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Abstract: Improving the quality of tree planting material for carbon sequestration through reforesta-
tion can help solve environmental problems, including the need to reduce the concentration of carbon
dioxide in the atmosphere. The purpose of this study was to investigate the possibility of using
humic substances in combination with rhizosphere microorganisms Pseudomonas protegens DA1.2 and
Pseudomonas sp. 4CH as a means to stimulate the growth of seedlings of pine, poplar, large-leaved
linden, red oak, horse chestnut, and rowan. Humic substances stimulated the growth of shoots and
roots of pine, large-leaved linden, and horse chestnut seedlings. The effects of bacteria depended on
both plant and bacteria species: Pseudomonas protegens DA1.2 showed a higher stimulatory effect than
Pseudomonas sp. 4CH on pine and linden, and Pseudomonas sp. 4CH was more effective in the case
of chestnut. An additive effect of humates and Pseudomonas protegens DA1.2 on the growth rate of
pine and linden saplings was discovered. Poplar, red oak, and rowan seedlings were unresponsive to
the treatments. The growth-stimulating effects of the treatments are discussed in connection with
the changes in carbon, chlorophyll, and nitrogen contents in plants. The results show the need for
further research in bacterial species capable of stimulating the growth of plant species that were
unresponsive in the present experiments.

Keywords: humic substances; seedling growth; rhizosphere microorganisms; decarbonization; forest
restoration; Pseudomonas sp.

1. Introduction

Humic substances (HSs), which are products of degradation of organic matter con-
tained in soil and extracted from brown coal, peat, and other caustobiolites, are charac-
terized as universal regulators that can improve the properties of both the environment
and living organisms [1–3]. The present investigation studied the possibility of their use
in combination with rhizosphere microorganisms as a means of improving the quality
of tree seedlings for forest restoration and solving the problem of decarbonization. It is
widely accepted that increasing greenhouse gas emissions are causing global warming
and associated climate disruptions, such as frequent droughts and other adverse weather
events and natural disasters, triggering increased interest in finding ways to reduce the con-
centration of carbon dioxide in the atmosphere [4,5]. Growing trees absorb carbon dioxide
through photosynthesis and store carbon in their biomass and soils; therefore, large-scale
tree planting is seen as an effective way to decrease the buildup of carbon dioxide in the
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atmosphere [6]. To reduce the concentration of carbon dioxide in the atmosphere, it is
important to plant trees not only in forests, but also in urban areas; according to some data,
urban areas account for more than half of carbon dioxide emissions [4]. At the same time,
according to American researchers, large-scale achievement of global reforestation goals,
aiming to mitigate the effects of climate change, will require an increase in the number of
tree seedlings by 2–3 times, compared with their number in existing nurseries [7].

The quality of tree seedlings plays an important role in determining the productivity
of nurseries [8]. To increase the productivity of tree nurseries, it is promising to use
preparations of humic substances and bacteria when growing tree seedlings [9]. It is well
known that rhizosphere bacteria [10–12], as well as humic substances [13–15], stimulate
plant growth when used individually. Although much less is known about their effect on
trees than on herbaceous plants, it has been found that both humates [16,17] and rhizosphere
bacteria [18,19] enhance the growth of woody plants. However, only a few studies have
addressed the simultaneous application of these biostimulants. Previously, we successfully
used a combination of humates and rhizosphere bacteria from the Pseudomonas genus to
accelerate the growth of pine and, albeit less successfully, poplar seedlings [9]. However,
it is important to test the effectiveness of this treatment on seedlings of a wider range of
tree species. Species diversity provides the basis for adaptation and stress tolerance, which
is necessary for the long-term survival of forests [20]. It increases the likelihood that at
least some individuals of a plant species will be able to adapt to changing environmental
conditions.

In connection with the above, the purpose of this project was to study the effect of
treating seedlings of not only Scots pine and poplar, but large-leaved linden, red oak, horse
chestnut, and rowan, with a combined preparation of humates and strains of rhizosphere
bacteria Pseudomonas protegens DA1.2 and Pseudomonas sp. 4CH. Seedling growth and
carbon contents in some of them were followed. In addition, the objective of the research
was to study the effect of these treatments on pine seedlings that are lagging in growth.
Such seedlings are usually discarded, thereby limiting production of planting material. We
hypothesized that treatment with humates and Pseudomonas strains could stimulate the
growth of undersized seedlings. Thus, the task of this work was to study the impact of
species diversity of woody plants in the process of developing a complex preparation of
humates and rhizosphere bacteria to improve the quality of seedlings for reforestation and
to increase carbon sequestration.

2. Results
2.1. Shoot Elongation and Accumulation of Seedling Biomass

Measuring the length of shoots of tree seedlings showed that bacterial treatments
alone or in combination with humates accelerated shoot elongation in large-leaved linden
(Figure 1), horse chestnut (Figure 2), and pine (Figure 3) plants.

Treatment of linden seedlings with individually applied Pseudomonas protegens DA1.2
or humates increased the rate of shoot elongation as well as its length and the weight
of above- and below-ground organs compared to the control at the end of the growing
season (Figure 1), while Pseudomonas 4CH produced no effect on the growth of linden
seedlings. The addition of Pseudomonas protegens DA1.2 increased growth-stimulating effect
of humates, while Pseudomonas 4CH did not change it. The effect of the treatments was
surprisingly pronounced when analyzing root mass (Figure 1D). Root mass was 10 times
greater than in the control in the case of a combination of Pseudomonas protegens DA1.2
with humates.
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Figure 1. Increase in shoot length during 2 months of growth (average values for the main and 
lateral shoots) (A), shoot length at the end of the growing season (B), and shoot (C) and root (D) dry 
mass of 2-year-old large-leaved linden (Tília platyphýllos) seedlings (n = 10) after their treatment 
with bacterial preparation (Pseudomonas sp. (4CH) and Pseudomonas protegens (DA1.2)) as well as 
humic substances (HSs), used separately or combined with each other and without treatment 
(control). Boxplots show medians and distributions of values. The whiskers indicate the minimum 
and maximum values. Statistically different means are marked with different letters, p ≤ 0.05 
(one-way ANOVA combined with Duncan’s test). 

  

Figure 1. Increase in shoot length during 2 months of growth (average values for the main and lateral
shoots) (A), shoot length at the end of the growing season (B), and shoot (C) and root (D) dry mass of
2-year-old large-leaved linden (Tília platyphýllos) seedlings (n = 10) after their treatment with bacterial
preparation (Pseudomonas sp. (4CH) and Pseudomonas protegens (DA1.2)) as well as humic substances
(HSs), used separately or combined with each other and without treatment (control). Boxplots show
medians and distributions of values. The whiskers indicate the minimum and maximum values.
Statistically different means are marked with different letters, p ≤ 0.05 (one-way ANOVA combined
with Duncan’s test).
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Figure 2. Increase in shoot length during 2 months of growth (average values for the main and 
lateral shoots) (A), shoot length at the end of the growing season (B), and shoot (C) and root (D) dry 
mass of 2-year-old horse chestnut (Aesculus hippocastanum) seedlings after their treatment with 
bacterial preparation (Pseudomonas sp. (4CH) and Pseudomonas protegens (DA1.2)) as well as humic 
substances (HSs), used separately or combined with each other and without treatment (control). 
Boxplots show medians and distributions of values. The whiskers indicate the minimum and 
maximum values. Statistically different means (n = 10) are marked with different letters, p ≤ 0.05 
(one-way ANOVA combined with Duncan’s test). 

  

Figure 2. Increase in shoot length during 2 months of growth (average values for the main and lateral
shoots) (A), shoot length at the end of the growing season (B), and shoot (C) and root (D) dry mass
of 2-year-old horse chestnut (Aesculus hippocastanum) seedlings after their treatment with bacterial
preparation (Pseudomonas sp. (4CH) and Pseudomonas protegens (DA1.2)) as well as humic substances
(HSs), used separately or combined with each other and without treatment (control). Boxplots show
medians and distributions of values. The whiskers indicate the minimum and maximum values.
Statistically different means (n = 10) are marked with different letters, p ≤ 0.05 (one-way ANOVA
combined with Duncan’s test).
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Figure 3. Increase in shoot length during 2 months of growth (A), shoot length at the end of the 
growing season (B), and shoot (C) and root (D) dry mass of one-year-old Scots pine (Pínus sylvé-
stris) seedlings (n = 10) after their treatment with bacterial preparation (Pseudomonas sp. (4CH) and 
Pseudomonas protegens (DA1.2)) as well as humic substances (HSs), used separately or combined 
with each other and without treatment (control) measured at the end of the growing season. Box-
plots show medians and distributions of values. The whiskers indicate the minimum and maxi-
mum values. Statistically different means are marked with different letters, p ≤ 0.05 (one-way 
ANOVA combined with Duncan’s test). 

Unlike large-leaved linden, the rate of shoot elongation and its mass in horse 
chestnut showed the highest values when treated with Pseudomonas 4CH; the 
growth-stimulating effect of Pseudomonas protegens DA1.2 was lower. Humates them-
selves accelerated shoot growth, while their addition to Pseudomonas protegens DA1.2 did 
not change the growth-stimulating effect of the strain and decreased the effect of Pseu-
domonas 4CH. The level of the stimulating effect of bacteria on the accumulation of root 
mass was the same for both strains of bacteria (Figure 2D). The humate preparation 
showed the least capacity to stimulate root growth, and its addition to bacteria did not 
change the level of their growth-stimulating effect. 

All treatments increased the length of shoots and weight of roots and shoots of Scots 
pine (Pínus sylvéstris) seedlings (Figure 3). The combination of Pseudomonas protegens 
DA1.2 with humates showed the greatest effectiveness in influencing the growth of this 
plant species. 

None of the treatment methods had a stimulating effect on the growth of poplar, 
mountain ash, or red oak plants (Table 1). 

Table 1. Elongation of poplar, rowan, and red oak seedling shoots over 2 months when treated with 
humates and bacterial preparations. 

Figure 3. Increase in shoot length during 2 months of growth (A), shoot length at the end of the growing
season (B), and shoot (C) and root (D) dry mass of one-year-old Scots pine (Pínus sylvéstris) seedlings (n = 10)
after their treatment with bacterial preparation (Pseudomonas sp. (4CH) and Pseudomonas protegens (DA1.2))
as well as humic substances (HSs), used separately or combined with each other and without treatment
(control) measured at the end of the growing season. Boxplots show medians and distributions of values.
The whiskers indicate the minimum and maximum values. Statistically different means are marked with
different letters, p ≤ 0.05 (one-way ANOVA combined with Duncan’s test).

Unlike large-leaved linden, the rate of shoot elongation and its mass in horse chestnut
showed the highest values when treated with Pseudomonas 4CH; the growth-stimulating
effect of Pseudomonas protegens DA1.2 was lower. Humates themselves accelerated shoot
growth, while their addition to Pseudomonas protegens DA1.2 did not change the growth-
stimulating effect of the strain and decreased the effect of Pseudomonas 4CH. The level
of the stimulating effect of bacteria on the accumulation of root mass was the same for
both strains of bacteria (Figure 2D). The humate preparation showed the least capacity
to stimulate root growth, and its addition to bacteria did not change the level of their
growth-stimulating effect.

All treatments increased the length of shoots and weight of roots and shoots of Scots
pine (Pínus sylvéstris) seedlings (Figure 3). The combination of Pseudomonas protegens
DA1.2 with humates showed the greatest effectiveness in influencing the growth of this
plant species.

None of the treatment methods had a stimulating effect on the growth of poplar,
mountain ash, or red oak plants (Table 1).

Table 1. Elongation of poplar, rowan, and red oak seedling shoots over 2 months when treated with
humates and bacterial preparations.

Plant Species Treatments Shoot Elongation, cm

Poplar (Populus italica pyralis × P. nigra)

Control 13 ± 2
Pseudomonas sp. 4CH 12 ± 1

Pseudomonas sp. 4CH+ humates 12 ± 1
Humates 11 ± 3

Pseudomonas protegens DA1.2+humates 12 ± 1
Pseudomonas protegens DA1.2 11 ± 2
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Table 1. Cont.

Plant Species Treatments Shoot Elongation, cm

Rowan (Sorbus aucuparia)

Control 27 ± 5
Pseudomonas sp. 4CH 26 ± 4

Pseudomonas sp. 4CH+ humates 25 ± 4
Humates 23 ± 4

Pseudomonas protegens DA1.2+humates 24 ± 3
Pseudomonas protegens DA1.2 23 ± 2

Red oak (Quercus rubra)

Control 9.8 ± 1.7
Pseudomonas sp. 4CH 9.2 ± 1.4

Pseudomonas sp. 4CH+ humates 7.5 ± 2
Humates 7.4 ± 2.2

Pseudomonas protegens DA1.2+humates 8.5 ± 1.7
Pseudomonas protegens DA1.2 7.9 ± 1.2

2.2. Chlorophyll Content and Nitrogen Balance Index

The treatment of horse chestnut (Aesculus hippocastanum) seedlings with a humate
preparation, bacteria of the Pseudomonas sp. strain 4CH and their combination increased
chlorophyll content and nitrogen balance index of plants (Figure 4). In all other cases,
according to these indicators, chestnut plants and seedlings of other species with all
treatments were at the control level (Table 2).
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Figure 4. Chlorophyll content (A) and nitrogen balance index (B) of horse chestnut (Aesculus hippocas-
tanum) seedlings one month after the second treatment with a bacterial preparation (Pseudomonas sp.
(4CH) and Pseudomonas protegens (DA1.2)) as well as humic substances (HSs), used separately or com-
bined with each other and without treatment (control). Boxplots show the medians and distributions
of values. The whiskers indicate the minimum and maximum values. Statistically different means
(n = 20) are marked with different letters, p ≤ 0.05 (ANOVA followed by Duncan’s test).

Table 2. Chlorophyll content and nitrogen balance index of plants treated with bacteria and humates
individually and in combination.

Plant Species Treatments Chlorophyll
Content, µg cm−2, Dualex

Nitrogen Balance
Index, Dualex Units

Poplar (Populus italica pyralis
× P. nigra)

Control 21.5 ± 0.9 10.9 ± 0.6
Pseudomonas sp. 4CH 21.0 ± 1.1 10.4 ± 0.6
Pseudomonas sp. 4CH+

humates 24.7 ± 2.2 12.9 ± 1.1

Humates 21.0 ± 1.4 10.3 ± 0.7
Pseudomonas protegens

DA1.2+humates 23.2 ± 1.2 11.5 ± 0.6

Pseudomonas protegens
DA1.2 19.7 ± 1.8 10.3 ± 1.0
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Table 2. Cont.

Plant Species Treatments Chlorophyll
Content, µg cm−2, Dualex

Nitrogen Balance
Index, Dualex Units

Rowan
(Sorbus aucuparia)

Control 13.4 ± 0.6 6.5 ± 0.2
Pseudomonas sp. 4CH 13.8 ± 0.8 7.4 ± 0.6
Pseudomonas sp. 4CH+

humates 14.8 ± 0.5 8.8 ± 1.2

Humates 13.5 ± 0.7 8.0 ± 0.8
Pseudomonas protegens

DA1.2+humates 15.1 ± 0.9 7.7 ± 0.8

Pseudomonas protegens
DA1.2 15.0 ± 0.9 7.0 ± 0.6

Red oak
(Quercus rubra)

Control 14.6 ± 0.9 10.5 ± 0.7
Pseudomonas sp. 4CH 16.3 ± 0.8 13.1 ± 1.4
Pseudomonas sp. 4CH+

humates 14.8 ± 0.7 11.2 ± 0.8

Humates 15.0 ± 1.0 13.0 ± 1.2
Pseudomonas protegens

DA1.2+humates 15.1 ± 1.1 12.9 ± 1.4

Pseudomonas protegens
DA1.2 15.1 ± 0.7 11.4 ± 0.7

2.3. Content of Carbon and Nitrogen

The percentage of carbon and nitrogen in pine shoots and roots ranged from 39% to
48% and from 0.9% to 1.8%, respectively, and was higher in shoots than in roots. Treatments
increased the carbon content in roots; the increment ranged from 4% to 7% compared
to the control (Figure 5). Furthermore, under the influence of all treatments, a small but
statistically significant increase in the level of nitrogen was detected in the roots, while in
the shoots it was at the control level.

Plants 2024, 13, x FOR PEER REVIEW 7 of 15 
 

 

Poplar (Populus italica pyralis 
× P. nigra) 

Control 21.5 ± 0.9 10.9 ± 0.6 
Pseudomonas sp. 4CH 21.0 ± 1.1 10.4 ± 0.6 

Pseudomonas sp. 4CH+ humates 24.7 ± 2.2 12.9 ± 1.1 
Humates 21.0 ± 1.4 10.3 ± 0.7 

Pseudomonas protegens DA1.2+humates 23.2 ± 1.2 11.5 ± 0.6 
Pseudomonas protegens DA1.2 19.7 ± 1.8 10.3 ± 1.0 

Rowan  
(Sorbus aucuparia) 

Control 13.4 ± 0.6 6.5 ± 0.2 
Pseudomonas sp. 4CH 13.8 ± 0.8 7.4 ± 0.6 

Pseudomonas sp. 4CH+ humates 14.8 ± 0.5 8.8 ± 1.2 
Humates 13.5 ± 0.7 8.0 ± 0.8 

Pseudomonas protegens DA1.2+humates 15.1 ± 0.9 7.7 ± 0.8 
Pseudomonas protegens DA1.2 15.0 ± 0.9 7.0 ± 0.6 

Red oak  
(Quercus rubra) 

Control 14.6 ± 0.9 10.5 ± 0.7 
Pseudomonas sp. 4CH 16.3 ± 0.8 13.1 ± 1.4 

Pseudomonas sp. 4CH+ humates 14.8 ± 0.7 11.2 ± 0.8 
Humates 15.0 ± 1.0 13.0 ± 1.2 

Pseudomonas protegens DA1.2+humates 15.1 ± 1,1 12.9 ± 1.4 
Pseudomonas protegens DA1.2 15.1 ± 0.7 11.4 ± 0.7 

2.3. Content of Carbon and Nitrogen 
The percentage of carbon and nitrogen in pine shoots and roots ranged from 39% to 

48% and from 0.9% to 1.8%, respectively, and was higher in shoots than in roots. Treat-
ments increased the carbon content in roots; the increment ranged from 4% to 7% com-
pared to the control (Figure 5). Furthermore, under the influence of all treatments, a small 
but statistically significant increase in the level of nitrogen was detected in the roots, 
while in the shoots it was at the control level. 

 

 
Figure 5. The percentage of carbon (A,B) and nitrogen (C,D) in the tissues of shoots (A,C) and
roots (B,D) of one-year-old Scots pine (Pínus sylvéstris) seedlings treated with a bacterial preparation
(Pseudomonas sp. (4CH) and Pseudomonas protegens (DA1.2)) as well as humic substances (HSs), used
separately or combined with each other and without treatment (control) at the end of the growing
season. Boxplots show the medians and distributions of values. The whiskers indicate the minimum
and maximum values. Statistically different means (n = 10) are marked with different letters, p ≤ 0.05
(one-way ANOVA combined with Duncan’s test).



Plants 2024, 13, 1452 7 of 14

Furthermore, we observed a trend of increased carbon content in the roots of linden
plants treated with Pseudomonas protegens DA1.2 and a combination of bacteria with hu-
mates and in the roots of chestnut plants treated with Pseudomonas sp. 4CH (Figure 6).
These treatments were selected for analysis since they resulted in a significant increase
in plant growth (Figures 1 and 2). In the shoots of these plants, the carbon content in-
creased due to treatments only in the linden plants. The nitrogen level was increased by the
treatment of linden plants, while in all other variants this indicator was at the control level.
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Figure 6. Percentages of carbon (A,B,E,F) and nitrogen (C,D,G,H) in the tissues of shoots (E,F,G,H) and
roots (A–D) of 2-year-old large-leaved linden (Tília platyphýllos) (A,C,E,G) and horse chestnut (Aesculus
hippocastanum) (B,D,F,H) seedlings treated with a bacterial preparation (Pseudomonas sp. (4CH) and
Pseudomonas protegens (DA1.2)) as well as humic substances (HSs), used separately or combined with
each other and without treatment (control). n = 10 at the end of the growing season. Boxplots show
the medians and distributions of values. The whiskers indicate the minimum and maximum values.
Statistically different means are marked with different letters, p ≤ 0.05 (one-way ANOVA combined with
Duncan’s test).

2.4. Morphology of Roots of Pine Seedlings

The structure of the roots of pine plants was analyzed for the treatment that caused
the most noticeable change in the carbon content in the roots (treatment with Pseudomonas
protegens DA1.2 in combination with humates) (Figure 7). No difference from the structure
of the roots of control plants was detected in the roots of treated plants. Berberine fluores-
cence was observed in the radial walls of endodermis, indicating the presence of lignin
characteristic of Casparian bands.
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Figure 7. Cross-section of the roots of pine seedlings treated with bacteria of the Pseudomonas protegens
DA1.2 strain in combination with humates (a,c) and control (b,d). Berberine-stained sections (a,b).
Fluorescence was recorded with a confocal microscope and presented in the form of a heat map: green
indicates a weaker fluorescence; blue indicates a stronger fluorescence; (c,d) image in transmitted
light. En, endodermis.

3. Discussion

The use of biologically active molecules such as humates and their combination with
bacteria had a beneficial effect on the growth of chestnut, large-leaved linden, and pine seedlings,
stimulating elongation of their shoots and accumulation of biomass. Humates had a growth-
stimulating effect on all three of these plant species. These results of our research are in
accordance with the literature on the capacity of humates to stimulate the growth of plants [21].
Most reports about the action of humates were obtained on herbaceous plants [13], but there is
also information on their effect on woody plants [3,16,22].

In our experiments, bacteria themselves also stimulated the growth of seedlings. The
ability of rhizosphere bacteria to stimulate plant growth is well known, intensively studied,
and increasingly used in agriculture [23]. However, information on the impact of bacteria
on woody plants is sparse [19,24]. Our experiments demonstrated species specificity of
the action of bacterial preparations. Pseudomonas protegens DA1.2 had a stronger growth-
stimulating effect on linden and pine plants, while Pseudomonas sp. 4CH increased the
growth rate of chestnut seedlings and did not affect the growth of linden plants. The
stimulating effect of Pseudomonas sp. 4CH combined with humates on linden was the same
as that of humate itself, which indicates a low contribution of bacteria of this strain to the
action of humates on linden plants.
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In previous studies, the effect of these treatments on normal pine seedlings was
investigated [9]. In the present study, we tested their effectiveness on undersized seedlings
of pine and confirmed the ability of the treatments to accelerate their growth. According
to the standards of Russian pine nurseries, a seedling of this age must be at least 8 mm
long. Small seedlings were selected for the present experiments and, if left untreated, they
remained stunted by the end of the growing season and were discarded. At the same time,
pine seedlings treated with Pseudomonas protegens DA1.2 in combination with humates
reached the required shoot length in accordance with local standards.

It is interesting that bacteria not only increased the dry mass of the shoots and roots
of plants, but also increased the percentage of carbon in the biomass of their roots. We
analyzed sections of plant roots to check the possible effect of increased carbon on their
structure. A comparison of the roots of treated and control plants did not reveal any
deviations from the norm. It is believed that carbon makes up about 50% of the dry mass
of plants; many studies have calculated the carbon content of plants from this ratio [25].
Nevertheless, the increase in carbon content in plant biomass that we found is important
because improving the quality of planting material for reforestation is considered in the
context of addressing the problem of carbon sequestration. In the future, it is important to
evaluate the effect of bacteria on carbon sequestration in older woody plants.

The elemental analysis results also revealed a small but statistically significant increase
in nitrogen levels in the roots of treated plants compared to the control. These results can be
associated with the ability of the studied bacterial strains to fix nitrogen [9], which increases
its availability for plants. Humates also increase the availability of mineral nutrients for
plants [22].

Measurement of the nitrogen balance index in chestnut plants also revealed its increase
under the influence of some treatments, which confirms their positive effect on the supply
of nitrogen to plants. In chestnut plants, an increase in chlorophyll content in the leaves was
also recorded, which is not surprising because chlorophyll partially consists of nitrogen.
Increased chlorophyll levels apparently contributed to the activation of photosynthesis
and plant growth. However, increased chlorophyll levels were not found in all species, in
which treatments activated plant growth, and it appears that in these cases, the growth
activation was associated with other mechanisms.

As shown above, the bacterial strains used in the present study are capable of syn-
thesizing auxins [9], and humates also increase the level of auxins in plants [15]. This
information, as well as the known ability of auxins to stimulate the growth of both the
shoots and roots of plants [26], allows us to link the growth-stimulating effect of the
treatments with their potential ability to influence the level of auxins in plants.

The additive effect of humates and Pseudomonas protegens DA1.2 was manifested in
their influence on the accumulation of biomass of the shoots and roots of pine and linden
plants. The additive influence of humates and bacteria on cultivated plants may be due to
the effect of humates on bacterial growth. We have recently shown that humates increase
bacterial abundance in the rhizosphere of wheat [27]. A recent review highlighted the lack
of information on the impact of humates on the composition and function of soil microbial
communities [28]. Thus, this should be a goal of future research.

4. Materials and Methods
4.1. Extraction of Humic Substances

Humic substances were extracted from brown coal obtained in the Orenburg region
(Russian Federation), with 0.1 M KOH taken in a ratio of 1:10; the mixture was stirred for
2 h at 1500 rpm, and the sediment was removed by centrifugation. After the extraction
of humates from brown coal was completed, water was removed under vacuum at a
temperature of 55–60 ◦C to obtain dry humates.
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4.2. Bacterial Strains and Media for Their Cultivation

Bacterial strains Pseudomonas protegens DA1.2 and Pseudomonas sp. 4CH [9] were
selected from a collection of microorganisms (Ufa Institute of Biology, Ufa, Russia), since
their combination with humates was previously shown to stimulate the growth of wheat
plants [27]. Pseudomonas protegens DA1.2 synthesizes indolylacetic acid, promotes the
mobilization of phosphorus from insoluble compounds, fixes atmospheric nitrogen, and
exhibits antagonism to microscopic fungi [29]. We cultivated bacteria as described [9].
The number of cells in the cultures was expressed as the number of colony-forming units
(CFUs). To obtain a solution for plant treatment, the bacterial suspension was diluted with
sterile water.

4.3. Studied Species of Tree and Shrub Plants

Populus italica pyralis × P. nigra is a hybrid obtained at the Bashkir forest experimental
station. Populus species are often used for reforestation and urban greening; therefore, they
were chosen in the present experiments.

Pinus sylvestris L. (Scots pine) trees are widespread in Eurasia, from Spain and Great
Britain and further east to the middle Amur River in Eastern Siberia. In the north, Scots
pine grows all the way to Lapland; further south, it is found in Mongolia and China. The
tree is 25–40 m high. The seedlings were obtained from the nursery of the Bashkir State
Agrarian University.

Seedlings of the remaining four taxa of trees and shrubs were obtained from the seeds
of the collection of the South Ural Botanical Garden-Institute (SUBGI).

Aesculus hippocastanum L. (horse chestnut) is native to the Balkans and has been
introduced and planted around the world. In the conditions of the South Ural Garden-
Institute, it blooms and bears fruit. Horse chestnut trees can grow up to 36 m high, with a
low-hanging, spreading, and wide oval dome-shaped crown.

Sorbus aucuparia L. (rowan) is native to northern Europe. The tree is 15–20 m tall,
usually multi-stemmed.

Tilia platyphyllos Scop. (large-leaved linden) is native to much of Europe and is widely
grown in parks and city streets. In nature, these trees can grow up to 30–40 m, with a dense,
wide-pyramidal crown.

Quercus rubra L. (red oak) is naturally distributed across areas of North America. It is
a deciduous tree that grows up to 30–40 m in height, with a broadly ovate crown.

4.4. Plant Growing Conditions

The experiments were carried out on the territory of the SUBGI in 2023. The climate of
the research area (Ufa city) is continental, with long, cold winters and moderately warm
and sometimes hot summers. During the year of research, the average temperature from
May to September was about 17 ◦C, and the total precipitation (for these 5 months) was
about 150 mm.

Poplar and pine plants grew in soil (gray forest, highly compacted soil). The pH of the
soil environment was slightly acidic or close to neutral.

For the experiments, undersized annual seedlings of Pinus sylvestris L. were specially
selected from the nursery of the Bashkir Agrarian University. Before planting in May, pine
seedlings were soaked in 2 L of water with bacterial suspension (108 CFU mL−1) and HSs
(0.05%) added separately or in combination. The lengths of the main shoots were measured;
the seedlings were placed in rows at a distance of 50 cm from each other and treated with
200 mL of preparations of humates (0.02%) and bacteria (108 CFU mL−1). Although the
humate preparation was alkaline, the soil pH during treatment increased only slightly
(from 6.5–6.8 to 6.6–6.9) due to the strong dilution of humates and the buffering capacity
of the soil. The distribution of treatment variants between rows was randomized. The
seedlings were treated monthly with 200 mL of the bacterial preparations and HS per plant
in the same concentrations as during planting. Control plants were treated with equal
amounts of water without any additives. In addition, the plants were watered 3 times a
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week. The growth rate of pine was assessed by measuring the elongation of shoots. At the
end of the growing season, the final lengths of the shoots, as well as the dry mass of above-
and below-ground organs, were measured. After washing the roots with water, the shoots
and roots were dried in an oven at 60 ◦C until their mass reached a constant value.

Poplar branches were cut, stratified, and, after rooting, planted, as described [9]. Before
planting, the roots of the seedlings were soaked in a suspension of bacteria, humates, or a
combination of both, as described above. The growth rate of poplar was assessed by shoot
elongation over two months.

Seedlings of other trees and shrubs were grown in pots. For sowing, we used seeds
from plants of the SUBGI collection obtained through the INDEX SEMINUM seed exchange
program. The winter sowing method was used. In late autumn, when the temperature
reached about 0 ◦C, freshly harvested seeds were sown in boxes and left in open ground.
With this method of sowing, the seeds undergo natural stratification and germinate in the
spring the next year after sowing at their optimal time. Seedlings aged 2–3 years were
planted in containers (container volume: large-leaved linden (two years old)—five liters;
chestnut (two years old) and rowan (three years old)—3 L; red oak (two years old)—1 L).

To grow seedlings, a universal soil mixture was used: earth, sand, and humus, in
a ratio of 3:1:1. Watering was carried out 3 times a week during the growing season.
Weeds were removed if necessary. The location of the seedlings in the nursery was sunny,
without shading. In mid-May, each plant was treated with 200 mL of bacterial preparation
(2 × 108 CFU/mL) and humates (0.02%) applied individually or in mixtures. The next
month, the treatment was repeated. The initial lengths of the plant shoots were measured,
and shoot elongation was determined 2 months after the first measurements. At the end of
the growing season, the shoot lengths, as well as the dry mass of above- and below-ground
plant parts, were measured as described above.

4.5. Analysis of Pigment Content

The content of chlorophyll and the nitrogen balance index (NBI) [30] were measured
in the 20 biggest leaves of 10 plants (2 leaves from each plant) with a DUALEX SCIEN-
TIFIC+ instrument (FORCE-A, Paris, France) 1 month after the second bacterial treatment,
according to the manufacturer’s recommendations.

4.6. Determination of C and N

C and N were determined with a EURO EA 3100 elemental analyzer. The percentages
of carbon and nitrogen were determined in shoot and root samples, dried as described
above, and ground in a mortar with liquid nitrogen. Sampling and introduction into the
reactor for combustion was performed as described [31]. The separation of N2 and CO2
occurred in a built-in gas chromatographic system; detection was carried out with a highly
sensitive thermal conductivity detector. Calculations were performed using a special 5.4
Weaver software package.

4.7. Preparation and Staining of Root Sections

Fine roots of Pinus silvestris (about 0.3 mm in diameter) were fixed in a mixture of
formaldehyde, acetic acid, and 70% ethanol (7:7:100). After dehydrating the samples in
a series of increasing concentrations of ethyl alcohol, a mixture of ethanol and xylene,
and xylene, they were embedded in paraffin. Xylene was evaporated in a thermostat.
Paraffin cross-sections of roots were prepared on an MS-2 microtome (RusKhimSnab,
Moscow, Russia).

The preparation of paraffin sections for the identification of lignin and suberin in
roots was carried out as described previously [32]. Lignin and suberin were identified
in accordance with a prior study [33]. For this purpose, after deparaffinization, sections
were stained with a 0.1% aqueous solution of berberine hemisulfate (w/v) for 1 h and then
washed with water and additionally stained with toluidine blue to increase the fluorescence
intensity. Sections were embedded in a mixture of 0.1% FeCl3/50% glycerol and viewed



Plants 2024, 13, 1452 12 of 14

with a Fluoview FV3000 (FV31-HSD) confocal laser scanning microscope (Olympus, Tokyo,
Japan): berberine fluorescence was excited by a solid-state laser at 488 nm, and fluorescence
emission was detected at 520 nm.

4.8. Statistics

To discriminate means, one-way analysis of variance (ANOVA) with Duncan’s multi-
ple range tests were used (p ≤ 0.05), performed in Statistica version 10 (Statsoft, Moscow,
Russia). Visualization was performed using the ImageGP online tool (https://doi.org/10.1
002/imt2.5, accessed on 2 March 2021).

5. Conclusions

An assessment of the combined influences of humates and bacteria on the productivity
of agricultural plants showed their greater effectiveness compared to the use of each of them
separately [27,34]. To the best of our knowledge, the effect of a combination of humates and
bacteria on woody plants was previously carried out only on pine and poplar seedlings [9].
This prior study demonstrated the additive effect of a combination of bacteria and humates
on pine seedlings. In the present study, this pattern was revealed on a larger number of
plant species (Scots pine, large-leaved linden, and horse chestnut seedlings). However,
the applied treatments did not exhibit a growth-stimulating effect on all studied species.
Plants of poplar, rowan, and red oak turned out to be unresponsive to treatments. Our
results of studying poplar plants confirmed the previously obtained data [9]. At the same
time, the fact that one strain of bacteria showed a growth-stimulating effect on some plant
species and had a different influence on others indicates the need for selecting the necessary
bacteria for each species of woody plant, to exert the appropriate growth-stimulating
activity toward each. To date, information has been accumulated on the growth-stimulating
effect of a huge number of rhizosphere bacteria (Bacillus, Enterobacter, Klebsiella, Azobacter,
Variovorax, Azosprillum, Serratia, Microbacterium, and others), among which bacteria have be
found that can stimulate the growth of woody plants in combination with humates; this
can lead to an improved quality of tree planting material for reforestation and increased
carbon sequestration. Our results indicate promising research in this direction.
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