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Abstract
Background  Nutritional disorders of phosphorus (P), due to deficiency or toxicity, reduce the development 
of Eucalyptus spp. seedlings. Phosphorus deficiency often results in stunted growth and reduced vigor, while 
phosphorus toxicity can lead to nutrient imbalances and decreased physiological function. These sensitivities 
highlight the need for precise management of P levels in cultivation practices. The use of the beneficial element 
silicon (Si) has shown promising results under nutritional stress; nevertheless, comprehensive studies on its effects 
on Eucalyptus spp. seedlings are still emerging. To further elucidate the role of Si under varying P conditions, an 
experiment was conducted with clonal seedlings of a hybrid Eucalyptus spp. (Eucalyptus grandis × Eucalyptus urophylla, 
A207) in a soilless cultivation system. Seedlings were propagated using the minicutting method in vermiculite-
filled tubes, followed by treatment with a nutrient solution at three P concentrations: a deficient dose (0.1 mM), 
an adequate dose (1.0 mM) and an excessive dose (10 mM), with and without the addition of Si (2mM). This study 
assessed P and Si concentration, nutritional efficiency, oxidative metabolism, photosynthetic parameters, and dry 
matter production.

Results  Si supply increased phenolic compounds production and reduced electrolyte leakage in seedlings provided 
with 0.1 mM of P. On the other hand, Si favored quantum efficiency of photosystem II as well as chlorophyll a content 
in seedlings supplemented with 10 mM of P. In general, Si attenuates P nutritional disorder by reducing the oxidative 
stress, favoring the non-enzymatic antioxidant system and photosynthetic parameters in seedlings of Eucalyptus 
grandis × Eucalyptus urophylla.

Conclusion  The results of this study indicate that Eucalyptus grandis × Eucalyptus urophylla seedlings are sensitive 
to P deficiency and toxicity and Si has shown a beneficial effect, attenuating P nutritional disorder by reducing the 
oxidative stress, favoring the non-enzymatic antioxidant system and photosynthetic parameters.
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Introduction
The rising global demand for wood and its derivatives 
has catalyzed the expansion of commercial forest areas 
[1], leading to increased production of seedlings, particu-
larly among forest species such as the Eucalyptus [2, 3]. 
Native to Australia, Eucalyptus trees are celebrated for 
their multifaceted utility in both medicinal and indus-
trial domains. The extraction of eucalyptus essential 
oil from the tree leaves, renowned for its antimicrobial, 
anti-inflammatory, and antiseptic properties, serves piv-
otal roles in the pharmaceutical, cosmetics, and food 
industries. This essential oil is predominantly composed 
of 1,8-cineole (eucalyptol), a compound whose antimi-
crobial and anti-inflammatory activities have been well-
documented, affirming its extensive application across 
these sectors [4]. Industrially, Eucalyptus wood is a 
core material in the pulp industry for paper production 
and is increasingly utilized in the manufacture of cross-
laminated timber (CLT). The strength and mechanical 
properties of Eucalyptus CLT have proven comparable to 
those of traditional softwoods, making it a viable alterna-
tive for structural applications [5].

The Eucalyptus grandis × Eucalyptus urophylla hybrid, 
where Eucalyptus grandis is the female progenitor and 
Eucalyptus urophylla is the male progenitor, is eco-
nomically significant for energy production, cellulose 
production, and forest preservation [6]. The genome 
of this hybrid has been sequenced, revealing a recent 
whole-genome duplication event and expansions in 
gene families related to various metabolic pathways and 
plant-pathogen interactions [7]. Several factors influence 
the success of forest crops, such as water and nutrient 
availability [8, 9]. Phosphorus (P) is an important nutri-
ent for eucalypt plantation and plays a crucial role in the 
growth of Eucalyptus spp. seedlings as well as in their ini-
tial establishment in the field, favoring earlier harvesting 
and increasing crop yield [8–11]. Thus, P is vital for plant 
growth and its availability in the soil affects its uptake, 
transport, and utilization, ultimately influencing nutri-
tional efficiency [5].

Success in the establishment stage of a perennial crop 
is highly dependent on nutrition, mainly phosphate, 
which has a direct impact on the quality of seedlings [12]. 
Thereby, P nutritional disorder can compromise seedling 
development [13, 14]. Studies commonly investigate P 
deficiency, since it causes a change in the photosynthetic 
apparatus and an increased production of reactive oxy-
gen species in chloroplasts, leading to a reduction in the 
concentration of photosynthetic pigments [15–17]. How-
ever, the negative effects of P excess are poorly studied 
for Eucalyptus spp. seedlings.

The use of beneficial elements, such as silicon (Si), has 
shown promising results under P nutritional disorder 
[18]; nevertheless, most studies focus on Si-accumulating 

plants, requiring further investigations with other plant 
groups [19]. The genus Eucalyptus belongs to the Myrta-
ceae family and is classified as a non-Si-accumulating 
plant [20] However, a recent study indicated that Si atten-
uates the harmful effects of abiotic stress, such as ammo-
nium toxicity on Eucalyptus spp. seedlings, by increasing 
the concentration of photosynthetic pigments and quan-
tum efficiency of photosystem II [21]. In addition, Si is 
reported to attenuate P deficiency and toxicity in some 
species [22–24], but studies on Eucalyptus spp. seedlings 
are scarce.

Therefore, in this study, we aimed to test the hypoth-
eses: (i) new hybrids of Eucalyptus spp. is sensitive to P 
deficiency and toxicity. If so, (ii) Si supply can attenu-
ate the negative effect of P nutritional disorder through 
physiological and nutritional mechanisms by reducing 
oxidative stress, while increasing photosynthetic param-
eters and nutritional efficiencies. Here, we assessed the 
effects of Si supply on seedlings of Eucalyptus gran-
dis × Eucalyptus urophylla grown underdosage, adequate 
dosage, and overdose of P.

Given the expansion of Eucalyptus spp. cultivation 
worldwide to in marginal areas in weathered soils, soils 
with high and low P adsorption are common, which 
increase the risk of P deficiency and toxicity in plants, 
respectively. Therefore, if the hypotheses studied are 
accepted and the use of Si, an environmentally friendly 
element, is capable of mitigating nutritional disorders of 
P, while strengthening the sustainability of Eucalyptus 
spp. cultivation, its use becomes an alternative aligned 
with the global agenda of Sustainable Development 
Goals.

Methods
Seedling propagation and growth conditions
An experiment was conducted with clonal seedlings of 
a hybrid of Eucalyptus grandis  ×  Eucalyptus urophylla 
hybrid, provided by ArboGen, in a soilless cultivation 
system, from March to June 2021 in a greenhouse at the 
School of Agricultural and Veterinary Sciences of the Sao 
Paulo State University, Campus Jaboticabal, Brazil.

The cloned seedlings were propagated on March 13, 
2021, using the minicutting method, described by Xavier 
[25]. These methods involved placing mini-cuttings with 
3 to 5  cm in length with a pair of leaves from the apex 
of the branches into plastic tuber of 55  cm³, filled with 
fine-grained vermiculite (diameter < 0.1  mm). The cut-
tings were treated with 1,000 mg L− 1 of indolebutyric 
acid (IBA) in powder form, and them placed in a green-
house environment maintained at 27 ± 2  °C with relative 
humidity above 80%. After 30 days, the rooted cuttings 
underwent various treatments.

After the rooting of minicuttings, the seedlings 
received 5 mL of water for 20 days. Next, with the 
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seedlings measuring 55  cm in height, the application of 
10 mL daily nutrient solution -P [26] was started with 
modification of the Fe source to Fe-EDDHMA, and the 
pH adjusted to 5.0 ± 0.5 with the use of NaOH (1 M) or 
HCl (1  M) solution. Initially, the nutrient solution was 
applied for a 7-day period, at 25% of the concentration 
indicated by Hoagland and Arnon [26]. Afterward, the 
solution concentration was increased to 50% for one 
week and then to 75%, which was kept until the end of 
the experimental period.

Drainage was performed once a day throughout the 
entire experimental period to prevent substrate salini-
zation. For this purpose, 5 mL of deionized water was 
added to the substrate to induce drainage of the nutrient 
solution, which was discarded. After 12 h, a new nutrient 
solution was added to the tubes and the nutrients neces-
sary for seedling development were supplied during the 
rest of the plant cycle.

Experimental design and treatments
The experiment was developed in a completely random-
ized design in a 3 × 2 factorial scheme, with three concen-
trations of P: 0.1 mM under dose, 0,1 mM (under dose), 
1,0 mM (adequate dose), and 10 mM (overdose) in the 
absence and presence (2 mmol L− 1) of Si. Phosphorus 
concentrations were based on the recommendation of 
Hoagland and Arnon [26] corresponding to 10, 100, and 
1000% of the recommended value, respectively. Potas-
sium phosphate (KH2PO4) was used as a P source, and 
the K content was balanced across treatments by add-
ing potassium chloride. The Si concentration was based 
on preliminary studies to avoid Si polymerization in 
the solution. Sodium silicate (Na2SiO3) was used as a Si 
source and the Na content was balanced between treat-
ments through the addition of sodium chloride.

The treatments (P and Si) were added to the nutrient 
solution and 10 mL of the nutrient solution -P was con-
sistently applied every day throughout the entire experi-
mental period.

Oxidative metabolisms and non-enzymatic defense 
mechanisms
At 95 days after the start of treatments, oxidative stress 
was assessed based on electrolyte leakage. For this analy-
sis, five leaf discs were collected with an area of ​​129 mm² 
each from the second fully developed leaf. The leaf discs 
were placed in a beaker with 20 mL of deionized water 
for 2 h at room temperature (25 ± 2 °C). After this period, 
electrical conductivity (EC) of the solution was measured 
(EC1), using a bench conductivity meter. Subsequently, 
the samples were placed in an autoclave at 120  °C for 
20  min, followed by a new measurement of electrical 
conductivity (EC2). Electrolyte leakage was then calcu-
lated as:

	
Electrolyte leakage =

EC1

EC2
× 100

The content of total phenolic compounds and carot-
enoids were determined as non-enzymatic antioxidant 
components. The content of total phenols was deter-
mined according to the methodology adapted by Single-
ton and Rossi [27]. For this, discs with 0.05  g of fresh 
mass were collected from the leaves and transferred to 15 
mL falcon tubes wrapped in aluminum foil. Concentrated 
methanol (2 mL) was added to the tubes, which were 
capped and placed in a water bath at 25 °C for 3 h. Then, 
the discs were removed, and the aliquot filtered, followed 
by the addition of 3 mL of methanol. For the colorimetric 
reaction, 1 mL of the filtered extract was transferred to 
another 15 mL falcon tube wrapped in aluminum foil, to 
which 15 mL of distilled water and 0.5 mL of 2 N Folin-
Ciocalteu reagent were added and kept for 3 min. Next, 
1.5  mg of sodium carbonate was added and kept for 
another 2 h. After completion, the absorbance was read 
at a wavelength of 765 nm using a spectrophotometer.

The carotenoid content was determined according 
to Lichtenthaler [28]. For this, discs with 0.05 g of fresh 
leaves were collected, kept in 80% ketone under refrig-
eration and in the dark for depigmentation and read on a 
spectrophotometer.

Photosynthetic pigments and quantum efficiency of 
photosystem II
At 95 days after the start of treatments, measurements 
of chlorophyll a and b contents and quantum efficiency 
of photosystem II were carried out during the same 
period of the assessments of non-enzymatic oxidative 
metabolism.

The chlorophyll a and b contents were determined 
according to Lichtenthaler [28], in a process simi-
lar to that used to determine the content of carot-
enoids, with ketone depigmentation and reading on a 
spectrophotometer.

Quantum efficiency of photosystem II (Fv/Fm) was 
measured using a fluorometer (OS-30p, Opti-Sciences) 
in evaluations carried out on the second fully devel-
oped leaf, from 7h00 to 8h00. For reading, tweezers were 
attached to the leaves, which were kept in the dark for 
30 min to stabilize photosynthetic reaction rates. Subse-
quently, measurements were taken based on the reading 
with the fluorometer.

Production of shoot, root, and total dry mass
At 100 days after the initiation of treatments, which 
marked the end of the experiment, the seedlings were 
collected, segmented into shoots and roots, and then 
decontaminated by washing with water, detergent solu-
tion (0.1%), acid solution (HCl – 0.3%), and deionized 
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water. After decontamination, the samples were dried in 
a forced air circulation oven at 65 ± 5 °C until a constant 
mass was obtained to determine the dry mass (DM). 
Afterward, the material was weighed to quantify DM 
production of shoots (SDM) and roots (RDM). The total 
DM production and the rate between RDM and SDM 
were also obtained, calculated by the sum and the quo-
tient, respectively, between production RDM and SDM.

Nutritional assessments of P and Si
The P content was determined from acidic digestion of 
the ground samples, followed by a colorimetric reaction 
with ammonium molybdate and sodium vanadate and 
then by reading on a spectrophotometer [29]. The Si con-
tent was determined from the alkaline digestion of 0.1 g 
of DM of plant material with H2O2 and NaOH in an oven 
at 90 °C for 4 h [30], followed by a colorimetric reaction 
with ammonium molybdate in an acidic medium (oxalic 
acid and hydrochloric acid) and the Si concentration was 
determined by reading on a spectrophotometer [31]. the 
P and Si accumulation was obtained by multiplying the P 
and Si content by RDM, SDM and total DM production.

Absorption, transport, and utilization efficiencies of 
P were also calculated. Absorption efficiency was calcu-
lated considering the ratio between total P accumulation 
and RDM, as described by Swiader [32]:

	
Absorption efficiency

(
gg−1

)
=

Ptotal accumulation

Root dry mass

Transport efficiency was calculated considering the ratio 
between P accumulation in shoots and the RDM using 
the formula described by Li [33]:

	
Transport efficiency (%) =

P accumulation in shoots

Root drymass
× 100

Utilization efficiency was calculated considering the ratio 
between squared total dry mass and total P accumulation 
in the seedling using the formula described by Siddiqi 
and Glass [34]:

	
Utilization efficiency

(
g2 g−1

)
=

Total DryMassP 2

Total accumulation of P

Statistical analysis
The data obtained were preliminarily analyzed for 
homoscedasticity and then subjected to the analysis of 
variance (F-Test). When significant, the means were com-
pared using the Tukey test at 5% probability. The analyses 
were carried out using Sisvar® Software [35]. The results 
were presented in figures to highlight significant interac-
tions between phosphorus treatment and silicon supply. 

In cases where no interaction was detected, the figures 
illustrated the isolated effects of phosphorus concentra-
tions and silicon supply separately.

In addition, the hierarchical cluster analysis (HCA) 
was carried out, based on the Euclidean distance using 
the similarity coefficient, the single linkage method as a 
group connection algorithm, and the principal compo-
nent analysis (PCA), based on the data correlation. The 
HCA and PCA were performed using the Python pro-
gramming language (3.9.7; Python Software Foundation).

Results
Phosphorus and silicon concentration and accumulation in 
shoots and roots
The interaction between P dosages and application or not 
of Si was not significant (p > 0.05) on the P concentration 
in shoots (Fig.  1a) and roots (Fig.  1b). However, there 
was a significant interaction (p < 0.05) between these fac-
tors in P accumulation, both in shoots (Fig. 1c) and roots 
(Fig.  1d). P concentrations were higher in shoots and 
roots in treatments with 10 mM of P, followed by treat-
ments with 1.0 and 0.1 mM of P, respectively. Differences 
regarding the application or not of Si were not significant 
(p > 0.05) regarding P concentration in shoots (Fig.  1a) 
and roots (Fig. 1b).

P accumulation in shoots (Fig. 1c) and roots (Fig. 1d), 
in the presence or absence of Si, was more pronounced 
in seedlings grown with 10 mM, followed by treatments 
with 1.0 mM and 0.1 mM. There were no significant dif-
ferences between the presence and absence of Si in treat-
ments with 1.0 mM and 0.1 mM of P. However, in the 
treatment with 10 mM, greater accumulation of P was 
observed in seedlings grown in the presence of Si.

A significant interaction (p < 0.01) was observed 
between P dosages and application or not of Si on the Si 
concentration in both shoots (Fig. 1e) and roots (Fig. 1f ), 
as well as Si accumulation in shoots (Fig.  1g) and roots 
(Fig.  1h). Without Si application, Si concentration in 
shoots was higher when the seedlings were grown with 
10mM of P, without significant differences between dos-
ages of 0.1 and 1.0 mM of P. On the other hand, with Si 
application, the adoption of 0.1 mM and 10 mM of P 
increased Si concentration in shoots, compared to the 
application of 1.0 mM of P (Fig. 1e).

Si concentration in roots (Fig. 1f ), in the absence of Si, 
showed a similar pattern to the Si concentration in shoots 
(Fig. 1e) and was higher in seedlings that received 10 mM 
of P, without significant differences between the concen-
trations of 0.1 mM and 1.0 mM of P. In the presence of Si, 
Si concentration in roots increased as the applied dosage 
of P increased.

Si accumulation in shoots (Fig.  1g), in the absence of 
Si, was greater in seedlings grown with 10 mM of P, with 
no difference between the concentrations in treatments 
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Fig. 1  Phosphorus (P) concentration in the shoot (a) and roots (b), P accumulation in the shoot (c) and roots (d), silicon (Si) concentration in the shoot 
(e) and roots (f), and Si accumulation in the shoot (g) and roots (h) of Eucalyptus grandis × Eucalyptus urophylla seedlings cultivated under different P con-
centrations (0.1, 1.0, and 10 mM) in the absence (-Si) and presence (+ Si) of Si. **, * and ns – significant at 1 and 5% probability levels and non-significant 
by the F test. Lowercase letters compare the isolated effects of P or Si in the presence and absence of Si at the same P concentration. Uppercase letters 
compare different P concentrations under the same Si condition
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with 0.1 and 1.0 mM of P. In the presence of Si, however, 
greater Si accumulation was observed in shoots of seed-
lings that received 0.1 mM of P, with no significant differ-
ence between treatments with 1.0 mM and 10 mM of P.

Si accumulation in roots (Fig.  1h), in the absence of 
Si, did not present significant variations depending on 
the dosage of P studied. However, in the presence of Si, 
Si accumulation in roots increased with the increasing P 
concentrations applied.

Si concentration in shoots (Fig. 1e) and roots (Fig. 1f ) 
and Si accumulation in shoots (Fig. 1g) and roots (Fig. 1h) 
were higher in plants that received Si compared to seed-
lings grown in the absence of Si, regardless of the P dos-
age studied.

Nutritional efficiencies
The interaction between P dosages and application or not 
of Si was not significant (p > 0.05) regarding P absorp-
tion (Fig.  2a) and transport (Fig.  2b) efficiencies; how-
ever, it was significant (p < 0.05) regarding P use efficiency 
(Fig. 2c).

Absorption efficiency of P by Eucalyptus gran-
dis × Eucalyptus urophylla was higher by seedlings cul-
tivated with 10 mM of P, followed by treatments with 1.0 

mM of P and with 0.1 mM of P (Fig. 2a). Additionally, P 
absorption efficiency was higher in seedlings without 
application of Si, compared to seedlings that received Si 
application.

Transport efficiency was higher in seedlings grown 
under concentrations of 10 mM and 1.0 mM of P, com-
pared to seedlings grown under 0.1 mM of P. Si did not 
show any effects on P transport efficiency (Fig. 2b).

Use efficiency of P was higher in seedlings that received 
0.1 mM of P, followed by those that received 1.0 mM, and 
then 10 mM of the nutrient. Silicon increased the use effi-
ciency of P only in plants that received 0.1 mM of P, with 
no difference observed in the other studied P dosages.

Oxidative metabolism and non-enzymatic mechanisms 
defense
There was a significant interaction (p < 0.01) between P 
and Si dosages on electrolyte leakage (Fig. 3a). However, 
the interaction between these factors was not significant 
(p > 0.05) on the content of total phenols (Fig.  3b) and 
carotenoids (Fig. 3c). For the content of carotenoids, the 
isolated effect of P and Si was also not significant.

Electrolyte leakage (Fig.  3a), in the absence of Si, 
decreased with increasing P dosage applied to the 

Fig. 2  Phosphorus (P) absorption efficiency (a), transportation efficiency (b), and utilization efficiency (c) of Eucalyptus grandis × Eucalyptus urophylla 
seedlings cultivated under different P concentrations (0.1, 1.0, and 10 mM) in the absence (-Si) and presence (+ Si) of silicon. **, * and ns – significant at 1 
and 5% probability levels and non-significant by the F test. Lowercase letters indicate differences in P concentrations, and uppercase letters indicate the 
presence or absence of Si, according to the Tukey test at 5% probability
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seedlings. In the presence of Si, however, electrolyte leak-
age was more pronounced in seedlings grown under 0.1 
mM of P, with no significant differences for seedlings 
grown under 1.0 and 10 mM of P. At dosages of 0.1 and 
1.0 mM of P, electrolyte leakage was more significant in 
seedlings grown in the absence of Si, while at a dosage of 
10 mM of P, no significant differences were observed due 
to the presence of Si.

The concentration of total phenols (Fig. 3b) was higher 
in seedlings that received 0.1 mM of P, followed by those 
with 10 mM of P and by those that received 1.0 mM of P.

Photosynthetic pigments and quantum efficiency of 
photosystem II
There was a significant interaction (p < 0.01) between 
P and Si only on chlorophyll a content (Fig.  4a). In the 
absence of Si, the highest chlorophyll a content was 
observed in seedlings under 1.0 mM of P, followed by 0.1 
and 10 mM of P. In the presence of Si, the highest chloro-
phyll a content was observed under 10 mM of P, with no 
difference in seedlings that received 0.1 and 1.0 mM of P. 
Notably, at a dosage of 10 mM of P, seedlings in the pres-
ence of Si showed a higher chlorophyll a content, while 
this variable did not vary in the other dosages studied 
(0.1 and 1.0 mM) due to the presence of Si.

The chlorophyll b content (Fig.  4b) did not differ due 
to the dosage of P and the presence of Si. On the other 
hand, quantum efficiency of photosystem II (Fig. 4c) was 
higher in seedlings that received 1.0 mM of P, followed 
by seedlings with 10 mM of P and, lastly, by those that 
received 0.1 mM of P.

Production of shoot, root, and total dry mass and ratio 
between root and shoot dry mass
There was a significant interaction (p < 0.05) between P 
dosages and Si presence or absence on the production 
of shoot dry mass (SDM) (Fig. 5a), root dry mass (RDM) 
(Fig. 5b), and total dry mass (TDM) (Fig. 5c), but not on 
the relationship between SDM and RDM (Fig. 5d).

Production of SDM (Fig. 5a) and TDM (Fig. 5c), regard-
less of the application or not of Si, was greater under the 
application of 1.0 mM of P and did not differ in seed-
lings with 0.1 and 10 mM of P. At concentrations of 0.1 
mM and 10 mM of P, seedlings that received Si showed 
greater production of SDM and total DM, but there was 
no difference in seedlings grown under 1.0 mM of P due 
to the presence of Si.

RDM production (Fig.  5b) in seedlings without Si did 
not differ in relation to P dosages studied. However, 
in the presence of Si, the highest production of RDM 

Fig. 3  Electrolyte leakage (a), total phenolic concentration (b), and carotenoid concentration (c) of Eucalyptus grandis × Eucalyptus urophylla seedlings 
cultivated under different P concentrations (0.1, 1.0, and 10 mM) in the absence (-Si) and presence (+ Si) of silicon. **, * and ns – significant at 1 and 5% 
probability levels and non-significant by the F test. Lowercase letters compare the isolated effects of P or Si in the presence and absence of Si at the same 
P concentration. Uppercase letters compare different P concentrations under the same Si condition
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occurred in seedlings grown with 10 mM of P, followed 
by seedlings with 0.1 mM and 1.0 mM of P, which did not 
differ from each other. At all P concentrations studied, 
RDM production increased with the presence of Si.

The ratio between SDM and RDM (Fig. 5d) was higher 
in seedlings grown with 10 mM of P and the presence of 
Si reduced the ratio between SDM and RDM.

Eucalyptus seedlings without Si supplementation dis-
play varying degrees of growth impairments based on 
the adequacy of P dosage, whether underdose or over-
dose (Fig.  6). Specifically, seedlings underdose with P 
exhibit stunted growth, while those overdose with P 
show a significant decline in health, characterized by a 
reduced number of leaves. In contrast, seedling with Si 
supplementation maintain better health and exhibit more 
robust growth under all P conditions. This indicates that 
Si has a protective or enhancing effect, helping the Euca-
lyptus better manage P stress.

Hierarchical data clustering and principal component 
analyses
The hierarchical data clustering (HCA) of the data led 
to the division of treatments into three distinct groups: 
0.1 mM of P without Si (0.1P-Si) and 0.1 mM of P with Si 

(0.1P + Si); 1.0 of P without Si (1.0P-Si) and 1.0 of P with 
Si (0.1P + Si); and 10 of P without Si (10P-Si) and 10 of 
P with Si (10P + Si) (Fig. 7). The HCA also indicates less 
proximity between the 0.1P-Si and 0.1P + Si treatments, 
followed by the 10P-Si and 10P + Si treatments and, 
finally, by the 1.0P-Si and 1.0P + Si treatments.

Regarding the 0.1P-Si treatment, an association with 
electrolyte leakage and phenol production was observed. 
For the 0.1P + Si treatment, relationships were identified 
with P use efficiency, content of total phenols, and Si con-
tent and accumulation in shoots. The 1.0P-Si and 1.0P + Si 
treatments demonstrated relationships with SDM pro-
duction, total DM production, P transport efficiency, 
and chlorophyll b content. The 1.0P + Si treatment also 
showed an association with the content of carotenoids 
and quantum efficiency of photosystem II. The 10P-Si 
treatment was correlated with P absorption efficiency, 
while the 10P + Si treatment demonstrated a correlation 
with the chlorophyll a content, with the P content and 
accumulation in roots and shoots, with the mass ratio 
between SDM and RDM, and with RDM production.

The PCA elucidated 63.8% of the total variance, with 
the principal component 1 (PC1) explaining 40.6%, while 
the principal component 2 (PC2) explained 23.2% (Fig. 8). 

Fig. 4  Chlorophyll a content (a) and chlorophyll b content (b), and quantum efficiency of photosystem II (c) of Eucalyptus grandis × Eucalyptus urophylla 
seedlings cultivated under different P concentrations (0.1, 1.0, and 10 mM) in the absence and presence of silicon. **, * and ns – significant at 1 and 5% 
probability levels and non-significant by the F test. Lowercase letters compare the isolated effects of P or Si in the presence and absence of Si at the same 
P concentration. Uppercase letters compare different P concentrations under the same Si condition
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The following contributed to the explanation of PC1 vari-
ance: P concentration and accumulation in shoots and 
roots, utilization efficiency and absorption of P, quantum 
efficiency of photosystem II, and electrolyte leakage. In 
turn, Si concentration and accumulation in shoots, phe-
nol contents, transport efficiency, content of carotenoids, 
chlorophyll b content, the ratio between SDM and RDM, 
and RDM production contributed to the explanation of 
PC2 variance. Furthermore, total DM production con-
tributed to explaining the joint variance between PC1 
and PC2.

The PCA indicated an association between electrolyte 
leakage and the 0.1P-Si treatment. Additionally, there 
was an association between electrolyte leakage, phenol 
concentration, and P utilization efficiency in the 0.1P + Si 
treatment. The 1.0P-Si treatment was mainly associ-
ated with SDM production, content of carotenoids, and 
chlorophyll b content, while the 1.0P + Si treatment was 
related to SDM production, content of carotenoids, chlo-
rophyll a and b content, transport efficiency, quantum 
efficiency of photosystem II, and total DM production. 
The 10P-Si treatment was associated with Si concentra-
tion and accumulation in shoots, concentration of carot-
enoids and chlorophyll a and b contents, P transport 

efficiency, SDM production, and total DM production. 
On the other hand, the 10P + Si treatment was associ-
ated with the P and Si concentration and accumulation 
in shoots and roots, the ratio between SDM and RDM, 
chlorophyll a content, P absorption efficiency, and RDM 
production. These associations provide a more in-depth 
view of the effects of different treatments on the vari-
ables considered, contributing to a more comprehensive 
understanding of the experiment carried out.

Discussion
Phosphorus deficiency and toxicity in seedlings 
of Eucalyptus grandis × Eucalyptus urophylla
Studies on P deficiency and toxicity in seedlings of 
hybrids of Eucalyptus grandis × Eucalyptus urophylla are 
still incipient in the literature, requiring further research. 
Plants sensitive to P deficiency normally have inefficient 
transport systems, while plants sensitive to P toxicity 
have limited defense mechanisms against nutrient excess 
[19]. Therefore, it is important to know these aspects of 
new genetic materials for a more efficient P management 
of crop in the field.

A study involving 24 different Eucalyptus species 
reported that P accumulation in seedlings varies between 

Fig. 5  Shoot dry mass (a), root dry mass (b), total dry mass (c), and shoot-to-root dry mass ratio (d) of Eucalyptus grandis × Eucalyptus urophylla seedlings 
cultivated under different P concentrations (0.1, 1.0, and 10 mM) in the absence and presence of silicon. **, * and ns – significant at 1 and 5% probability 
levels and non-significant by the F test. Lowercase letters compare the isolated effects of P or Si in the presence and absence of Si at the same P concen-
tration. Uppercase letters compare different P concentrations under the same Si condition
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3.8 and 15.9 mg per plant, under conditions of low and 
adequate P supply, respectively [13]. In our study, the 
hybrid seedlings of Eucalyptus grandis × Eucalyptus uro-
phylla showed an accumulation of 1.6, 9.03, and 15.87 mg 
per seedling with 0.1, 1.0, and 10 mM of P, respectively 
(Fig. 1). In addition, both seedlings with 0.1 mM of P and 
with 10 mM of P showed a 15% reduction in total DM, 
compared to DM of seedlings with 1.0 mM of P, indicat-
ing moderate P deficiency and toxicity, respectively [19].

P deficiency can have significant effects on macronu-
trient nutritional efficiencies in plants. When plants are 
grown under P deficiency, there is a decrease in physi-
ological characteristics, such as the P content in leaves, 
growth rate, and the photosynthetic activity [36], also 
observed in Eucalyptus grandis  ×  Eucalyptus urophylla 
seedlings (Figs.  1, 2 and 5). These negative effects of P 
deficiency can also reduce nutritional efficiencies (Fig. 2).

P also plays an essential role in the synthesis of phos-
pholipids, key elements of cell membranes [19]; thus, P 
is essential to ensure not only the structural integrity, but 
also the functionality of the plasma membrane. Plasma 
membrane stability is compromised under P deficiency, 
as P in membrane lipids can be remobilized [37] and 
phospholipids may be replaced by other lipid classes, 
such as sphingolipids [38], reducing plasma membrane 
integrity. In seedlings of Eucalyptus grandis × Eucalyptus 
urophylla, reduction in plasma membrane integrity due 

to P deficiency can be observed by the increase in elec-
trolyte leakage (Fig. 3a).

P deficiency can also change the structure of chloro-
plasts, including a reduction in the number of grana as 
well as a less organized arrangement [36]. In addition, P 
deficiency can inactivate photosystem I and suppress the 
cyclic phosphorylation, reducing quantum yield and effi-
ciency of the electron transport chain. These effects of P 
deficiency were also observed in seedlings of Eucalyptus 
grandis  ×  Eucalyptus urophylla which showed a reduc-
tion in chlorophyll a content (Fig. 4a) and quantum effi-
ciency of photosystem II (Fig. 4c) under P deficiency.

The effects of P toxicity are rarely reported in the lit-
erature and studies on Eucalyptus grandis  ×  Eucalyptus 
urophylla seedlings are incipient. However, P toxicity 
is known to inhibit the content of photosynthetic pig-
ments [39], the net rate of photosynthesis [40] and, con-
sequently, dry matter production of plants [41]. These 
results were also observed in the present study, as the 
hybrid seedlings showed a reduction in the chlorophyll 
a content (Fig. 4a), quantum efficiency of photosystem II 
(Fig. 4c), and TDM production (Fig. 5).

These results allow to accept the first hypothesis that 
Eucalyptus grandis × Eucalyptus urophylla seedlings are 
sensitive to P deficiency and toxicity, leading to a reduc-
tion in nutritional efficiencies, an increase in electro-
lyte leakage, a reduction in pigment concentration and 

Fig. 6  Illustration of the impact of phosphorus (P) concentration and silicon (Si) supplementation on the growth of Eucalyptus seedlings. Each row 
represents seedlings grown under conditions either with or without Si supplementation. The columns correspond to different P treatments: underdose 
(0,1 mM), adequate dose (1,0 mM), and overdose (10 mM). This comparison underscores that Si supplementation (bottom row) generally enhances plant 
robustness across all P levels, effectively attenuating the adverse effects observed in seedlings not supplemented with Si (top row)
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quantum efficiency of photosystem II and, consequently, 
a reduction in dry matter production of seedlings.

Silicon mitigating P deficiency and toxicity in seedlings of 
Eucalyptus grandis × Eucalyptus urophylla
The Eucalyptus species presents low concentrations of Si; 
however, our results indicate considerable Si concentra-
tions in roots (Fig. 1f ). This result is expected, because as 
Eucalyptus belongs to the Myrtaceae family, it is classified 
as a non-Si-accumulating plant [20]. These plants have 
the capacity to absorb Si in the soil solution in the form 
of monosilicic acid [42], but they have a low capacity to 
transport Si to shoots, generating a high Si concentration 
in roots. Seedlings of Eucalyptus grandis  ×  Eucalyptus 
urophylla showed Si concentration of 9.91  mg kg− 1 in 
roots of plants cultivated with Si, 369% higher than the 
concentration in shoots of the same plants, which was 

2.11 mg kg− 1 (Fig. 1) The higher Si concentration in roots 
of seedlings increases RDM production (Fig.  8), evi-
denced by the 40% increase in RDM production (0.56 g) 
in the presence of Si, compared to seedlings cultivated in 
the absence of Si (0.40 g) (Fig. 5).

The higher Si concentration in roots may be associated 
to greater efficiency of P absorption due to the Si effect 
on the positive regulation of the expression of transporter 
genes responsible for the uptake of phosphate ions [43]. 
In addition, Si can optimize nutrient transport efficiency 
throughout the plant, promoting a wider distribution of 
essential elements [44]. Si is also related to the stoichio-
metric replacement of carbon (C), resulting in metabolic 
energy savings for the plant, which can be used to syn-
thesize other non-structural organic compounds, conse-
quently increasing the efficiency of nutritional use [45, 
46]. This effect of Si has been widely reported in several 

Fig. 7  Hierarchical clustering heatmap of response variables of Eucalyptus grandis × Eucalyptus urophylla seedlings cultivated under different P concen-
trations (0.1, 1.0, and 10 mM of P) in the presence and absence of silicon (Si). Response variables: Electrolyte leakage (EE), phosphorus use efficiency (E_Us), 
total phenolic concentration (Phenols), chlorophyll a content (Chlo_A), silicon concentration in the shoot ([Si]_Shoot), silicon accumulation in the shoot 
(Si_Ac_Shoot), shoot dry mass production (DM_Shoot), total dry mass production (DM_Total), transportation efficiency (E_Tr), chlorophyll b content 
(Chlo_B), carotenoids, quantum efficiency of photosystem II (Fv/Fm), phosphorus accumulation in the roots (P_Ac_Root), absorption efficiency (E_Up), 
phosphorus concentration in the roots ([P]_Root), phosphorus concentration in the shoot ([P]_Shoot), shoot-to-root dry mass ratio (R/S), root dry mass 
production (DM_Root), silicon content in the roots ([Si]_Root), silicon accumulation in the roots (Si_Ac_Root)
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crops grown in nutrient solutions [47–50]. However, in 
Eucalyptus grandis × Eucalyptus urophylla seedlings, the 
effect of Si on nutritional efficiencies is still incipient in 
the literature.

The results of this work show that Si reduces absorp-
tion efficiency, does not affect transport efficiency, and 
increases P use efficiency in plants grown with 0.1 mM 
of P (Fig.  2c). The negative effect of Si on absorption 
efficiency may be related to its action to increase RDM 
production (Fig. 5b), a variable that is inversely propor-
tional to absorption efficiency [32]. The greater P uti-
lization efficiency in seedlings grown with 0.1 mM of P 
in the presence of Si can be attributed to the stoichio-
metric effect of Si [46, 49–52], an aspect that requires 
additional studies to evaluate this effect in Eucalyptus 
grandis  ×  Eucalyptus urophylla seedlings. However, as 
reported in this study, the beneficial effect of Si to reduce 
oxidative stress and increase non-enzymatic antioxidant 
mechanisms (Fig.  3), as well as increase the chlorophyll 
a content and quantum efficiency of photosystem II 

(Fig.  4c), may have contributed to augmenting utiliza-
tion efficiency of P by seedlings grown with 0.1 mM of 
P. The multivariate analyses of hierarchical clustering 
(Fig. 7) and principal components (Fig. 8) showed a high 
association between the presence of Si and efficiencies of 
absorption, transport, and utilization in seedlings grown 
with 10, 1.0, and 0.1 mM of P, respectively. These results 
indicate a correlation between the presence of Si and 
nutritional efficiencies in Eucalyptus grandis × Eucalyp-
tus urophylla seedlings compared to the absence of Si.

Another beneficial effect of Si in attenuating P defi-
ciency is evidenced by the reduction in electrolyte leak-
age (Fig. 3a) and the increase in the total phenol contents 
(Fig.  3b). Additionally, electrolyte leakage is associated 
to seedlings with 0.1 mM of P, both in the presence and 
absence of Si (Fig.  7). However, seedlings with 0.1 mM 
of P in the presence of Si demonstrate a high associa-
tion with the phenol contents. Phenolic compounds act 
as neutralizers of reactive oxygen species (ROS), neu-
tralizing and preventing oxidative damage [53–55]. The 

Fig. 8  Principal component analysis of response variables of Eucalyptus grandis × Eucalyptus urophylla seedlings cultivated under different P concentra-
tions (0.1, 1.0, and 10 mM of P) in the presence and absence of silicon (Si). Response variables: Electrolyte leakage (EE), phosphorus use efficiency (E_Us), 
total phenolic concentration (Phenols), chlorophyll a concentration (Chlo_A), silicon content in the shoot ([Si]_Shoot), silicon accumulation in the shoot 
(Si_Ac_Shoot), shoot dry mass production (DM_Shoot), total dry mass production (DM_Total), transportation efficiency (E_Tr), chlorophyll b concentra-
tion (Chlo_B), carotenoids, quantum efficiency of photosystem II (Fv/Fm), phosphorus accumulation in the roots (P_Ac_Root), absorption efficiency 
(E_Up), phosphorus concentration in the roots ([P]_Root), phosphorus concentration in the shoot ([P]_Shoot), shoot-to-root dry mass ratio (R/S), root dry 
mass production (DM_Root), silicon content in the roots ([Si]_Root), silicon accumulation in the roots (Si_Ac_Root)
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multiple hydroxyls and carboxylic groups in phenolic 
compounds help to form stable complexes with proteins, 
inhibiting the development of free radicals [56, 57]. .

Eucalyptus grandis  ×  Eucalyptus urophylla seedlings 
grown with 10 mM of P did not show an increase in elec-
trolyte leakage (Fig. 3a). On the other hand, when in the 
presence of Si, the seedlings showed a higher chlorophyll 
a content  (Fig.  4a)  and greater quantum efficiency of 
photosystem II (Fig. 4c), when compared to plants grown 
with 0.1 mM of P. Seedlings grown with 10 mM of P in 
the presence of Si showed a high association with the 
chlorophyll a content and the quantum efficiency of pho-
tosystem II (Fig.  8). Si can directly and indirectly favor 
photosynthetic reaction centers [58]. Si favors greater 
cell wall rigidity, forming a double layer of Si in the leaf 
epidermis thus improving leaf architecture and light 
absorption capacity, resulting in less energy loss due to 
fluorescence [59] and consequently greater efficiency of 
quantum photosystem II, as previously reported in Euca-
lyptus spp [21]. .

In summary, our results demonstrate the benefi-
cial influence of Si with improvements in nutritional 
efficiency, oxidative metabolism, and photosynthetic 
parameters, boosting the development of Eucalyptus 
grandis  ×  Eucalyptus urophylla seedlings, observed by 
the greater SDM, RDM, and TDM production. These 
results allow to accept the second hypothesis of this 
work, in which the supply of Si is capable of attenuat-
ing the negative effect of P nutritional disorder through 
physiological and nutritional mechanisms and by reduc-
ing the oxidative stress and increasing photosynthetic 
parameters and nutritional efficiencies.

The results of this research propose a sustainable strat-
egy based on the use of Si and have global implications 
given the fact that Eucalyptus cultivation has expanded 
worldwide, mainly in regions with P-deficient soils. 
Future studies should investigate new hybrids of the 
Eucalyptus species, mainly in the field of ​​molecular biol-
ogy, to better understand whether the genes activated 
by Si are responsible for beneficial physiological and 
nutritional changes in plants cultivated under P nutri-
tional disorder. This molecular approach is essential for 
deciphering the specific genetic pathways influenced by 
Si, providing a clearer picture of its impact at a cellular 
level. Additionally, it is crucial to explore the effects of 
Si on various enzymatic and non-enzymatic antioxidant 
defense systems in Eucalyptus seedlings to comprehen-
sively understand its role under such stress conditions.

Conclusion
The results of this study indicate that Eucalyptus gran-
dis  ×  Eucalyptus urophylla seedlings are sensitive to P 
deficiency and toxicity and Si has shown a beneficial 
effect, attenuating P nutritional disorder by reducing the 

oxidative stress, and favoring the non-enzymatic antioxi-
dant system and photosynthetic parameters.
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