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Abstract

Soil contamination is a major contemporary issue. In light of increasing efforts to align
seedling production with the sustainable use and preservation of soil resources, this study
aimed to explore the potential of selected plant-growth-promoting bacteria as natural alter-
natives to mineral fertilizers, a major soil pollutant in the forestry sector. The experiment
involved inoculating one-year-old sessile oak (Quercus petraea) seedlings with multiple
single bacterial treatments and a consortia derived from sessile oak rhizosphere and moni-
toring their effects on plant physiological parameters such as chlorophyll, carotenoid, and
nitrogen content, along with selected parameters of the rapid chlorophyll a fluorescence
induction curve (an OJIP curve). The results indicated that the selected bacterial strains
improved specific plant physiological parameters at certain points during the monitoring
period; however, further research is necessary to draw statistically significant conclusions.
Although these bacteria did not directly enhance photosynthetic parameters, their potential
remains evident and could be harnessed through improved application methods. Future
studies should focus on identifying site conditions that support the proliferation of the
introduced bacterial populations.

Keywords: biofertilizer; Quercus petraea; physiological traits

1. Introduction
Soil contamination is a major global issue today, mainly caused by human activities [1–5].

Many areas are either already devastated or continually polluted, such as lands used for
agriculture, forestry, or horticulture, where large amounts of fertilizers, pesticides, and
other chemicals are regularly polluting the soil [6–9].

In the forestry sector, one of the pollution hotspots is forest nurseries, where there is a
need for new technologies, such as sustainable seedling production adapted to modern
challenges. Additionally, fertilizers are also used in young plantations to support their
initial growth through targeted applications, such as in planting holes, or large–scale sur-
face applications [10]. The loss of genetic diversity, overuse of pesticides, dependence
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on imported materials (peat, artificial fertilizers, etc.), and high energy consumption are
common limitations of modern seedling production [11–15]. Problems are particularly
associated with seedling transplantation and the use of sterile substrates that lack mi-
croorganisms [16,17]. One common solution to address these issues and improve seedling
production is the use of mineral fertilizers. Nitrogen fertilizer use is projected to increase to
249 million metric tons by 2050 [18]. However, applying mineral fertilizers can lead to soil
acidification and heavy metal accumulation [19–21]. This negatively affects biodiversity,
microbial functions, and water quality [22–27].

A sustainable approach to seedling production that aims to enhance both physiological
and morphological seedling qualities is vital for tackling global production challenges. Ex-
amples from agriculture show successful use of plant-growth-promoting bacteria (PGPBs)
to boost photosynthesis, pigments, hormones, and secondary metabolites [28–30]. PGPBs
provide several benefits to plants, such as increased growth and yield, stronger resistance
to disease and stress, less reliance on fertilizers, and healthier soil [31–34]. PGPBs work
by helping plants acquire essential elements and nutrients, including P and K absorp-
tion, nitrogen fixation, siderophore production, and the modulation of plant hormones
like indole-3-acetic acid (IAA), ethylene, and gibberellic acid (GA). It also offers direct or
indirect phytoprotection as a biocontrol agent [35].

Chlorophylls and carotenoids are vital photosynthetic pigments that influence a plant’s
ability to harvest light, providing essential components for energy production through
direct participation in photosynthesis or as accessory pigments that protect leaves from
damage and help gather extra light. Therefore, by supporting plant nutrient levels, PGPBs
stimulate biosynthetic processes in plants, including pigment formation, boosting their
growth potential further. For example, Jabborova [36] reported promotion of chlorophyll a,
chlorophyll b, total chlorophyll, and carotenoids by Pseudomonas koreensis IGPEB inoculation
in ginger plants. There are also studies showing that PGPBs can modify photosynthetic
metabolism, performance, and rate [37].

A good example of this aspect is the rapid chlorophyll fluorescence induction curve (an
OJIP curve), consisting of four steps: “O” (origin, minimum fluorescence; F0, fluorescence
intensity when all reaction centers of photosystem II are opened), J (the first inflection point;
the reduction of quinon QA on the acceptor side of photosystem II), I (the second inflection
point; reduction of the plastoquinone pool), and “P” (peak, maximum fluorescence; Fmax,
fluorescence intensity when all reaction centers of photosystem II are closed). Monitoring it
can detect even minor changes that indicate stress from both internal and external plant
environments [38], before they appear morphologically. The OJIP transient steps reflect
changes in Photosystem II and Photosystem I, as well as the efficiency of the electron
transport chain in transferring electrons to the final acceptor [39]. As steps in the electron
transport chain are represented by specific parameters measured with a chlorophyll fluo-
rometer, the information on plant physiological state, both disturbances and improvements,
can be obtained.

The use of PGPBs in forestry as biofertilizers is limited and still under investigation [40,41].
Application of PGPBs in woody species has shown a significant positive effect on photo-
synthesis, antioxidant enzyme activity, and phytohormone levels [26,29].

Sessile oak (Quercus petraea (Matt.) Liebl.) is an autochthonous European deciduous
tree, recognized for its ecological adaptability and its role in establishing and maintaining
ecosystems. It is valuable economically for its versatile uses and high-quality timber. Its
importance is expected to grow in future climate scenarios [42,43] for reforestation and
afforestation efforts due to its adaptability, drought tolerance [44], and relative resistance to
storms [45,46]. As a climate-resilient hardwood species, it is also widely cultivated in forest
nurseries [47–49].
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This study aimed to explore how selected bacterial isolates with previously confirmed
plant-growth promoting traits affect the physiological parameters of one-year-old sessile
oak seedlings. Our null hypotheses were: i) the selected PGPBs have a positive impact
on pigment and nitrogen content in sessile oak seedlings, and ii) PGPBs do not induce
stress in sessile oak seedlings, estimated through the following OJIP parameters: minimum
fluorescence (F0), maximum fluorescence (Fm), maximum quantum efficiency of PSII
photochemistry (Fv/Fm), performance index (Pi Abs), absorption per active reaction center
(ABS/RC), trapped energy flux per active reaction center (TR0/RC), electron transport
flux per active reaction center (ET0/RC), and dissipation energy per active reaction center
(DI0/RC).

2. Materials and Methods
2.1. Sessile Oak Seedling Production

Sessile oak seedlings were grown from acorns, collected manually in autumn of 2020
from sessile oak natural forests in Serbia. Healthy and fully developed acorns, originating
from vigorous trees, were selected for seedling production. After transportation to the
laboratory, acorns were stratified and kept in a refrigerator at 4 ◦C.

The acorns were sown in LIECO L15 containers (Lieco, Austria) filled with a mixture
of white and black peat (70:30 ratio) (Free Peat BV, Vriezenveen, The Netherlands) in March
2021. The seedlings were kept in the nursery of the Institute of Forestry under half-shade
conditions and watered regularly every two days.

2.2. Bacterial Treatment Preparation

The strains used in this experiment were originally isolated from the sessile oak
rhizosphere of natural sessile oak forests in the Rudnik mountain (Serbia) and are part
of the collection of the University of Belgrade—Faculty of Biology and the Institute of
Forestry. Based on the previous partial 16S rDNA characterization and analysis using the
National Center for Biotechnology Information (NCBI) server (http://www.ncbi.nlm.nih.
gov/blast/Blast.cgi accessed on 14 November 2024.) and GenBank database, the strains are
identified as shown in Table 1. The strains were chosen from a bigger collection according
to their in vitro proven PGP activity (Table 1). The criteria were that they exhibited at least
two traits, did not show any antagonism amongst them, and had a positive effect on the
morphological parameters of sessile oak seedlings’ growth in planta, which was previously
shown [50,51], or in other plants [52–54].

Table 1. Bacterial isolates identified based on 16S rDNA and exhibited PGP traits.

Bacterial
Isolate

Most Similar
Reference from

the NCBI
Database

(Based on 16S
rDNA)

Percentage
of Identity

(%)

NCBI
GenBank
Database
Accession
Number

16S rRNA
Sequence
Size (bp)

IAA
Production

Siderophore
Production

Phosphate
Solubilization

ACC
Deaminase
Production

R3.17 Viridibacillus sp. 100 PQ590395 1144 + + - +
R4.2.1P Pseudomonas sp. 99.18 PQ590398 854 + - + +
R4.29P Pseudomonas sp. 99.12 PQ590401 1137 + + + +

R1.4 Lysinibacillus sp. 99.39 PQ590391 814 + - - +
R4.45P Pseudomonas sp. 99.16 PQ590403 1067 + + + +

“+” growth-promoting trait detected; “-” growth-promoting trait not detected.

Individual bacterial isolates and three consortia were used to treat one-year-old sessile
oak seedlings. For inoculum preparation, each bacterial strain was grown in Luria-Bertani
(LB) broth (tryptone 10 g/L, yeast extract 5 g/L, NaCl 5 g/L) at 30 ◦C for 24 h, then
centrifuged at 4000 rpm for 20 min. The cell pellets were dissolved in 0.01 M MgSO4 to

http://www.ncbi.nlm.nih.gov/blast/Blast.cgi
http://www.ncbi.nlm.nih.gov/blast/Blast.cgi
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reach a final concentration of 108 CFU/mL. Equal proportions of the appropriate bacterial
strains were combined to prepare the consortia.

2.3. Sessile Oak Seedling Inoculation

In the last week of May, twenty seedlings per treatment were randomly selected and
separated into eight experimental groups, as follows: five treatments (T1—Viridibacillus sp.
R3.17; T2—Pseudomonas sp. R4.2.1P; T3—Pseudomonas sp. R4.29P; T4—Lysinibacillus sp.
R1.4; T5—Pseudomonas sp. R4.45P) and three consortia (C2—T4 + T5; C3—T1 + T2 + T3;
and C5—T1 + T2 + T3 + T4 + T5). Consortia C2 and C3 were formed on the basis of similar
growth rates of the bacterial strains that constitute them. The soil of each seedling was in-
oculated with a sterile syringe containing 10 mL of inoculum (concentration 108 CFU/mL).
A 10 mL volume of tap water was used for the control group.

2.4. Measurements of Photosynthetic Parameters

Leaf nitrogen, chlorophyll a, chlorophyll b, total chlorophyll, and carotenoid content
were determined to assess the nitrogen status and photosynthetic pigment concentrations,
which are indicative of the overall plant’s health. The non-destructive SPAD-502 chlorophyll
meter (Konica Minolta, Tokyo, Japan) was used to determine the relative leaf chlorophyll
content, by measuring the difference in transmission of light through leaves at two wave-
lengths, red (650 nm) and infrared (940 nm). The obtained SPAD values were converted
to relative concentrations of nitrogen, chlorophyll a, chlorophyll b, total chlorophyll, and
carotenoids based on established standard curves (Supplementary Material, Figures S1–S5),
created through pigment extraction and spectrophotometry according to Bielinis et al. [55],
and equations following Wellburn [56]. In short, leaf tissue was collected using a circular
punch and pigments were extracted with dimethylsulfoxide (DMSO), followed by incuba-
tion in a water bath at 65 ◦C for one hour in the dark. Spectrophotometric measurements
were performed, and final concentrations were calculated using equations. Additionally,
the ratio of chlorophyll a to chlorophyll b and the total chlorophyll to carotenoid ratio were
also determined. One leaf per seedling was chosen for measurement, and SPAD readings
were taken four times during the growing season—June, August, September, and October.
Measurements were performed in the midzone of the leaf, on the right side of the mid-vein.
All measurements were taken at the same time in the morning hours, on twenty plants
per treatment.

Chlorophyll fluorescence induction kinetics (the OJIP test) were measured using the
PAR-FluorPen FP 110/D (Photon Systems Instruments, Brno, Czech Republic). Before each
measurement, the leaves were dark-adapted for 30 min with clips to fully relax Photosystem
II (PSII) reaction centers and achieve the maximum photochemical efficiency of the sampled
leaves. The OJIP measurements were conducted in the morning on ten pre-selected plants
per treatment (one leaf per seedling) during July, August, and October, targeting the middle
region of the leaf and avoiding major veins. Among various biophysical parameters derived
from the OJIP data, the following eight were selected for analysis: minimum fluorescence
(F0), maximum fluorescence (Fm), maximum quantum efficiency of PSII photochemistry
(Fv/Fm), performance index (Pi Abs), absorption per active reaction center (ABS/RC),
electron transport flux per active reaction center (ET0/RC), trapped energy flux per active
reaction center (TR0/RC), and dissipation energy per active reaction center (DI0/RC).

Both SPAD and Fluor Pen measurements were taken on intact leaves in situ during growth.

2.5. Statistical Analyses

The obtained data were tested for normal distribution using the Shapiro–Wilk test.
Levene’s test was employed to assess the homogeneity of variance. To identify significant
differences between treatments, a one-way ANOVA was conducted, followed by the Tukey
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HSD test, or the Games–Howell test if the homogeneity of variance assumption was not
met. The level of statistical significance was set at p < 0.05.

All statistical analyses were conducted using the IBM SPSS Statistics for Windows,
version 26 software package (IBM Corp., Armonk, NY, USA) and Microsoft Office Excel
2016 (Microsoft Corporation, Redwoods, WA, USA).

3. Results
Leaf chlorophyll, carotenoid, and nitrogen concentrations, measured four times during

the growing season, are shown in Figure 1. Pigments generally exhibited a pattern of
increase followed by a decrease over time. The timing of peak concentrations varied
depending on the specific treatment and SPAD—derived parameters. For some treatments,
peak concentrations of chlorophyll a were observed as early as June (Figure 1a), while
for others, the highest concentrations occurred in August (Figure 1a). A similar trend
was seen for nitrogen content (Figure 1e). In June (Figure 1a–e; Supplementary Material,
Figure S6), seedlings treated with treatment T5 had the highest mean concentrations
of chlorophyll a (2.62 mg/g), chlorophyll b (1.03 mg/g), total chlorophyll (3.75 mg/g),
carotenoids (0.90 mg/g), and nitrogen (24.03 g/kg). Furthermore, these were the highest
mean values recorded during the growing season. In contrast, the lowest mean values were
found for treatment T1 for chlorophyll a (1.99 mg/g), chlorophyll b (0.77 mg/g), and total
chlorophyll (2.93 mg/g), while for treatment T2, for carotenoids (0.75 mg/g) and nitrogen
(20.97 g/kg). No statistically significant differences between the treatments were observed
in June, according to ANOVA.

In August (Figure 1a–e; Supplementary Material, Figure S7), the control treatment,
i.e., seedlings treated with tap water only, contained the highest mean concentrations of
chlorophyll a (2.45 mg/g), chlorophyll b (0.97 mg/g), total chlorophyll (3.51 mg/g), and
carotenoids (0.86 mg/g), as well as nitrogen content (23.28 g/kg). The lowest mean values
of chlorophyll a, chlorophyll b, and total chlorophyll were recorded for treatment group
C2 (1.90 mg/g, 0.73 mg/g, and 2.64 mg/g, respectively), while minimal carotenoid and
nitrogen values were recorded for treatment T5 (0.74 mg/g and 20.75 g/kg, respectively).
ANOVA followed by Tukey’s HSD test revealed statistically significant differences between
the control treatment and T1 (F = 2.66; p < 0.024), and control and treatment C2 (p < 0.043)
for chlorophyll a content. Differences in chlorophyll b content between the control treatment
and T1 (F = 2.76; p < 0.017) and C2 (p < 0.033) were statistically significant as well, according
to the ANOVA and Tukey’s HSD test. In addition, total chlorophyll content differences
between the control treatment and T1 (F = 2.75; p < 0.020) and control treatment and C2
(p < 0.028) were observed by the same statistical tests.

In September (Figure 1a–e; Supplementary Material, Figure S8), the highest mean val-
ues of chlorophyll a, chlorophyll b, total chlorophyll, and nitrogen content were reported for
the C5 treatment (2.18 mg/g, 0.85 mg/g, 3.11 mg/g, 22.07 mg/g, respectively). The highest
carotenoid content was detected for both the C3 and C5 treatments (0.80 mg/g). Treat-
ment T1 had the lowest mean values for each of the measured parameters (chlorophyll a,
1.76 mg/g; chlorophyll b, 0.67 mg/g; total chlorophyll, 2.47 mg/g; carotenoids, 0.68 mg/g;
and nitrogen content, 19.42 g/kg). No statistically significant differences between the
treatments were recorded.
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Figure 1. Chlorophyll a, chlorophyll b, total chlorophyll, carotenoids, and nitrogen content of one-
year-old sessile oak seedlings inoculated with different bacterial treatments. Mean values with
the standard deviations of the measured parameters ((a) chlorophyll a content; (b) chlorophyll b
content; (c) total chlorophyll content; (d) carotenoids content; (e) nitrogen content) for each treatment
(C—untreated control; T1—Viridibacillus sp. R3.17; T2—Pseudomonas sp. R4.2.1P; T3—Pseudomonas
sp. R4.29P; T4—Lysinibacillus sp. R1.4; T5—Pseudomonas sp. R4.45P; C2—T4 + T5; C3—T1 + T2 + T3;
and C5—T1 + T2 + T3 + T4 + T5) and month (June, August, September, and October) are presented.
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The lowest mean values of each parameter measured by SPAD were reported in
October (Figure 1a–e; Supplementary Material, Figure S9). The control group had the
highest mean values of chlorophyll a (1.92 mg/g), chlorophyll b (0.75 mg/g), and total
chlorophyll (2.74 mg/g). However, the highest mean values of carotenoids and nitrogen
were noted for treatment C5. On the other hand, the lowest mean values of chlorophyll b,
total chlorophyll, carotenoids, and nitrogen were reported for T1 (0.56 mg/g, 2.09 mg/g,
0.62 mg/g, 18.13 g/kg, respectively) and of chlorophyll a for T3 (1.60 mg/g). A statistically
significant difference was observed in chlorophyll a content between the control treatment
and T1 (F = 3.39; p < 0.001), T1 and T2 (p < 0.003), and T1 and treatment C3 (p < 0.037),
according to ANOVA and the Games–Howell post hoc test. The same tests revealed
statistically significant differences in chlorophyll b content between the control treatment
and T1 (F = 3.121; p < 0.00). Regarding total chlorophyll content, ANOVA combined with
the Games–Howell post hoc test detected statistically significant differences between the
control treatment and T1 (F = 3.396; p< 0.001), control and T3 (p < 0.032), and treatments T1
and T2 (p < 0.010).

The chlorophyll a to chlorophyll b ratio remained fairly consistent throughout the
growing season (Figure 2). In June, the highest ratio was found for treatment T1 (2.67),
while the lowest was for T2 (2.52). By August, during mid-season, the ratio ranged from
2.62 (treatment C5) to 2.55 (control treatment). The lowest ratio in September was also for
the control treatment (2.56), whereas the highest ratio was 2.58, observed for treatments T1,
T3, T4, and T5. After the ratio stabilized in September, changes appeared in October, with a
range from 2.55 (C2) to 2.77 (T2).

Figure 2. Ratio of chlorophyll a to chlorophyll b with the standard deviations in the tested bacterial
treatments on one-year-old sessile oak seedlings during a growing season (June, August, September,
and October).

Total chlorophyll to carotenoid content for each treatment throughout the growing
season is shown in Figure 3. The ratio values generally decreased toward October. The
most significant drop from June to October was observed for treatment T2 (13.32%), while
the smallest decline occurred in treatment C2 (6.14%). Interestingly, in treatment T4, the
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highest total chlorophyll to carotenoid ratio was recorded in October (3.96). The control
treatment had its peak ratio in August, with an 8.27% decline observed in October.

Figure 3. Ratio of total chlorophyll to carotenoid with the standard deviations in the tested bacterial
treatments on one-year-old sessile oak seedlings during a growing season (June, August, September,
and October).

The chlorophyll a fluorescence OJIP transient measurements are presented in Figure 4.
Minimum fluorescence (F0) increased overall towards October (Figure 4a). The lowest

value was recorded in July for T1 (8140.59), while the highest was for T3 (8694.83). In
August, the value for the C2 treatment unexpectedly decreased to 8182.50. By October,
minimal fluorescence increased for all treatments, except C5, which slightly decreased
by 5.6% compared to the previous measurement. The highest value was observed for
T3 (10,108.28).

Maximum fluorescence (Fm) decreased during the growing season (Figure 4b). The
highest value was observed in July for treatment T5 (54,322). Interestingly, in August, Fm

dropped in treatment T4 to its lowest observed value (41,929.10). In October, the highest
Fm value was recorded in the T3 treatment (47,216.36), while the lowest was found in the
T1 treatment (41,864.17).

Maximum quantum efficiency of PSII (Fv/Fm) expressed a declining trend during the
growing season (Figure 4c), with maximal values in July, and the lowest values in October.
While in July the values were almost without difference between treatments (0.83–0.84), in
August the lowest value was detected in treatment T4 (0.79) and the highest in T2 (0.83),
which was close to the control treatment value (0.82). October values were slightly lower,
ranging from 0.76 (T1 treatment) to 0.79 (treatments C, T3, T5, C2, C5).

Performance index (Pi Abs) also decreased towards the growing season ending
(Figure 4d). The highest value was noted in July for treatment T5 (4.85), while the lowest
value in that month was for treatment T4 (4.17). For the same treatment, the lowest value
was detected in August (2.38), while the highest value was for C2 (3.51). In October, the
highest value was reported again for treatment T5 (1.99) and the lowest for T2 (1.39).

Absorption per active reaction center (ABS/RC) remained very stable across all three
months in the control treatment (Figure 4e), while fluctuations were observed for other
treatments. In July, values ranged from 1.76 (T1 treatment) to 1.86 (T4). In August, a rise
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was recorded, with the highest value for T4 (2.07) and the lowest for both T2 and C2 (1.82).
In October, absorbed energy per reaction center ranged from 1.79 (T4) to 2.01 (T2).

Figure 4. Selected OJIP biophysical parameters of one-year-old sessile oak seedlings inoculated with
different bacterial treatments. Mean values with the standard deviations of the measured parameters
((a) F0—minimum fluorescence; (b) Fm—maximum fluorescence; (c) Fv/Fm—maximum quantum
efficiency of PSII photochemistry; (d) Pi Abs—performance index; (e) ABS/RC—absorption per active
reaction center; (f) TR0/RC—trapped energy flux per active reaction center; (g) ET0/RC—electron
transport flux per active reaction center; and (h) DI0/RC—dissipation energy per active reaction
center) for each treatment (C—untreated control; T1—Viridibacillus sp. R3.17; T2—Pseudomonas
sp. R4.2.1P; T3—Pseudomonas sp. R4.29P; T4—Lysinibacillus sp. R1.4; T5—Pseudomonas sp. R4.45P;
C2—T4 + T5; C3—T1 + T2 + T3; and C5—T1 + T2 + T3 + T4 + T5) and month (July, August, and
October) are presented.

Trapped energy flux per active reaction center (TR0/RC) (Figure 4f) varied across
treatments and months. In July, treatment T5 was the most effective (1.56), while T1 had the
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lowest value (1.47). In August, however, T4 treatment was the most efficient (1.66), and T2
and C2 recorded the lowest values (1.49). A decline from July was observed for the control,
C2, and C3. In October, T5 treatment had the lowest trapped energy per reaction center
(1.43), while T2 was the most efficient (1.55).

The electron transport flux per active reaction center (ET0/RC) (Figure 4g) decreased
as October approached, except for treatments T4 and T5, where August values were slightly
higher than those in July. July values ranged from 0.89 (T1, T2) to 0.94 (T5). In August, the
lowest value recorded was 0.82 (T2), while T5 had the highest at 0.95. By October, a further
decline occurred, with the lowest value for T4 (0.61) and the highest for treatments C, T3,
and T5 (0.67).

Dissipation energy per active reaction center (DI0/RC) (Figure 4h) represents the
non-photochemical energy loss per reaction center, i.e., the energy lost through fluorescence
or heat dissipation. The parameter fluctuated with leaf temporal dynamics, meaning the
values increased toward the end of the growing season. In July, the lowest value was
recorded for T1 (0.28), while the highest was for treatment T4 (0.32). August values ranged
from 0.30 (T2) to 0.45 (T4). In October, the most efficient treatment was C2 (0.37), while the
highest non-photochemical energy loss was reported for treatment T2 (0.46).

Statistically significant differences were not observed for any of these parameters at
any time point.

4. Discussion
Being the central component of the photosynthesis process, chlorophyll content is

consequently an indicator of a leaf’s photosynthetic capacity, which varies over time
depending on seasonal changes, leaf ontogeny, and phenology. In our study, all pigments
and nitrogen content generally followed a bell-shaped temporal pattern, reaching their
peak values in June or August, followed by an autumn decline, consistent with the leaf’s
annual cycle. This pattern is also supported by the general trend observed in the temporal
dynamics of OJIP parameters.

Leaf pigment concentration varies within plant species, season, leaf age, and en-
vironmental conditions, especially light exposure. The highest pigment and nitrogen
concentrations were observed in June and August, following leaf development and expan-
sion of leaf area. As a result, a dilution effect may occur, leading to a temporary decrease in
measured leaf traits. The lowest values recorded in October indicate the start of the leaf
senescence process and pigment degradation.

Leaf pigment concentration is also influenced by leaf structure, such as whether it is
heliomorphic (sun leaves) or sciomorphic (shade leaves). Additionally, young trees, like
our one-year-old sessile oak seedlings, only produce shade leaves, which are characterized
by less developed palisade tissue and higher relative chlorophyll content compared to sun
leaves [57]. A higher chlorophyll content, especially chlorophyll b, indicates an adaptation
to lower light availability and the plant’s need to maximize photosynthesis in limited
sunlight conditions.

In this research, the idea was to check how the treatment with a bacterial preparation,
for whose individual strains have been shown to have a positive effect on the morphological
parameters of the growth of sessile oak seedlings [50,51] and other plants [52–54], affects
the physiological parameters of growth of one-year-old sessile oak seedlings.

In the majority of plants, the ratio of chlorophyll a to chlorophyll b is usually 3:1 [58],
whereas in shaded conditions, the ratio slightly drops [59]. In our study, chlorophyll a
to chlorophyll b ratios support the outcome of shaded growth conditions and remained
stable during the growing season for most treatments, with slight increases and decreases
(Figure 2). Regardless of bacterial treatment, a slow decreasing trend was observed at
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the end of the season, from August or September to October, indicating subtly increased
chlorophyll a degradation and the onset of senescence [60]. This is supported by the total
chlorophyll to carotenoid ratio. The total chlorophyll to carotenoid ratio (Figure 3) declined
toward the end of the growing season, indicating faster degradation of chlorophylls com-
pared to carotenoids [61]. Interestingly, for treatment T4, the ratio increased in October
to reach its maximum value during the growing season, since this treatment experienced
a slower but consistent decrease in total chlorophyll from June to October, followed by a
more dynamic change in carotenoid content.

Regarding the bacterial treatment effect on seedlings’ pigment and nitrogen content,
the data are fairly consistent within each month (Supplementary Material, Figures S6–S9),
with few statistically significant differences.

Seedlings in treatment T5 had an exceptional performance in June. The bacteria
Pseudomonas koreensis has enhanced chlorophyll content and growth in various plant
species [59–65]. Many of the studies were conducted in a stressful environment [62–68].
P. koreensis also demonstrated biocontrol capabilities [69]. In our study, the strain R4.45
(treatment T5) enhanced chlorophyll a, chlorophyll b, total chlorophyll, carotenoid, and
nitrogen contents in sessile oak seedlings in June, although the rise was not statistically
significant. These values were maximal up to the end of the growing season. From June, a
decline was noted, and interestingly, in August, carotenoid and nitrogen contents were the
lowest when compared to other treatments. The fluorescence data confirm stress conditions,
likely caused by increased light absorption (ABS/RC and TR0/RC had higher values than
in the control treatment; Figure 4e,f), which triggered higher electron transport (higher
ET0/RC; Figure 4g). However, this was not followed by efficient downstream energy flow,
leading to increased energy dissipation (DI0/RC; Figure 4h), along with a reduced Fv/Fm
(Figure 4c) and performance index (Figure 4d).

Similar to Pseudomonas sp. R4.45P in treatment T5, seedlings treated with strain
Pseudomonas sp. R4.2.1P in treatment T2 showed the highest levels of chlorophyll b and
total chlorophyll in June. In contrast, chlorophyll a, carotenoids, and nitrogen content
decreased in August. Chlorophyll fluorescence data confirmed higher pigment content,
with increased F0 and Fm compared to the control treatment (Figure 4a,b), leading to a
higher number of active reaction centers and, consequently, a lower photochemical load
per reaction center (lower values of ABS/RC, TR0/RC, and ET0/RC than the control;
Figure 4e–g). This indicates better energy distribution across reaction centers and overall
improved photosynthetic performance (higher Fv/Fm and Pi Abs, and lower DI0/RC
than the control; Figure 4c,d,h). The increase could be due to a higher light intensity,
which reduced chlorophyll b as it was less needed for light gathering or converted it to
chlorophyll a through chlorophyll b reductase, resulting in increased chlorophyll a and
carotenoid content as a defense mechanism, i.e., photoprotection. As a result, the highest
total chlorophyll to carotenoid ratio was observed. The rise in nitrogen content was a
prerequisite for the increase in chlorophyll, as nitrogen is its direct building block. In
October, a stress signature was noted, with Pi Abs and Fv/Fm lower than in the control,
and DI0/RC higher (Figure 4d,c,h). There was energy overload in reaction centers, with
higher ABS/RC and TR0/RC compared to the control (Figure 4e,f), and inefficient electron
transport, with lower ET0/RC (Figure 4g), supported by the decrease in pigment and
nitrogen content observed in October.

In treatment T4, seedlings were inoculated with Lysinibacillus sp. R1.4. Chlorophyll a
and b, as well as their total content, were at maximal levels in June; they were higher than the
control treatment, but not statistically significant. After June, the pigment levels gradually
declined. By contrast, carotenoid and nitrogen content were highest in August, which can
be explained by light stress and the need for photoprotection. The data from chlorophyll
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fluorescence are consistent with the aforementioned. In July, many inactive reaction centers
were present, enhancing the minimum fluorescence (Figure 4a) but lowering maximum
fluorescence (Figure 4b). The higher values of ABS/RC, TR0/RC, and ET0/RC, (Figure 4e–g,
respectively) compared to the control treatment indicate more energy absorption and higher
pressure on the electron-transport chain resulted in higher energy dissipation (DI0/RC;
Figure 4h), which consequently lead to lower Fv/Fm (Figure 4c) and Pi Abs (Figure 4d)
than in control treatment. This trend persisted in August, in addition to lower contents
of chlorophyll pigments. In October, compared to August, less energy was absorbed per
reaction center, but still, photosynthetic productivity decreased.

Treatment T1 was not successful in enhancing pigment or nitrogen content overall. In
fact, seedlings treated with Viridibacillus sp. R3.17 demonstrated the minimal mean values
for all SPAD measured parameters in September, October, and June, with the exception
of carotenoid and nitrogen content, which were the second lowest content. However, the
minimal values were statistically significant only in August and October for chlorophyll
a, chlorophyll b, and total chlorophyll content, when compared to the control treatment.
Viridibacillus arvi is a soil bacterium, reported by Jovanović et al. [50] to improve the height
and root collar diameter of sessile oak seedlings. Ramakrishna et al. [68] emphasized that
PGPBs are more efficient when used in less fertile, marginal soils. This is best illustrated by
PGPBs used in bioremediation and recultivation of soil in post-mining areas [40,70]. V. arvi
was also found in heavy metal-contaminated soil, in a uranium mining waste pile [71]. July
fluorescence data indicate optimized photosynthetic performance, although more energy
could have been loaded as ABS/RC, TR0/RC, ET0/RC, and DI0/RC were lower than in
the control (Figure 4e–h, respectively). In contrast, data from the August measurements
indicated problems in reactive centers (F0 value higher than in control treatment, Fm higher
values compared to control; Figure 4a,b) and electron transport efficiency (ET0/RC lower
value than in control treatment; Figure 4g), and consequently a decline in performance (Pi
Abs lower values; Figure 4d). In October, the damage process continued, leading to higher
absorption per active reaction center (Figure 4e), lower maximum quantum efficiency of
PSII (Figure 4c), and higher levels of dissipated energy (Figure 4h). The chlorophyll to
carotenoid ratio (Figure 3) indicates higher chlorophyll degradation, and the chlorophyll
a to chlorophyll b ratio (Figure 2) suggests a problem with reaction centers, as they are
dependent on chlorophyll a.

In treatment T3, seedlings were inoculated with Pseudomonas sp. R4.29P. While chloro-
phyll content was slightly lower compared to the control treatment in June, by the end of
the season, this performance gap widened. The chlorophyll levels for this treatment, both
individual and total, were narrow, reaching peak values in August, followed by an initial
decline in September, and then another significant drop in October. In fact, in October,
treatment T3 was the second lowest among all tested treatments. Carotenoid and nitrogen
dynamics also showed a bell-shaped temporal pattern, with smaller fluctuations during
June, August, and September, while a more pronounced decline was observed in October.
The results suggest there was a need for photoprotection during the more light-intensive
part of the growing season, since carotenoid content slightly fluctuated until October, when
a decrease in all pigments was noted, indicating the possible onset of senescence-related
processes. Our findings differ from the earlier work of Samaddar et al. [52], where in-
oculation of red pepper significantly increased chlorophyll levels during salinity stress.
Chlorophyll a fluorescence data show mild stress in July (F0 and DI0/RC increased, while
Pi Abs, ABS/RC, TR0/RC, ET0/RC decreased; Figure 4a,d–h, respectively). In August,
despite the enhancement of chlorophyll content (Figure 1c), the performance index was
lower compared to the control (Figure 4d), indicating less active reaction centers available
and higher energy dissipation per active reaction center (Figure 4h). In October, seedlings
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were still below optimal photosynthetic performance (Pi Abs lower than control; Figure 4d);
however, the photosynthetic system was capable of functioning without stress.

In treatment C2, two bacterial strains were combined: Lysinibacillus sp. R1.4 and
Pseudomonas sp. R4.45P. Both bacteria were successful in June as individual treatments,
enhancing chlorophyll content. C2 treatment also positively affected and increased levels
of chlorophyll a, chlorophyll b, total chlorophyll, carotenoids, and nitrogen. The values
measured were higher than in the control treatment but not statistically significant. Ad-
ditionally, seedlings in treatment C2 performed better than those in treatment T4, where
Lysinibacillus sp. R1.4 was applied alone. Conversely, seedlings from treatment group
T5 achieved higher levels of the aforementioned parameters. In August, a decline in all
parameters was observed, particularly in chlorophyll a, chlorophyll b, and total chlorophyll,
which reached their lowest levels in that month. According to PAR Fluor Pen data, in July,
probably due to June’s higher chlorophyll content (Figure 1c) that was still affecting the
seedlings, there were more reaction centers that decreased the absorption rate per reaction
center; however, photosynthetic electron transport was enhanced (increase in ET0/RC).
There was a need for photoprotection through energy dissipation (higher DI0/RC). The
balance was established in August, since energy dissipation equaled the control treatment
(Figure 4h). However, in October, with the decline in pigment content (Figure 1c), there was
a reduction in the number of reaction centers. The present ones were overloaded (ABS/RC,
TR0/RC higher than in the control treatment), and the electron transport chain (ET0/RC
lower than the control treatment) was not efficient.

A combination of three bacterial strains, Viridibacillus sp. R3.17, Pseudomonas sp.
R4.2.1P, and Pseudomonas sp. R4.29P, was used for treatment C3. In June and August,
slightly smaller values were mainly observed in SPAD-related parameters compared to the
control treatment, while in September, only carotenoid and nitrogen contents were slightly
higher than in the control group. A further drop in SPAD-measured values characterized
October. When comparing the success of each treatment individually and in combination,
C3 values were generally better than those of individual treatments; however, the observed
values were very close to those in treatment T3. Nevertheless, there were instances where
T3 alone outperformed the consortia, and cases where T2 treatment proved more successful
than both C3 and T3. This could imply that Pseudomonas sp. R4.29P outnumbered the other
two bacterial strains in the consortia, resulting in an effect most similar to the T3 treatment
alone. The chlorophyll a fluorescence data indicate stress conditions in July, potentially from
higher irradiation, since it was followed by carotenoid content enhancement in August. In
addition, the system improved, although the performance index and energy dissipation
per reaction center still indicated imbalance. In October, a decrease in pigment content was
recorded, and consequently, a new destabilization of the photosynthetic system occurred,
which could have been related to the upcoming senescence process.

C5 combined all five bacterial strains, and its performance in June regarding SPAD-
related parameters was the second best, after the T5 treatment. This is supported by
chlorophyll a fluorescence data, with more active reactive centers (ABS/RC lower than
in control), better energy usage (higher TR0/RC, ET0/RC), and no additional dissipation
(DI0/RC equal to the control treatment). In August, however, there was a decline, and
C5’s performance was lower than that of the control treatment and similar to T2 and
T4 (chlorophyll a, chlorophyll b, carotenoids, and nitrogen content). The chlorophyll a
fluorescence data confirm the stress condition (Pi Abs, Fm, and Fv/Fm were lower than
the control, while DI0/RC and F0 were higher). In September, another comparative rise
was observed regarding the maximum measured SPAD-related parameter values at that
time. Additionally, in October, treatment T5 exhibited the highest nitrogen and carotenoid
content, and in other parameters, it was also very successful. Although it was not higher
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than the control treatment, it was close to the maximum detected value. This is corroborated
by the chlorophyll a fluorescence data. The enhancement was noted in the minimum
fluorescence and performance index; the lower energy was absorbed in the reaction center
due to the higher number of available centers. The electron transport chain was efficient,
as in the control treatment, while the dissipated energy was lower. The achievement of
treatment C5 was noted twice during the growing season, at the beginning and at the
end. Good seedling performance at the beginning of the season is important for boosting
plant growth, accumulating essential nutrients, and establishing a strong foundation for
overall plant productivity. On the other hand, chlorophyll retention longer in autumn
prolongs photosynthetic activity, which in turn provides the plant with larger amounts
of nutrients, better health status, greater resistance to different stressors, etc. Our results
indicate that PGPBs, when acting synergistically, provide plants with multiple benefits at
once, making this a reliable approach for producing healthy seedlings. The C5 treatment
helped seedlings by aiding phosphate acquisition, producing IAA, producing ACC (which
modulates ethylene production), and facilitating the uptake of metal ions.

Notably, sessile oak seedlings from the control treatment reached high levels of tested
physiological parameters during the growing season. In August, all maximum values
related to SPAD-derived parameters were observed in the control group, while in October,
only carotenoids and nitrogen were higher in the C5 treatment group. Additionally, in
September, measurements for the control group were close to the highest values recorded.

In our study, the early positive impact of plant inoculation with PGPBs on chlorophyll a,
chlorophyll b, total chlorophyll, carotenoid, and nitrogen content was observed, for example,
in June for treatments T4, T5, C2, and C5. In September, chlorophyll a, chlorophyll b, total
chlorophyll, carotenoid, and nitrogen content were also higher in the C5 treatment than in
the control group, and the C3 treatment had values equal to the control. Finally, in October,
carotenoid and nitrogen contents were higher in the C5 treatment than in the control.
However, all the aforementioned differences were not statistically significant. Nevertheless,
the bacterial strains demonstrated potential for increasing pigments and nitrogen content.
Nitrogen is one of the most important and often limiting elements for plant growth [72],
since it is a major structural component of various plant cell metabolites [73]. If exposed to
low-N stress, plants respond by degrading their own proteins, decreasing photosynthesis,
accelerating leaf senescence, and reducing biosynthetic processes [73]. The higher content
of nitrogen at the beginning of the growing season is important for optimal growth and
development of seedlings. On the other hand, higher content observed in September and
October, i.e., late in the growing season, could indicate prolonged metabolic activity and
nutrient accumulation, which in the next growing season could provide a better starting
point and growth due to larger nutrient deposition. The larger chlorophyll content also
contributes to the aforementioned observations.

The natural environment is unpredictable, with frequent situations that can be per-
ceived as stressful. Therefore, numerous studies report improved efficiency of PGPBs
under different abiotic or biotic stress conditions. However, in our study, no stress was
intentionally induced; instead, we investigated whether bacterial treatments themselves
could act as a potential stress factor for the plant and reflect on the seedlings’ physiological
and photosynthesis-related parameters.

Treatment of sessile oak seedlings with PGPBs did not induce stress in sessile oak
seedlings, as no statistically significant differences in evaluated stress parameters between
treated and untreated plants were clearly discerned. Sessile oak seedlings were kept in the
nursery of the Institute of Forestry, in semi-controlled conditions, i.e., the temperature and
solar irradiance were not controlled. Hence, detected stress symptoms during the growing
season could be caused by other disturbing agents. In order to have a comprehensive



Environments 2025, 12, 409 15 of 19

analysis of seedling physiological activities during the growing season, we tried to connect
the results of pigment content dynamics to chlorophyll a kinetics and provide an extensive
explanation for the detected stress situation.

The most pronounced effects of plant inoculation with PGPBs are often observed
shortly after inoculation, but due to abiotic or biotic factors, such as the re-establishment
of native microbial communities, these effects may diminish over time [74,75]. Therefore,
the most probable evidence for plant stress induced by bacteria is a poor physiological
condition soon after inoculation, i.e., as early in June/July, based on comprehensive data
acquired during the experiment. In addition, in our experiment in July (the earliest chloro-
phyll kinetics measurement), treatments T3 and C3 showed a clearer indication of poorer
physiological condition (lower Pi Abs, ABS/RC, TR0/RC, ET0/RC values, while larger F0

and DI0/RC values). However, further investigation would be needed to demonstrate that
the observed effects result from bacterial treatments, since pigment content data did not
exclude solar irradiance as a possible stress inducer.

We did not observe statistically significant effects of applied plant-growth-promoting
bacteria and/or consortia on the photosynthesis parameters of sessile oak seedlings. How-
ever, in the study by Jovanović et al. [50], Viridibacillus sp. R3.17, a member of the applied
bacterial consortium, increased the height of one-year-old sessile oak seedlings in the
Košutnjak provenance by 9.55%. At the same time, the bacterial strain Pseudomonas sp.
R4.2.1P (also a member of the consortium) increased the root collar diameter and height of
the seedlings from the Košutnjak by 4.79% and 6.40% respectively, and Avala provenances
by 14.73% and 7.14% respectively. Moreover, Viridibacillus sp. R3.17 increased the root
collar diameter (29.68%) and root collar diameter increment (44.74%) of two-year-old sessile
oak seedlings compared to untreated controls [51].

The relationship between enhanced morphological parameters and photosynthetic im-
provement is dependent on the mechanisms of plant growth promotion. Barrusio et al. [76]
reported that an indole acetic acid (IAA)-producing bacterial strain only increased the fresh
weight of Arabidopsis thaliana, with no impact on the Fv/Fm ratio. This could explain the
lack of effect of confirmed PGP bacterial strains used in this study, since they were all
characterized as IAA producers (Table 1).

These findings prove the in planta growth-promoting potential of selected bacteria,
and justify the need for further research of PGP mechanisms and interactions with native
microbiota, as well as for optimization of application frequencies. Monitoring of bacterial
strains in the rhizosphere is necessary for determining their persistence and environmental
fate in the rhizosphere and for proving the causality of effect with the particular bacterial
treatment. Additionally, the broader environmental challenge associated with soil contami-
nation underscores the need to adopt a natural, sustainable, and eco-friendly approach to
address long-term environmental pollution and soil degradation in the forestry sector.

5. Conclusions
Soil contamination is one of the major global environmental issues that is likely to

increase in the future. In the forestry sector, soil quality is crucial for successful seedling
production, and there is a need for a sustainable approach, where environmentally friendly
alternatives, such as biofertilizers based on natural microorganisms, replace conventional
agricultural practices involving artificial fertilizers and pesticides due to the degradation
of soil and the surrounding environment and biodiversity loss. In this study, we aimed to
assess the impact of five selected bacterial strains and three consortia on the physiological
parameters related to photosynthesis in one-year-old sessile oak seedlings. While the results
showed slightly elevated values in some inoculated treatments compared to the control,
the differences were subtle and not statistically significant. However, no adverse effect on
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photosynthesis and growth of the seedling was detected. In the future, optimizing bacterial
inoculum density and application timing should be studied to enhance the observed effects.
Additionally, introducing controlled stress conditions in selected treatment groups may
provide better insight into the role of PGPBs under suboptimal growth conditions.
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August with their standard deviations; Figure S8: SPAD-related parameters measured in September
with their standard deviations; and Figure S9: SPAD-related parameters measured in October with
their standard deviations.
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