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Abstract
Well-developed eucalyptus plantations rely on high-quality seedlings, which benefit from shorter nursery periods.
However, seedlings in nurseries face numerous diseases and environmental stresses that can hinder growth.
Therefore, rhizobacteria offer an effective, sustainable alternative to improve seedling development. In particular,
phosphate-solubilizing bacteria enhance phosphorus availability, boosting nutrient uptake, accelerating growth,
and reducing nursery time. This study aimed to evaluate the growth promotion of Eucalyptus benthamii seedlings
by phosphate-solubilizing bacteria applied to seeds and substrate, and their interaction with different phosphorus
sources and doses. The experiment followed a completely randomized design in a triple factorial arrangement: factor
1 – bacterial strains (RB023, RB030, RB041, isolated from the rhizosphere, and a control); factor 2 – phosphorus
source (monoammonium phosphate and simple superphosphate); and factor 3 – phosphorus dose (0%, 50%, and
100% of the recommended level). On average, inoculated seedlings showed a 23% increase in total biomass
compared to the control. Simple superphosphate resulted in greater diameter, fresh weight of the aboveground part,
aboveground biomass, and total biomass. Surprisingly, the 0% phosphorus dose produced the highest averages,
highlighting the potential of phosphate-solubilizing bacteria to promote seedling growth even under low phosphorus
conditions.
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1. Introduction

Eucalyptus is the most planted tree genus in Brazil
and worldwide, primarily due to its fast growth, adaptabil-
ity, and multiple commercial uses (FAO, 2020; Zhang et
al., 2015). There are approximately 9 million hectares of
planted forests in the country, with 76% consisting of Eu-
calyptus spp. and its hybrids (IBÁ, 2023). In the southern
region of Brazil, the Eucalyptus genus is particularly im-
portant due to its economic value in the production of pulp,
paper, charcoal, energy, and timber products (Colodette
et al., 2014; Seng Hua et al., 2022). The species culti-
vated in this region form a more restricted group, including
E. dunnii, E. benthamii, E. saligna, E. urophylla, and E.
grandis. However, some of these species have limited cli-
matic zoning due to the frequent occurrence of hoar-frost
in certain areas of the region (Higa et al., 1997; Konzen et

al., 2017). Among them, E. benthamii has demonstrated
greater resistance to freezing stress (Floriani et al., 2013;
Paludzyszyn Filho, dos Santos & Ferreira, 2006; Santos,
Paludzyszyn Filho et al., 2021). However, resistance to
cold alone does not guarantee high productivity and it
is necessary to explore other factors that contribute to
the rapid growth and better development of eucalyptus
plantations, such as the nutrition of forest soils, or even,
the use of growth-promoting microorganisms (Lan et al.,
2023; Santos et al., 2021).

In this context, several authors state that the over-
all growth performance of eucalyptus is influenced by a
range of additional factors, including genetic variability,
seedling quality, soil fertility, water availability, and man-
agement practices (Bellote & Silva, 2005; Stape et al.,
2001; Silva et al., 2020). This growth performance begins
with a higher quality forest seedling being produced, con-
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sequently, studied and methods on this way are neces-
sary, because the shorter the time seedlings remain in the
nursery, the lower is the risk of phytopathogen and pest
attacks, reducing the use of pesticides and production
costs (Carmo, 2012). Given that, plant growth-promoting
rhizobacteria (PGPR) have emerged as a valuable tool to
enhance eucalyptus development, as they can improve
nutrient availability, stimulate root growth, and increase
seedling vigor—contributing significantly to faster and
more uniform establishment in the field.

In such context, some authors have postulated that
rhizobacteria are organisms which beneficially assist in
the production of forest seedlings (Angulo et al., 2014;
Chaiya et al., 2021; Song et al., 2022). However, in
the forestry sector, the study of rhizobacteria as plant
growth promoters is less than 30 years old (Enebak, Wei
& Klopper, 1998). Being a relatively recent area, there
is incomplete information on how rhizobacteria survive,
compete, and interact in the tree rhizosphere, as well
as their interaction with the chemical fraction of this rhi-
zosphere (Khan et al., 2021), despite having evidence
of plant growth due to the presence of those individuals
(Bhadrecha, Singh & Dwibedi, 2023; Kong & Liu, 2022).

It is known that plants chemically depend on various
essential nutrients from soil for its growth, such as Car-
bon, Nitrogen, Potassium, and Phosphorus. Phosphorus
is a crucial mineral macronutrient that, when present
in insufficient concentrations for the plant, significantly
reduces its growth (Bazani, Hakamada, Arthur Junior
& Gonçalves, 2014; Primavesi, 2002; Malavolta, 1976;
Malavolta, 1980). Additionally, this element could stimu-
late root growth and formation at the early stages of plant
development (Bazani et al., 2014) and still, when asso-
ciated with other nutrients, such as nitrogen, increases
specific root length, surface area, and root P content,
leading to a shift toward an acquisitive strategy for en-
hanced P uptake (Jin et al., 2024).

The availability of phosphorus depends largely on its
solubility, a factor widely recognized as a major control
on plant-accessible P in soils (Yadav et al., 2012; Shri-
vastava et al., 2018). This solubility is influenced by plant
root activity and soil microorganisms. Phosphorus immo-
bilized in microbial biomass constitutes a labile reservoir
of this nutrient, and soil microorganisms play a fundamen-
tal role in its mineralization and solubilization (Mendes
& Dos Reis Júnior, 2003; Richardson & Simpson, 2011).
According to Madigan, Martinko, Bender, Buckley, and
Stahl (2016), the greatest microbial activity occurs in
the organic-rich surface soil layers, especially within and
around the rhizosphere.

Often, the soil does not have the necessary concen-
tration or availability of essential elements at the levels
required to ensure the desired productivity of forest cul-

tivation, thus requiring the input of exogenous sources
of these elements, which are called fertilizers (Rodella,
Alcarde & Dias, 2005). In this context, microorganisms,
especially bacteria, emerge as an alternative in fixing es-
sential elements; they are the main catalysts of nutrients
and are responsible for converting elements into forms
that can be utilized by plants (Tortora, Case & Funke,
2016; Madigan et al., 2016). In this regard, the use of
phosphate-solubilizing bacteria can assist in the growth
and improve the quality of seedlings, as well as increase
the utilization of phosphate fertilizers.

This study used different phosporous sources (SSP
and MAP) when analyzing phosphate-solubilizing bac-
teria interact with fertilizers of differing solubility and to
determine whether bacteria can enhance P uptake, par-
ticularly from less available sources. We hypothesize that
inoculation with phosphate-solubilizing bacteria will im-
prove seedling growth across all P doses, with a stronger
effect when SSP is used due to increased bacterial sol-
ubilization, while MAP may show smaller yet positive
effects. Furthermore, we expect differences among bac-
terial strains, with at least one strain outperforming others
in promoting growth under low-P conditions, and antic-
ipate that bacterial inoculation will enable seedlings to
maintain or increase growth even at reduced phosphorus
doses, demonstrating their potential to enhance nutrient-
use efficiency. Therefore, the objective of this study was
to evaluate the growth of Eucalyptus benthamii seedlings
through the inoculation of phosphate-solubilizing bacte-
ria via application on seeds and substrate, with differ-
ent sources and doses of phosphorus. Based on this
approach, we expect that inoculation with phosphate-
solubilizing bacteria would enhance seedling growth even
under low phosphorus availability, thereby reducing the
need for higher fertilizer doses.

2. Materials and Methods
2.1 Conducting tests and obtaining the bacterial iso-

lates used

The tests were conducted in the Forest Pathology and
Forest Soils laboratories and in the greenhouse of the
Department of Forestry Engineering at UNICENTRO-PR,
Irati campus.

Three bacterium isolates were used, RB023, RB030,
RB041, which are from the microbial collection of the For-
est Pathology Laboratory at UNICENTRO, Irati campus.
These isolates were collected from an experimental plan-
tation of E. benthamii located at the CEDETEG Campus
of UNICENTRO, in the city of Guarapuava-PR, Brazil,
where bacteria from the soil rhizosphere were collected.
This planting was approximately ten years old, covering
an area of 1 hectare, and cultural practices were carried
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out according to Benin (2014). These bacteria were pre-
viously tested and selected on the first part of this work
and considered potential based on their ability to solubi-
lize calcium phosphate in vitro, their growth and capacity
of pH alteration in liquid medium containing phosphate
fertilizer, and their ability to colonize eucalyptus roots in
vitro (Marcolin, 2016).

2.2 Preparation and sowing of Eucalyptus benthamii
seeds

A total of 1500 Seeds of E. benthamii, originating from
a seed production area (SPAs), from the company BEN-
TEC, Rio do Sul-SC, Brazil, with a germination power
of 80%, were microbiolized for 12 hours at room tem-
perature of 25◦C in a suspension of rhizobacteria with
concentrations adjusted in a spectrophotometer to 108

cfu/mL-1.
After microbiolization, sowing was carried out in 55

cm³ tubes containing MaxPlant® commercial substrate,
with base fertilization according to Valeri and Corradini
(2005). For this purpose, 150g of N, 300g of P2O5, and
100g of K2O were added per m³ of substrate. Nitrogen
and potassium doses were applied equally in all treat-
ments, while the phosphorus dose was applied in three
different levels according to the treatment: 0% phospho-
rus (0g of P2O5), 50% of the recommended dose (150g
of P2O5), and 100% of the recommended dose (300g of
P2O5). The nitrogen and potassium sources were the
same for all treatments, using urea and potassium chlo-
ride, respectively. For phosphorus, two nutrient sources
were used: simple super phosphate (SSP) and monoam-
monium phosphate (MAP). The control consisted of 300
seeds that remained in water for 12 hours, the same pe-
riod during which the treatments remained in bacterial
suspension.

2.3 Seedlings evaluation

After 15 days after sowing (DAS), seedling emer-
gence was evaluated. At 45 DAS, the first evaluation of
seedling diameter was performed using a digital caliper,
and seedling height was measured with a graduated ruler.
During this period, the first topdressing was applied, using
1000g of ammonium sulfate and 300g of potassium chlo-
ride diluted in 100L of water (Valeri & Corradini, 2005),
with an application volume of 10mL per tube, at intervals
of 15 days until 75 DAS. At 50 DAS, the bacterial suspen-
sion was re-applied at a concentration of 108 cfu/mL-1

adjusted in a spectrophotometer (Optical density /O.D.
600nm), with a volume of 3mL per tube, since this can
ensure a more uniform exposure across seedlings and
seed inoculation alone may not guarantee that bacteria
will effectively colonize the emerging root system.

The evaluated variables included seedling emergence,

stem diameter, and height at 45 DAS (days after sow-
ing). At 90 DAS, survival rate, aboveground biomass,
root biomass, root length, fresh weight of aboveground
and root parts, stem diameter, and seedling height were
evaluated.

2.4 Statistical analysis

The experiment was set up in a completely random-
ized design, in a triple factorial arrangement, with the
first factor being the bacterial isolates (F1), the second
factor being the phosphorus sources (F2), and the third
factor being the two phosphorus doses (F3), totaling 24
treatments (Table 1). Each treatment consisted of five
replicates, with 12 seeds sown per replicate, totaling 60
seeds sown per treatment. The means were subjected to
Analysis of Variance (ANOVA) and the Tukey’s test was
applied to compare the means at 5% probability level us-
ing R Studio software (2015). The normality of residuals
and homogeneity of variances were assessed using the
Shapiro–Wilk and Levene’s tests, respectively.

Table 1. Experiment in a completely randomized design
with a triple factorial arrangement, totaling 24 treatments.
MAP: monoammonium phosphate; SSP: simple super
phosphate.

Bacteria P doses P source Treatment

RB023

0% MAP 1
SSP 2

50% MAP 3
SSP 4

100% MAP 5
SSP 6

RB030

0% MAP 7
SSP 8

50% MAP 9
SSP 10

100% MAP 11
SSP 12

RB041

0% MAP 13
SSP 14

50% MAP 15
SSP 16

100% MAP 17
SSP 18

No Bacteria

0% MAP 19
SSP 20

50% MAP 21
SSP 22

100% MAP 23
SSP 24
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3. Results and Discussion

3.1 Evaluation 15 Days After Sowing (DAS)

There was significant effect on the emergence of E.
benthamii seedlings at 15 DAS, analysis of variance was
applied following a Tukey test at 1% of probability level (p
< .01). The highest emergence percentages occurred in
treatments where bacterial isolates were not inoculated
(Figure 1).

At this time of emergence, this type of behavior can
be explained once seedlings still have nutritional reserves
from the seed itself, so they do not need to absorb nutri-
ents from the environment (Bewley et al., 2013; Taiz et
al., 2015). These accumulated nutritional reserves can
be in the form of proteins, lipids, and carbohydrates, and
they ensure healthy seedling growth (Ferreira & Borguetti,
2009; Özden et al., 2025). So, for both phosphorus
sources and doses, no difference in seedling emergence
was expected at this time.

Besides that, it is known that bacteria can interact
with seedlings in a neutral, deleterious, or beneficial man-
ner (Romeiro, 2007; Alfenas et al., 2009). Therefore,
since they did not differ from the control, they behaved
neutrally, neither benefiting nor harming the emergence
percentage.

3.2 Evaluation 45 Days After Sowing (DAS)

There was no significant difference in diameter for any
of the variables. Regarding height, there was a difference
for bacteria (F1) and the interaction between bacteria and
the applied phosphorus source (F1xF2) at 45 DAS (Table
2).

Table 2. Analysis of variance for diameter (mm) and
height (mm) at 45 DAS in the greenhouse.

MEAN SQUARE
Variation Source Diameter Height

Bacteria 2.69 5.26**
P Source 0.49 0.18
P Dose 1.60 1.25

Int. F1xF2 0.43 0.03*
Int. F1xF3 0.90 1.63
Int. F2xF3 0.52 0.28

Int. F1xF2xF3 0.42 0.74
CV (%) 28.72 5.05

** significant at the 1% probability level (p < .01), * significant at the 5%
probability level (.01 ≤ p < .05). CV: coefficient of variation.

The RB030 isolate differed from the control in both
treatments containing MAP (monoammonium phosphate)
and treatments containing SSP (simple super phosphate).
The highest mean height at 45 DAS occurred in the treat-
ment containing the RB030 bacterium, where simple su-
per phosphate was applied as the phosphorus source
(Table 3). According to Wang et al. (2022), this may
occur due to the activation of core functional bacteria
by superphosphate, leading to an increase in bacterial
diversity and a reduction in phytotoxins.

Table 3. Means of interaction F1xF2 (bacteria and phos-
phorus source) for height (mm) at 45 DAS.

INTERACTION BETWEEN BACTERIA AND P SOURCE

MAP SSP

RB023 25.97 abA 26.49 abA

RB030 28.81 aA 29.55 aA

RB041 26.13 abA 26.16 abA

No Bacteria 24.55 bA 25.02 bA

*Means followed by the same letter do not differ statistically from each
other. Tukey’s test was applied at the 5% probability level, lowercase
letters for columns and uppercase letters for rows (height in mm).

The mean heights were slightly higher in the sub-
strate containing SSP, which may have occurred due to
its composition, containing 8% sulfur (S) and 16% cal-
cium (Ca), while MAP does not contain them. Besides
that, these greater value in seedling height cannot be ex-
plained solely by its chemical composition, but rather by
the physiological and microbiological roles of its compo-
nents. Calcium present in SSP plays a fundamental role
in cell wall stabilization and cell elongation, directly influ-
encing plant height through its effects on meristematic
activity and structural development (White & Broadley,
2003; Taiz et al., 2015). Additionally, sulfur contributes to
amino acid synthesis and enzymatic activity, enhancing
overall plant metabolism and growth (Marschner, 2012).
When considering the significant interaction between bac-
terial isolates and phosphorus source, it is also likely that
these nutrients influenced rhizobacterial activity. Calcium
can improve root–microbe interactions and rhizosphere
stability, while sulfur supports microbial metabolism, po-
tentially enhancing the activity of phosphate-solubilizing
bacteria (Richardson et al., 2009). Thus, the superior per-
formance observed with SSP may result from a combined
effect of improved plant nutrition and enhanced microbial
activity, rather than phosphorus availability alone.
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Figure 1. Percentage of E. benthamii seedling emergence at 15 DAS. Where 023, 030, and 041 are the bacterial
isolates, C represents the control (without bacteria), MAP and SSP represent monoammonium phosphate and simple
super phosphate, respectively, and 0%, 50%, and 100% represent the doses of phosphorus applied.

3.3 Evaluation 90 Days After Sowing (DAS)

At 90 DAS, there was a significant difference for bac-
teria (F1) in diameter, height, fresh weight of above-
ground part (AG FW), fresh weight of root (Root FW),
total fresh weight (Total FW), and aboveground, root, and
total biomasses. There was a difference for the applied
phosphorus source (F2) in diameter and aboveground
and total biomass.

Significant differences were also detected for the ap-
plied phosphorus dose (F3), in diameter, root length,
fresh weight of the aboveground part, aboveground biomass,
and total biomass. There was interaction between F1xF3
for root fresh weight and between F1xF2xF3 for height,
root length, root fresh weight, and total biomass (Table
4).

Bacteria RB030 differed from the control in all vari-
ables except for root length. However, due to the rapid
growth of the seedlings and the limited size of the tubes,
by 90 days after sowing (DAS), most seedlings already
had root growth outside the tubes, which may explain
in terms of root length this variable be statistically non-

significant. Bacteria RB023 differed from the control only
in diameter and total fresh weight. Bacteria RB041 dif-
fered from the control only in the fresh weight of the
aboveground part.

Isolate RB030 still showed higher average values
and differed from RB023 in aboveground biomass, root
biomass, and total biomass, and differed from RB041 in
aboveground fresh weight, root weight, and total fresh
weight, as well as in aboveground, root, and total biomass
(Table 5).

Mafia et al. (2009), evaluating the rooting index and
root biomass of eucalyptus clones inoculated with rhi-
zobacteria, observed gains of 134% in root biomass for
clone 865 inoculated with isolate S1. Mafia et al. (2005)
obtained gains of up to 69% in root biomass using iso-
lates S1 in eucalyptus clones. Moreira & Araújo (2012)
found gains in aboveground biomass of eucalyptus clones
ranging from 53% to 167% compared to the control. How-
ever, Carmo (2012) did not achieve growth gains with any
of the isolates tested, where E. benthamii seeds were
microbiolized with bacterial suspension.
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Table 4. Analysis of variance at 90 days after sowing (DAS) for diameter (mm), height (mm), root length (mm), fresh
weight of the aboveground part, root, and total (mg), and biomass of the aboveground part, root, and total (mg).

MEAN SQUARE
VS Diameter Height Root Lenght AG. FW. Root FW Total FW AG Biomass Root Biomass Total Biomass

Bacteria 6.47** 4.58** 0.26 7.13* 6.01* 7.90* 7.06* 8.28* 8.21*
P Source 5.13* 1.48 0.04 3.06 0.74 2.12 6.66* 2.87 6.21*
P Dose 6.65** 1.19 3.69* 4.21* 0.88 1.27 4.85* 0.41 3.25*
F1xF2 0.76 0.23 0.43 0.40 0.36 0.38 0.08 0.20 0.10
F1xF3 1.48 0.50 0.80 0.75 2.27* 1.24 0.46 0.39 0.45
F2xF3 1.51 0.47 0.97 0.94 0.47 0.82 1.74 1.25 1.68

F1xF2xF3 0.92 0.11** 0.15* 0.51 0.18* 0.23 0.21 0.33 0.18*
CV% 13.93 14.47 5.98 25.28 39.09 27.35 27.92 6 27.7

**significant at the 1% probability level (p < .01), significant at the 5% probability level (.01 ≤ p < .05), non-significant (p ≥ .05). VS: variation source.
CV: variation coefficient.

Table 5. Means of factor 1, bacteria, for diameter (mm), height (mm), fresh weight of the aboveground part, root, and
total (mg), biomass of the aboveground part, root, and total (mg), at 90 days after sowing (DAS).

F1 - BACTERIA
Diameter Height AG FW R FW FW Total AG Biomass Root Biomass Total Biomass

RB023 1.53 a 188.42 ab 1077.10 ab 826.68ab 1903.79 ab 288.22 b 110.43 b 398.66 b
RB030 1.55 a 205.28 a 1250.67 a 934.12 a 2184.79 a 352.83 a 132.46 a 485.29 a
RB041 1.46 ab 196.34 ab 1119.82 a 711.54 b 1831.37 bc 295.59 b 106.48 b 402.08 b

No bacteria 1.34 b 179.84 b 923.88 b 623.44 b 1547.32 c 255.74 b 91.69 b 347.44 b

*Means followed by the same letter do not differ statistically from each other. Tukey’s test was applied at the 5% probability level.

The growth variation is much greater when seedlings
originate from seeds. Ideally, the isolate should promote
growth not only of a specific clone but of the species in
general. In this study, gains in total biomass reached
40% when bacteria RB030 was applied, and on aver-
age, the isolates increased total biomass of seedlings by
23%. Moreover, this growth variability observed among
seedlings, as well as the strong performance of isolate
RB030, can be partially explained by factors already de-
scribed in the literature.

Seed-derived seedlings exhibit high genetic variability,
which influences their responsiveness to plant growth-
promoting rhizobacteria, resulting in heterogeneous growth
patterns (Berg & Smalla, 2009; Backer et al., 2018). In ad-
dition, the effectiveness of bacterial isolates depends on
their ability to colonize the rhizosphere and compete with
native microbiota, which varies among strains (Bashan
et al., 2014). Differences in phosphorus-solubilization
mechanisms, such as organic acid production and enzy-
matic activity, may also explain the superior performance
of certain isolates like RB030 (Rodrı́guez & Fraga, 1999;
Khan et al., 2007). Furthermore, interactions between

microorganisms and the substrate can enhance nutrient
cycling and phosphorus availability, particularly under
low fertilization conditions (Richardson & Simpson, 2011;
Shen et al., 2011). Finally, plant growth-promoting rhi-
zobacteria can stimulate plant development through addi-
tional mechanisms, including phytohormone production
and improved stress tolerance, contributing to biomass
gains beyond nutrient supply alone (Glick, 2012). These
factors together help explain the observed increases in
biomass and highlight the complexity of plant–microbe
interactions.

Regarding the simple super phosphate (SSP), this
phosphorus source showed higher averages and dif-
fered from monoammonium phosphate (MAP) in diam-
eter, aboveground biomass, and total biomass (Table
6). Seedlings that received simple super phosphate as
a phosphorus source had, on average, 12% more total
biomass than seedlings that received monoammonium
phosphate. Simple super phosphate contains sulfur (S)
and calcium (Ca) in its composition; however, topdressing
fertilization was performed at 45 DAS, where ammonium
sulfate, which is also a sulfur source, was applied. There-
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fore, it is likely that this difference was mainly caused by
the availability of calcium to the seedlings. According to
Siebers et al. (2016), calcium participates in enzymatic
functions in phosphate transfer processes, such as the
phospholipase enzyme; furthermore, it improves interac-
tion with soil microbiota and acts as a signaling molecule
in plant development, influencing cell elongation and divi-
sion, which directly impacts biomass accumulation (Taiz
et al., 2015).

Table 6. Means of factor 2, phosphorus source, for di-
ameter (mm), aboveground biomass, and total biomass
(mg) at 90 days after sowing (DAS).

F2 – P SOURCE
Diameter AG Biomass Total Biomass

MAP 1.42 b 278.49 b 383.57 b
SSP 1.51 a 317.70 a 433.17 a

*Means followed by the same letter do not differ statistically from each
other. Tukey’s test was applied at the 5% probability level.

Gava et al. (1997) determined the efficiency of three
phosphorus sources on the growth of eucalyptus seedlings
in two types of soil, quartz-sand neosol and red latosol.
Thermophosphate provided greater growth in the neosol,
being 64% superior to simple super phosphate and 57%
superior to partially acidulated phosphate, while in the
latosol, simple super phosphate was superior to ther-
mophosphate by 55% and 34% superior to partially acidu-
lated phosphate. Besharati, Atashnama, and Hatami
(2007) found the superiority of simple super phosphate
compared to triple superphosphate in terms of eucalyp-
tus productivity in red latosol, attributing it to the supply
of sulfur (S) and calcium (Ca).

Although the present study was conducted using a
commercial substrate, which can be considered a more
chemically balanced or “neutral” growth medium com-
pared to natural soils, this condition may have influenced
the observed responses to phosphorus sources. Com-
mercial substrates typically present higher organic matter
content, greater porosity, and more uniform nutrient distri-
bution, which can enhance nutrient availability and reduce
fixation processes commonly observed in highly weath-
ered tropical soils such as red latosols (Gruda, 2019;
Sanchez, 2019). In contrast, in red latosols, phosphorus
is often strongly adsorbed to iron and aluminum oxides,
limiting its availability and making the contribution of el-
ements such as calcium (Ca) and sulfur (S), present in
simple superphosphate, more critical for plant develop-
ment (Havlin et al., 2014; Roy et al., 2016). This helps
explain the results reported by Besharati et al. (2007),
where simple superphosphate showed superior perfor-

mance under such soil conditions.
In the case of the present study, the commercial sub-

strate likely reduced phosphorus fixation and provided
a more readily available nutrient pool, which may have
attenuated the differences between phosphorus sources
or altered their relative efficiency. Additionally, substrates
rich in organic matter can stimulate microbial activity, in-
cluding phosphate-solubilizing bacteria, further modifying
phosphorus dynamics and potentially enhancing nutri-
ent cycling independent of fertilizer source (Richardson
& Simpson, 2011). Therefore, while simple superphos-
phate still showed superior performance in this study, its
advantage may be partially linked to substrate character-
istics that differ substantially from field soils, particularly
highly weathered tropical soils.

The highest averages for the phosphorus dose oc-
curred where no phosphate fertilizer was applied, except
for root length, where the highest average occurred at
50% of the recommended dose. There was a differ-
ence between the 0% and 50% doses for diameter, fresh
weight of the aboveground part, aboveground biomass,
and total biomass. And between 0% and 100% for di-
ameter and aboveground biomass (Table 7). The higher
root length observed at 50% phosphorus dose can be
explained by plant adaptive responses to moderate phos-
phorus limitation. Under low but non-zero phosphorus
availability, plants typically increase root elongation and
root system development to enhance nutrient acquisition,
resulting in greater root length and surface área (Mishra
et al., 2024). However, under complete phosphorus de-
privation (0%), although biomass accumulation may still
occur—especially with the aid of phosphate-solubilizing
bacteria—severe phosphorus deficiency can restrict cell
division and elongation in root tissues and induce physi-
ological stress that limits root extension (Wissuwa et al.,
2005).

Table 7. Means of factor 3, phosphorus dose, for di-
ameter (mm), root length (mm), fresh weight of the
aboveground part (mg), aboveground biomass, and total
biomass (mg) at 90 days after sowing (DAS).

F3 – P DOSE

Diameter Root L. AG FW AG Biomass Total Biomass

0% 1.56 a 132.92 ab 1191.53 a 331.45 a 443.81 a

50% 1.44 b 134.32 a 1016.51 b 279.07 b 385.69 b

100% 1.40 b 129.64 b 1070.56 ab 283.77 b 395.61 ab

*Means followed by the same letter do not differ statistically from each
other. Tukey’s test was applied at the 5% probability level.

In this study, using the spectrophotometer, it was no-
ticed that bacteria grew better and showed higher values
of optical density (OD) where they were cultured without
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the presence of fertilizers, which may partly explain the
greater development of seedlings at the 0% dose. Ac-
cording to Szymanska-Chargot et al. (2019), high values
of OD indicate that bacteria or fungi grow normally under
the analysed conditions, this measurement is commonly
employed to estimate the concentration of cells in a liquid
medium (Beal et al., 2020) and is related in this case
with the size of bacteria colony. Another significant fac-
tor is that 90 days after sowing (DAS) may have been
insufficient to evaluate phosphorus deficiency; the first
symptoms of deficiency began to appear towards the end
of the experiment, albeit in a small number of seedlings.

The efficiency of fertilization depends not only on the
doses or quantities to be applied. There are a series of
other factors, such as the quality of fertilizers, soil, tim-
ing, method, and uniformity of application, moisture, and
plant, which must be carefully analyzed to ensure a better
use of fertilizers (Alcarde, Guidolin & Lopes, 1998). In
this sense, this study suggests an important ecological
implication regarding the use of rhizobacteria as an alter-
native or complement to mineral fertilizers. Phosphate-
solubilizing bacteria can increase phosphorus availability
in soils by converting insoluble forms into plant-accessible
forms, reducing the need for synthetic phosphorus inputs
(Ojuederie et al., 2019; Pan & Cai, 2023). This aligns with
our findings, where the highest seedling growth occurred
even at 0% phosphorus dose, indicating that bacterial
inoculation can partially substitute fertilization. From an
ecological perspective, reducing fertilizer use is critical,
as excessive phosphorus application is associated with
environmental problems such as eutrophication of water
bodies and nutrient imbalances in soils (Saeed et al.,
2021).

Additionally, rhizobacteria contribute to improved soil
health by enhancing microbial diversity, nutrient cycling,
and plant–microbe interactions, promoting more sustain-
able and resilient agroecosystems (Bhattacharyya & Jha,
2012; Backer et al., 2018; Nabati et al., 2025). Studies
also show that PSB inoculation can maintain crop pro-
ductivity while reducing phosphorus fertilizer doses by
up to 50% or more, reinforcing their role as eco-friendly
biofertilizers (Beltran-Medina et al., 2023). Therefore, the
use of rhizobacteria represents a sustainable strategy to
decrease dependence on chemical fertilizers, mitigate
environmental impacts, and improve long-term soil fertil-
ity.

In terms of interaction, the control (without bacte-
ria), at the 50% dose, differed regarding the phosphorus
source applied, with the lowest average observed in the
treatment where monoammonium phosphate was ap-
plied. The highest average was observed for RB030
isolate in the treatment where both monoammonium and
simple super phosphate were not applied (Table 8).

Table 8. Means of interaction F1xF2xF3 for total biomass
(mg) at 90 days after sowing (DAS).

BACTERIA P DOSE
P SOURCE

MAP SSP

RB023
0% 441.81 abA 441.81 aA

50% 324.97 abA 447.34 aA
100% 352.77 abA 383.26 aA

RB030
0% 533.71 aA 533.71 aA

50% 381.19 abA 488.83 aA
100% 444.78 abA 529.52 aA

RB041
0% 434.29 abA 434.29 abA

50% 374.04 abA 428.10 aA
100% 322.83 abA 418.10 aA

No Bacteria
0% 365.43 abA 365.43 aA

50% 288.88 bA 352.15 aA
100% 338.11 abA 374.67 aA

*Means followed by the same letter do not differ statistically from each
other. Tukey’s test was applied at the 5% probability level, lowercase
letters for columns and uppercase letters for rows.

This study demonstrates that phosphate-solubilizing
bacteria, particularly isolate RB030, significantly enhance
the growth of Eucalyptus benthamii seedlings, increasing
total biomass by up to 40% and enabling strong develop-
ment even in the absence of phosphorus fertilization. The
results highlight the potential of these bacteria as a sus-
tainable alternative to conventional fertilization, especially
when combined with simple super phosphate, which fur-
ther improved growth likely due to its calcium and sulfur
content. However, the findings are constrained by the
short experimental period, restricted root growth condi-
tions, and greenhouse-based setup, which may limit their
applicability to field conditions. Additionally, the study
does not fully elucidate the biological mechanisms behind
bacterial performance or account for broader microbial
diversity, indicating that further long-term and field-based
research is necessary to validate and optimize the use of
these bacteria in forestry systems.

4. Conclusions

The three bacterial isolates tested promoted the growth
of Eucalyptus benthamii seedlings, with inoculated plants
showing, on average, a 23% increase in total biomass
compared to the non-inoculated control. Among the iso-
lates, RB030 stood out by enhancing all evaluated vari-
ables except root length, resulting in an average total
biomass 40% higher than that of the control treatment.
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Regarding phosphorus sources, simple superphosphate
led to greater stem diameter, aboveground biomass, and
total biomass compared to monoammonium phosphate,
likely due to the presence of sulfur and calcium in its com-
position. In terms of phosphorus doses, the absence of
phosphorus (0%) resulted in greater stem diameter, fresh
weight of the aboveground part, aboveground biomass,
and total biomass, while the 50% dose promoted greater
root length. Additionally, a trend was observed in which
bacterial effectiveness tended to decrease as the applied
phosphorus dose increased.
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Özden, E., Ermiş, S., Yildirim, E., & Demir, İ. (2025). Per-
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