positive
effect on the growth of cabbage seedlings [7]. The third consortium (R + B) was composed
of all seven tested strains.

The aim of our study was to check the stimulation potential of three proposed bacterial
consortia in seed germination and plant growth. We examined the influence of these
consortia using both sterile controlled conditions and unsterile soil conditions. Our results
showed positive stimulatory effects on both seed germination and plant growth processes.
The range of changes was different and depended on both the plant and the bacterial variant
used. The data suggest that such consortia may be used as a promising, cheap, natural, and
eco-friendly method to enhance plant growth in horticulture systems. However, to verify
the persistence of the effect of inoculation during greenhouse culture, additional field trials
are necessary.
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2. Materials and Methods
2.1. Bacterial Strains and Media

In this study, four symbiotic strains belonging to the Rhizobium leguminosarum species
were used. These strains were isolated from root nodules of pea (Pisum sativum L.) and
faba bean (Vicia faba L.) plants (Table 1). Moreover, three strains representing Bacillus cereus
(strain 287), Lysinibacillus fusiformis (strain 290), and Chryseobacterium lathyri (strain 300)
were studied. These bacteria were isolated from roots and leaves of Arabidopsis arenosa,
as described earlier [7]. The rhizobial strains were grown in a rich 79CA agar medium,
whereas the other bacteria were cultivated in PDA agar medium [7,53].

Table 1. Bacterial strains used in this study.

Species Strain Characterization Source (Reference)

Rhizobium
leguminosarum

P16
P22

Isolates from pea root nodules
(Pisum sativum L.)

(Collection of the Department of
Industrial and Environmental
Microbiology, M. Janczarek)

Rhizobium
leguminosarum

B19
B1K

Isolates from faba bean root
nodules (Vicia faba L.)

(Collection of the Department of
Industrial and Environmental
Microbiology, M. Janczarek)

Bacillus cereus 287 Isolate from Arabidopsis arenosa (L.) [7]

Lysinibacillus
fusiformis 290 Isolate from Arabidopsis arenosa (L.) [7]

Chryseobacterium lathyri 300 Isolate from Arabidopsis arenosa (L.) [7]

2.2. Preparation of Bacterial Consortia

For the preparation of bacterial consortia, R. leguminosarum strains (B19, B1K, P16,
and P22) were grown on plates containing 79CA agar medium at 28 ◦C for 5 days. After
this time, bacteria were collected from the plates and introduced into flasks containing
100 mL of sterile water to obtain suspensions with an optical density of OD600 = 0.4. For
each strain, one 100 mL suspension was prepared. The four suspensions containing strains
B19, B1K, P16, and P22, respectively, were mixed in a ratio of 1:1:1:1 (vol./vol./vol./vol.),
and the resulting mixture was designated R. Then, the suspension was diluted using
sterile water to a final optical density of OD600 = 0.1. A similar procedure was used for
the Bacillus cereus 287, Chryseobacterium lathyri 300, and Lysinibacillus fusiformis 290 strains.
These bacteria were grown on plates containing PDA agar at 30 ◦C for 5 days. Next, the
bacteria were harvested from the plates and suspended in 100 mL of sterile water to an
OD600 = 0.4. The suspensions were mixed in a ratio of 1:1:1 (vol./vol./vol.). This bacterial
consortium (designated as B) was subsequently diluted with sterile water to a final density
of OD600 = 0.1. The third consortium, R + B, was obtained by mixing bacterial suspensions
R and B with an OD600 = 0.1 in a ratio of 1:1 (vol./vol.).

2.3. Plant Material and Medium Used for Seed Germination

Seeds of the following four vegetable plants were tested: white cabbage (Brassica
oleracea var. capitate), broccoli (Brassica oleracea var. italica Plenck, Cesar), sweet red pepper
(Capsicum annuum L., Ożarowska), and sugar beet (Beta vulgaris subsp. vulgaris var. sac-
charifera) (W. Legutko Breeding and Seed Company, Jutrosin, Poland). Surface-sterilized
seeds were used in all experiments. Before sowing, the seeds were surface sterilized by
immersion in 0.1% HgCl2 (30 s), triple rinsing in sterile water (3 min), a second immersion
in 96% ethanol (30 s), and double rinsing in water (for 3 and 5 min, respectively).
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2.4. Determination of Seed Germination Efficiency in the Presence of Bacterial Consortia

To evaluate the germination process, sterile filter paper disks were placed in sterile
Petri dishes (three per plate). Fifteen seeds of each of the tested variants (control, without
bacteria (K), and bacterial mixtures R, B, and R + B) were placed on the plates. A total of
7.5 mL of the appropriate bacterial suspension was added to the seeds (0.5 mL/seed). In
the case of the control, sterile water was used. Next, the seeds were incubated at 20 ◦C for
9 days. Germination efficiency was assessed on days 6 and 9 after the inoculation of the
seeds to evaluate the kinetics of this process. The experiment was conducted in April 2024.

Seed germination and seedling growth were examined using sterilized pots containing
2 L of solid Hoagland’s medium [54]. The seeds were placed on the surface of the medium
and incubated at 20 ◦C for 4 days in a phytotron (Biogenet) (63% humidity, photoperiod:
11 h of light and 13 h of darkness). Twenty seeds per plant and bacterial variant were
used. Next, the seeds were inoculated with the appropriate bacterial consortia (0.5 mL of
OD600 = 0.1/seed) or sterile water (control group), and their incubation was continued
for 14 days. After this time, germination efficiency and seedling growth were assessed.
The experiment was performed twice (conducted in April–May 2024). Zero variants in
the biological replicates were obtained when the same number of seeds germinated in a
particular variant tested, or all tested seeds germinated (100%).

2.5. Plant Growth in Soil in the Greenhouse

Seed germination and plant growth of four vegetable species were tested in pot
experiments in a greenhouse located in Lublin, Poland (51◦15′55–57′′ N, 22◦32′6–10′′ E).
The experiment was conducted in July 2024. For this approach, pots with a diameter of
25 cm, with 2 kg of a medium containing garden soil, sand, and granular perlite in a ratio of
2:1:1 (g/g/g), were used to ensure good soil permeability and structure, as well as similar
nutrient and pH conditions. The experiment was performed using 40 seeds per plant type
and bacterial variant tested (6 or 7 seeds/pot). The universal garden soil used had a pH of
5.5–6.5. The seeds were sown at 6 cm spacing, watered with 100 mL of sterile water, and
incubated in the greenhouse (25 ◦C, 11 h of light; 18 ◦C, 13 h of darkness). After 24 h, 50 mL
of individual bacterial consortia with an OD600 = 0.1, prepared according to the procedure
described above, were added into each pot. The plants were cultivated for 3 weeks. After
this time, the plants were harvested, and their roots were cleaned with water and placed
on filter paper to eliminate the remaining liquid. Next, the length and weight of shoots and
roots were determined.

2.6. Statistical Analyses

Statistical analysis was carried out using Statistica ver. 13.0 (StatSoft Inc., Tulsa,
OK, USA). Normality of data distribution was assessed using the Shapiro–Wilk test and
homogeneity of variances was evaluated using Levene’s test. The obtained results were
analyzed using the non-parametric Kruskal–Wallis test and post hoc multiple comparisons
of mean ranks at α = 0.05. The results of all experiments are presented as arithmetic means
with standard deviations.

3. Results
3.1. Effect of Bacterial Consortia on Seed Germination Under Sterile Conditions

In this study, three bacterial consortia, R, B, and R + B, were composed on the basis of
soil symbiotic bacteria R. leguminosarum (B19, B1K, P16, and P22) and other PGPR strains
(Bacillus cereus 287, Chryseobacterium lathyri 300, and Lysinibacillus fusiformis 290). These
mixtures were tested on both seeds and young seedlings of white cabbage, broccoli, red
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pepper, and sugar beet, which are very important in the human diet and are commonly
cultivated over a large area.

At first, the influence of bacterial consortia R, B, and R + B on the germination efficiency
of seeds of the four vegetable plants was examined under sterile conditions. Surface-
sterilized seeds were placed in Petri dishes containing sterile filter paper disks and water
(control group) or one of the tested bacterial mixtures. Next, the seeds were incubated at
20 ◦C for 9 days in darkness. After 6 and 9 days, the number of germinated seeds was
counted, and the length of 9-day seedlings was measured. The data obtained are shown in
Figure 1 and Table S1 (Supplementary Materials).

Figure 1. Length of 9-day seedlings of sugar beet, white cabbage, broccoli, and red pepper after
treatment with different bacterial consortia R, B, and R + B. The data are average values ± standard
deviation (SD) obtained from 20 seedlings for each plant and variant tested (n = 2). Statistically
significant differences between inoculation variants for the individual plant are marked with a *
(Kruskal–Wallis test; p < 0.05).

Our results indicated that the seeds of individual plants differed in the speed and
efficiency of germination under the control conditions. The seeds of broccoli and sugar beet
germinated fast and very effectively, reaching 60% and 80% of the tested seeds at day 9 of
the experiment. The red pepper seeds germinated more slowly, since 23.3% and 66.7% of
the seeds were germinated on days 6 and 9, respectively (Table S1). In contrast, the rate of
germinated white cabbage seeds was the lowest (20%) among the tested plants.

Next, the effects of the bacterial consortia on seed germination were checked. When
compared to the untreated seeds (K), the changes observed differed and were dependent on
the plant type tested. In the case of white cabbage, the highest increase in seed germination
after stimulation by the bacterial consortia was found; it ranged from 20% in K to 50% in R,
and even 73.3% in R + B (data for 9-day seedlings). Mixture B also positively affected seed
germination, but the observed effect was weaker (33.3%). Similarly, the three consortia
also positively affected seed germination in broccoli; however, the observed effects were
weaker than in the case of the cabbage seeds. Both consortia R and B slightly increased the
rate of germinated seeds (by 6.7–10%), and a stronger stimulation effect was observed (by
26–27%) when a mixture of both R and B consortia was simultaneously used. The similar
strong positive effects of consortium R + B on these plants can be explained by the fact that
white cabbage and broccoli belong to the same Brassicaceae family. For red pepper, the
inoculation of the seeds with the bacterial mixtures had opposite effects than those found
for cabbage and broccoli. Consortium B resulted in a decrease in seed germination of 33.4%
(from 66.7% to 33.3%). A more pronounced negative effect was observed when the seeds
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were treated with consortium R + B (40% reduction in comparison to the control). In the
case of sugar beet seeds, the use of R stimulated this process (increased germination to
96.7–100% on days 6 and 9, respectively). In contrast, the use of B and R + B negatively
affected germination since the rate of germinated seeds under these conditions was reduced
to 20% (B) and 13.3% (R + B). These data indicated that the red pepper and sugar beet seeds
were sensitive to bacteria present in mixture B, which, in some way, negatively influenced
this process.

In conclusion, the highest stimulatory effect on seed germination was observed for
cabbage after the treatment with R + B and for sugar beet after the treatment with R. The
opposite, negative effect of seed inoculation with the bacterial mixtures was observed for
red pepper and sugar beet, when the B and R + B consortia, containing Bacillus cereus 287,
Chryseobacterium lathyri 300, and Lysinibacillus fusiformis 290, were used.

In the next step, the effect of inoculation with bacterial consortia on seedling growth
was examined. To this end, the length of 9-day seedlings was measured and compared
between the bacterial variants tested (Figure 1).

The lengths of the seedlings inoculated with bacterial mixtures R, B, and R + B were
compared to the length of the control seedlings. Our results showed that the growth
of young seedlings was stimulated by the tested consortia in the case of sugar beet (R),
broccoli (R and R + B), and red pepper (B and R + B), whereas no effect (R, R + B) or
even a slight decrease in this parameter (B) was found for white cabbage. The highest
stimulatory effect on the seedling growth was observed for broccoli. R and R + B proved to
be highly efficient, suggesting that the rhizobial strains occurring in these mixtures were
most probably responsible for this effect. The longest seedlings were obtained in variant
R (13.8 cm; 215.6% of the control; p = 0.0001), where their average length was two times
higher than that in the control group (6.4 cm). Variant R + B also had a positive effect on
broccoli growth, but the stimulation was slightly weaker (10.41 cm; 162.5%; p = 0.0006).
The B variant had no significant effect (6.70 cm; 104.7%; p > 0.05). In the case of sugar beet,
only R positively affected the seedling growth (128.4% of the control; p = 0.0333) (Figure 1).
In contrast, both B and R + B negatively influenced sugar beet growth (p = 0.0001 and
p = 0.0001). For cabbage, the length of seedlings in the control group, R, and R + B was
very similar (no statistically significant changes). Mixture B had a negative effect on the
growth of young cabbage plants (p = 0.0002), and likewise, in sugar beet. In the case of red
pepper, a moderate stimulation of the growth was found for seedlings inoculated with B
(120%) and R + B (174%). Inoculation with the R variant yielded the lowest value (89.6%).
However, the observed differences were not statistically significant (p > 0.05).

In conclusion, our data showed that the effectiveness of bacterial inoculation is depen-
dent on the plant and bacterial mixture used. The best results were obtained for broccoli
and sugar beet inoculated with variant R. In the case of red pepper, positive effects were
obtained for variants B and R + B, while cabbage seedlings were not influenced by the
bacterial mixtures.

3.2. Effect of Bacterial Consortia on Seed Germination and Plant Growth Tested in Solid
Hoagland’s Medium

In the additional experiment, seed germination and seedling growth were examined
using solid Hoagland’s medium, which is designed for plant growth. For this approach,
the seeds were surface sterilized, placed on the surface of the medium, and incubated
at 20 ◦C for 4 days in darkness (in a phytotron). Then, the bacterial suspension with an
OD600 = 0.1 was added to the seeds/seedlings, and their cultivation was continued for
another 14 days in light and darkness periods. After this time, the germination rate and
growth effectiveness of plants uninoculated and inoculated with bacterial consortia were
determined (Table S2). In the control group (K), the highest germination rate was observed
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for the seeds of sugar beet (80%) and red pepper (75%); it was slightly lower for broccoli
(75%) and white cabbage (60%). These data showed that these experimental conditions
were favorable for seed germination of the tested plants. When bacterial consortia were
applied, a similar tendency was observed as in the previous experiment with the use of
liquid conditions for the seedling growth (Table S1, Figure 1). Here, in the case of cabbage
and broccoli, inoculation with R, B, and R + B resulted in a moderate increase in germination
rates in comparison to the control group, with R + B exerting the strongest effect (up to
90%). For red pepper and sugar beet, no stimulation effect on the seed germination was
observed under the conditions examined (the only exception was R for sugar beet, with
an increase from 80% to 95%). An explanation of these results may be the fact that the
migration of bacterial cells in the solid agar medium was reduced in comparison to the
liquid conditions.

Next, the length and weight of both the upper parts and roots of plants grown in
the absence and presence of the consortia were measured (Table S2). Our results showed
that the inoculation of the seeds with the tested bacterial mixtures had positive effects
on the growth of young plants. However, the effect of the stimulation varied between
the plants examined. In the case of white cabbage and sugar beet, the R, B, and R + B
mixtures positively affected plant growth, as evidenced by the longer shoots and roots
and the higher weight of these parts in relation to the control plants. The strongest effect
was observed for R and R + B (with statistically significant differences in the majority of
the tested parameters; p-values from 0.0006 to 0.0335). Consortium B had a weaker or no
influence on the plant growth (p > 0.05). Similar positive effects of these bacterial mixtures
were observed in broccoli; however, the range of stimulation was slightly weaker than
that observed for white cabbage and sugar beet. Statistically significant differences were
only found for the plant length after the treatment with B (p = 0.0051). In the case of the
red pepper plants, a strong stimulatory effect of R and R + B on the length and weight
of roots was found (p = 0.0003 and p = 0.008). Treatment B had a very low influence on
plant length and no effect on plant weight (p > 0.05). R strongly stimulated the length and
weight of white cabbage, red pepper, and sugar beet, whereas in broccoli, it increased only
their weight.

In summary, consortia R, B, and R + B had a positive effect on the development and
growth of the tested vegetable plants. However, their efficiency in stimulation was different
and dependent on the plant species. Among the bacterial consortia, R and R + B proved to
be the most effective.

3.3. Effect of Bacterial Consortia on Seed Germination and Plant Growth in the Pot Experiment

Subsequently, the influence of the bacterial consortia on seed germination and plant
growth was examined under unsterile soil conditions, where autochthonous bacteria were
present. For this approach, sterile seeds were used and cultivated in pots containing soil,
sand, and perlite in a ratio of 2:1:1 (g/g/g) for 3 weeks under greenhouse conditions. After
sowing, the seeds were inoculated with appropriate bacterial mixtures. Seeds without
inoculation were used as a control. The germination effectiveness was checked after 7,
14, and 21 days (Table S3). In general, the seeds germinated effectively under the tested
conditions, achieving from 65% (broccoli) to 81.25% (sugar beet) after the first 7 days.
The only exceptions were the seeds of red pepper (7.5%). Finally, a high germination
level was observed for all the tested plants after 21 days, with a range from 62.5% (red
pepper) up to 97.5% (sugar beet). The analysis of the effect of the bacterial consortia on
the germination revealed that they affected this process differently. This depended on the
plant examined, suggesting that it is based on specific plant–microbe interactions. In the
case of white cabbage, only R + B highly increased the ratio of germinated seeds (95% in
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comparison to 76.25% in the control). For broccoli, all consortia positively affected this
process; however, the highest effect was observed for R + B (91.25% in relation to 77.5%).
Similarly, all consortia stimulated the germination of red pepper seeds. R + B and R were
the most effective, depending on the time point examined (R + B after 7 days, whereas R
after 21 days). Since the seeds of sugar beet germinated very effectively, the lowest changes
in their germination levels after bacterial inoculation were observed. Nonetheless, the
treatment of the seeds with all the examined consortia yielded a positive effect after the first
7 days of the experiment, and R and R + B had the highest stimulatory effects (Table S3).
Next, the shoots and roots of the tested plants were measured and weighed (Figure 2).

Our results indicated that the bacterial consortia were also effective in the stimulation
of plant growth. However, the range of this effect was different and dependent on the indi-
vidual plant and the bacterial mixture tested. For white cabbage, the consortia had a positive
effect on the root length of plants grown under these conditions (statistically significant
differences; R versus C p = 0.00002; pB/C = 0.0003; pR+B/C = 0.0348) (Figure 2A). R, B, and
R + B also positively affected these parameters for shoots (pR/C = 0.00018, pB/C = 0.0001,
pR+B/C = 0.0001) and, consequently, for whole plants (pR/C = 0.00001, pB/C = 0.0001,
pR+B/C = 0.0001). However, no statistically significant differences were found between
the data for R, B, and R + B (Figure 2A,B). As shown by the analysis of the weight of the
upper parts and whole white cabbage plants, R, B, and R + B significantly increased these
parameters (for shoots: pR/C = 0.00001, pB/C = 0.00002, pR+B/C = 0.00002; for whole plants:
pR/C = 0.00001, pB/C = 0.00001, pR+B/C = 0.00002) (Figure 2B).

In the case of broccoli, slightly longer roots were found in plants treated with
R + B in relation to the control (pR+B/C = 0.000132) and plants independently treated
with R and B (p > 0.05) (Figure 2C,D). A slight positive effect of R on the length of
shoots (pR/C = 0.00284) and whole plants (pR/C = 0.004319), as well as R and B on the
weight of shoots (pR/C = 0.007684, pB/C = 0.005671) and whole plants, was also found
(pR/C = 0.004924, pB/C = 0.003429). For red pepper (Figure 2E,F), statistically significant
differences were only found for the length of the upper parts and whole plants after the
treatment with B (pB/C = 0.001481 and pB/C = 0.01306). A significant stimulatory effect was
also found for the weight of shoots after the treatment with B and R + B (pB/C = 0.005032 and
pR+B/C = 0.000284), as well as for the weight of roots pR+B/C = 0.003057) and whole plants
after the treatment with R + B (pR+B/C = 0.00027). For sugar beet, the bacterial consortia
moderately affected the plant growth (Figure 2G,H). R slightly increased the length of the
roots, upper parts, and whole plants (pR/C = 0.000632, pR/C = 0.000049, pR/C = 0.000005),
whereas B had opposite effects, as a decrease in the length (roots—pB/C = 0.004351, stem—
pB/C = 0.012792, total length pB/C = 0.000259) and weight of plants treated with this bacterial
consortium was observed in relation to the control and the other bacterial variants (roots—
pB/C = 0.000002, stem—pB/C = 0.0000012, total length pB/C = 0.000023). Moreover, R + B
resulted in a statistically significant increase in the weight of the shoots and whole sugar
beet plants (stems: pR+B/C = 0.0120607 and pR+B/C = 0.019141).

In conclusion, our results indicate that the three bacterial consortia containing differ-
ent sets of rhizobial strains and other bacteria from the Bacillus genus may be useful in
accelerating germination and improving the rooting and growth of young plants of several
cultivated vegetables that are important components of the human diet. However, the
magnitude of the stimulation varied, depending on the plant type and conditions tested.
The highest stimulation rate was recorded under sterile conditions when the role of other
microorganisms was excluded. However, positive stimulatory effects were observed even
under soil conditions in the presence of other organisms. These data suggest that some of
the presented bacterial consortia may be used in future agricultural practice to increase the
production of some vegetable plants.
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Figure 2. Length and weight of upper parts and roots of plants cultivated for 21 days in soil-filled
pots in a greenhouse; (A,B) white cabbage, (C,D) broccoli, (E,F) red pepper, and (G,H) sugar beet.
Sterile seeds were inoculated with different bacterial consortia (R, B, and R + B). Seeds untreated
with bacteria were used as a control (K). The data presented are average values ± standard deviation
(SD) obtained from 40 seedlings for each plant and variant tested. Statistically significant differences
between variants examined for individual plants are marked with a * (Kruskal–Wallis test; p < 0.05).

4. Discussion
Nowadays, there is a need to constantly increase the quantity and quality of produced

food, as consumers are becoming more aware of their health. Therefore, implementation
of new eco-friendly and cost-efficient methods for enhancement of plant growth is highly
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desirable and is an interesting alternative to traditional agrotechnical practices. One of
the promising and effective approaches is biotization of plants using microorganisms
called PGPR that have several unique and important traits that enhance plant health and
yield [15,37,39]. This treatment is relatively easy in application, but it suffers from some
significant drawbacks. Among these are the high specificity towards specific hosts of
specific plant growth-promoting microorganisms and their unpredictable or non-uniform
response to environmental conditions occurring in soil [7,15,37]. Moreover, since the results
of inoculation with single microbial strains are usually very ambiguous, simultaneous
co-inoculation with different bacterial species should bring much better effects. Following
this trend, we have developed the composition of three bacterial consortia, R, B, and
R + B, and tested their efficiency in stimulating seed germination and plant growth in four
species that are important for food production. For this approach, we selected three edible
vegetable plants with high economic importance: cabbage and broccoli belonging to the
Brassica genus, and red pepper Capsicum annum. In addition, sugar beet was included in
these analyses since this plant is commonly cultivated to achieve plant material for sugar
production. Many Brassicaceae plants are known for their nutritional and health-promoting
properties. Most Brassica vegetables are a rich source of vitamin C, carotenoids, minerals,
polyphenols, and species-specific glucosinolates [55,56]. In recent years, broccoli has
become a very popular ‘superfood’ thanks to its phytochemical content and documented
beneficial, particularly anti-carcinogenic, effects [57–59]. Red peppers are a rich source of
vitamins, antioxidants, and fiber, which provide anti-inflammatory benefits. The bacterial
consortia examined in this study were composed of four symbiotic strains belonging
to the R. leguminosarum species and three strains from the Bacillus and Chryseobacterium
genera [7]. We used an optical density of OD600 as a control parameter, which ensured
easy preparation of bacterial suspensions and repeatability. Our earlier results showed
that suspensions of the R. leguminosarum strains with an OD600 = 0.1 contain ~5 × 107 cells
in 1 mL [60,61]. These rhizobia are Gram-negative rods with an average cell length of
1.5–3 µm and width of 0.5–0.9 µm. Bacteria C. lathyri are Gram-negative rods with a size
very similar to that of rhizobial cells (length 1.5–2.5 µm, width 0.5–0.9 µm). L. fusiformis
and B. cereus are Gram-positive bacilli, having slightly larger cell sizes than those of
R. leguminosarum and C. lathyri cells (L. fusiformis: length 2.5–3 µm, width 0.5–0.9 µm;
B. cereus: length 3–5 µm, width 1.2–1.5 µm). To achieve a similar cell number in all
consortia, R + B was prepared so as to contain 50% of cells occurring in R and 50% of
cells present in B. Therefore, the total number of cells of bacterial strains in the R, B, and
R + B consortia, as well as the number of cells of individual strains, were very similar.
These consortia were tested for their stimulatory effects on seed germination and plant
growth under both sterile and soil conditions. Our results indicated that some of the
tested consortia had positive effects on seed germination, rooting, and plant growth.
However, their efficiency in the stimulation of these processes differed and depended on
the type of plant examined. Among the bacterial consortia, R and R + B proved to be
the most effective in all the tested plants. More pronounced effects were observed under
sterile conditions when the role of other microorganisms was eliminated. However, even
under soil conditions, positive stimulatory effects were found. In contrast, consortium B
reduced germination in red pepper and sugar beet under sterile conditions, suggesting
that these bacterial strains negatively affected this process through a direct impact on the
seeds/seedlings or an indirect antagonistic interaction between them. However, under
soil conditions, this negative effect was essentially reduced or even eliminated (e.g., red
pepper length and weight), probably as a result of interactions of bacteria from consortium
B with autochthonous microorganisms. The differences in the responses of the tested
plant species to consortia R, B, and R + B may also be attributed to the differences in the
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chemical composition of seed coat and root exudates between the Brassicaceae and red
pepper and sugar beet. Another explanation may be the different sensitivity of individual
plant species to the strains used in the consortia and various compounds and enzymes
secreted by the bacteria (e.g., ACC deaminase activity, auxin and indole-3-acetic acid
production, EPS synthesis). Despite these difficulties and limitations associated with the
use of bacterial consortia, our data suggest that the presented bacterial preparations can be
used in agricultural practice to accelerate germination, strengthen rooting, and increase
yields of some plants. These results are in congruence with the data presented by other
researchers, who found that inoculation of plants with bacteria belonging to different
strains yielded better effects on plant growth than inoculation with a single strain under
both control and stress conditions [39,62]. An explanation of this observation is the fact that
various microorganisms representing species from phylogenetically distant taxa possess
different metabolic and phenotypic traits that can be potentially beneficial for plants.
These include the ability to synthesize indole-3-acetic acid, siderophores, lactones, and
extracellular polysaccharides and to solubilize inorganic phosphate compounds. Therefore,
bacterial consortia composed of a few strains may have additive or synergistic beneficial
properties [15]. However, it must be taken into consideration that antagonistic effects can
sometimes be found between some bacterial strains. This requires careful consideration
when designing the composition of microbiological consortia.

Our results indicated that symbiotic rhizobia, i.e., the components of the R and R + B
consortia, are efficient in accelerating seed germination and growth of plants belonging
to different species. In natural environments, rhizobia can be microsymbionts of legume
plants, including pea, bean, soybean, vetch, clover, alfalfa, etc., and reduce atmospheric N2

in specific root structures, called nodules, to forms available to plants [63,64]. Among the
properties of rhizobial strains belonging to PGPR is their ability to produce and secrete large
amounts of EPS into the environment. EPS is important for root colonization, biofilm for-
mation, and structuring of root-adhering soil [61,65]. This high-molecular-weight polymer,
generally soluble in water, supports water and nutrient uptake by plants and absorption of
heavy metals and toxic substances [46,47]. In the case of saline soils, the biofilm formed by
EPS reduces the diffusion of salt, thus reducing the adverse effect on plant growth [8,27,31].
The structure of rhizobial EPS has been established for many bacterial species [65,66]. Thus,
the synthesis of EPS seems to be a very important trait for rhizobial activity as a PGPR.
This has recently been confirmed by Tulumello and others, who showed that EPS produced
by symbiotic R. alamii strains improves water stress tolerance in non-legumes [8]. They
showed that R. alamii had a PGPR effect on rapeseed growth, increasing its tolerance to
water stress, probably involving its capacity to synthesize EPS and other plant-growth-
promoting traits. Inoculation with this bacterium significantly increased the shoot biomass
of this plant under water-stressed conditions (+7% for the YAS34 strain and +15% for the
GBV030 strain) [8]. Researchers have confirmed the role of another rhizobial strain belong-
ing to R. laguerreae as a potent biofertilizer for spinach (Spinacia oleracea), boosting growth
and yield by over 73% in mature plants and enhancing the chlorophyll and N contents [67].
This PGPR bacterium very effectively colonized the spinach root surface and stimulated the
development and growth of this plant. Therefore, these findings indicate that R. laguerreae
is an excellent plant probiotic, which increases the yield and quality of spinach, a vegetable
that is increasingly being consumed raw worldwide. These data have shown that rhizobia
are a source of valuable plant growth-promoting molecules important for plant health
and growth, especially under adverse stress conditions [21,68]. As evidenced by other
researchers, some of these metabolites can enhance plant growth via the suppression of
the deleterious effects of other antagonistic molecules, as exemplified by a reduction in the
deleterious effect of ethylene by ACC deaminase synthesized by rhizobia [68]. Moreover,

https://doi.org/10.3390/agronomy16131298

https://doi.org/10.3390/agronomy16131298


Agronomy 2026, 16, 1298 13 of 17

rhizobial strains are also useful in remediation, most probably through their capability
of producing large amounts of EPS that are highly efficient in the elimination of heavy
metal ions from the soil environment [60,69]. Thus, rhizobia are not only microsymbionts
of leguminous plants in nitrogen-fixing symbiosis but are also efficient PGPR that can
act individually or as components of more complex bacterial consortia in accelerating the
growth of several plants.

Our results and data presented by other researchers indicated that the efficiency of
stimulation of seed germination and plant growth is dependent on the plant type. Plant
factors that can reduce this stimulatory effect of bacterial consortia include the chemical
composition of the seed coat, imbibition by seeds, changes in pH of the surrounding
environment during seed germination, and secretion of mucilage and other compounds
by germinating seeds [6,7,14,30,70–74]. For example, capsaicin, the active compound in
chili peppers, is a natural antimicrobial agent with varying activity depending on its
concentration [75,76]. Furthermore, soil properties, environmental conditions, and climatic
parameters are factors that affect the final results [30,70,77,78]. All these data show that,
to maximize the effectiveness of seed germination and plant growth stimulation, many
factors must be considered. These include seed properties and quality, plant requirements
for a given soil type and climatic conditions, and the type of bacteria used for stimulation,
their phenotypic properties, as well as the presence of potential antagonisms between these
microorganisms. Thus, this issue is highly complex and requires determination of many
factors to achieve optimal results.

5. Conclusions
In this study, the effects of symbiotic rhizobia belonging to R. leguminosarum and other

PGPR strains, B. cereus, C. lathyri, and L. fusiformis, on the seed germination and growth of
four plant species (white cabbage, broccoli, red pepper, and sugar beet) were examined.
Three inoculation variants were tested: a consortium containing four R. leguminosarum
strains (R); a consortium containing three strains, B. cereus, Chryseobacterium lathyri, and
Lysinibacillus fusiformis (B); and a combination of both (R + B). Our results indicate the
agricultural potential of these bacterial consortia as biological support for the production
of vegetable crops. The treatment of the seeds with all the examined consortia exerted
a positive effect. However, the range of stimulation varied depending on the plant, the
consortium, and the conditions tested. Consortia R and R + B proved to have the highest
stimulatory effects. The results indicate that the prepared bacterial consortia can be effective
in accelerating germination and promoting better rooting and growth of young vegetable
crops. In conclusion, our data suggest that some of the presented bacterial consortia can be
used in future agricultural practice to increase the production of some vegetable plants.
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determined at 7, 14, and 21 days after seed sowing.
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