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Abstract

Eucalyptus clones have wide plasticity and worldwide dispersion, growing satisfactorily in different edaphoclimatic condi-
tions. Furthermore, clones with higher phosphorus (P) uptake efficiency can grow in soils with lower P availability, due to
their fast growth, biomass, and wood production. These traits can promote reduced use of phosphate fertilizers in nurseries
and cultivation areas, thus lowering input costs and the likelihood of soil contamination. However, Eucalyptus spp. clones
with higher P uptake efficiency are still relatively unknown. Thus, the aim of this study was to investigate whether morpho-
logical, physiological, and biochemical characteristics of Eucalyptus plants influence nutritional P efficiency and influence
plant growth. Three concentrations of P were used, 10% P (very low level P), 30% P (low level P) and 100% (standard level
P), of the standard concentration of P in Hoagland and Arnon solution and three Eucalyptus spp. clones (Eucalyptus dunnii,
Eucalyptus saligna, and Eucalyptus urograndis). Morphological variables associated with shoot and root systems, photosyn-
thetic variables, chlorophyll a fluorescence, photosynthetic pigments, antioxidant enzyme, and acid phosphatase activity were
evaluated. Phosphorus concentration of 10% did not promote the production of plants with desirable morphological traits.
The highest acid phosphatase values were found in the shoots of E. urograndis and E. saligna grown in the concentration of
10% P. Seedlings of E. urograndis were the most efficient in absorbing P. Furthermore, the concentration of 30% P was the
one recommended for plant production to reach economic and ecological benefits.

Keywords Chlorophyll a fluorescence - Eucalyptus - Gas exchange - Low phosphorus - Morpho-physiological variables -
Phosphorus efficiency

Introduction

The Eucalyptus is one of the most relevant and studied
genera on the planet, making it prominent in the forestry
industry (Canal et al. 2023). It contains about 700 species
originating from Australia, Papua New Guinea, East Timor,
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Indonesia, and the Philippines, in addition to several hybrids
developed to exploit different plant characteristics (Brune
2023). Fast growth, adaptability to a wide range of tropical
and subtropical regions, combined with the versatile wood
properties for energy, lamination, sawmilling, pulp, and
paper, ensure its central position in modern forestry (Dai
et al. 2023; Estopa et al. 2023).

Eucalyptus dunnii Maiden, Eucalyptus saligna Smith,
and the hybrid Eucalyptus urograndis (E. urophylla ST
Blake x E. grandis Hill ex Maiden) are grown in forests
around the world. E. dunnii and E. saligna are economically
important because they are fast-growing, have high-quality
wood and are tolerant to cold and frost (Kulmann et al. 2021;
Bird et al. 2022). E. urograndis has excellent productivity
rates, in addition to good wood characteristics for several
industrial purposes and adaptability to different forest sites
(Dahali et al. 2022).
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Eucalyptus cultivation is usually carried out in areas with
highly weathered and leached soils, which have low nutrient
availability for plants (Sousa et al. 2022). However, forest
improvement programs allow us to obtain genotypes that
have better productivity, even in environments with low
nutrient availability (Alvarez et al. 2020). Thus, it is neces-
sary to consider the costs of resources, especially mineral
nutrients, to which an alternative would be the use of more
nutritionally efficient genetic materials (Kulmann et al.
2021).

Among the essential elements, phosphorus (P) is one
of the nutrients that most limits plant growth in the initial
development phase due to its participation in energy-rich
compounds, such as adenosine triphosphate (ATP) (Awad-
Allah et al. 2023). In addition, P plays an effective role in
plant vitality, essential in reproduction, cell division, and
plant metabolism (respiration, photosynthesis ,and synthesis
of organic substances) (Hyder et al. 2023).

On the other hand, P deficiency in the induction and root
formation phases significantly reduces root length, result-
ing in reduced biomass and consequently reduced seedling
quality (Lopez et al. 2023). Plants grown in environments
with low P concentrations may present higher concentrations
of reactive oxygen species (ROS), which damage lipids,
enzymes, and photosynthetic pigments (Kulmann et al.
2023). When this happens, plants may develop response
mechanisms, such as the production of guaiacol peroxidase
(GPX), superoxide dismutase (SOD), and acid phosphatase
(APase) to reestablish homeostasis within these plants
(Meng et al. 2021). GPX, SOD, and APase are then acti-
vated under conditions of nutritional deficiency to restore
the plant internal balance and consequently allow vital plant
growth processes to continue, even under stress conditions.
Thus, special attention must be given to the use of P, due to
its limited availability in the soil, which may result in plant
physiological and biochemical changes.

Low P availability limits plant growth in numerous soils
around the world, particularly in developing countries where
access to P-based fertilizers is limited (Ibrahim et al. 2022).
P-based fertilizers are mainly derived from phosphate rocks,
whose reserves are a finite and non-renewable resource.
Forecasts indicate that phosphate rock reserves will run
out within the next 50 years (Antunes et al. 2022). As a
result, there is a concern for a more sustainable use of P in
agriculture and for this reason it is necessary to improve
the efficiency with which P fertilizers are used in different
agricultural systems (Lopez et al. 2023).

Improving the efficiency of P-fertilizer use for crop
growth requires increased P uptake by plants (P uptake effi-
ciency), and improved P use in processes that lead to faster
growth and greater allocation of biomass to harvestable
parts (internal P use efficiency) (Nadeem et al. 2022). As a
response to nutritional limitation, plants may invest a greater

proportion of their biomass in the root system to exploit a
greater volume of soil, increase the physiological absorp-
tive capacity of the root (through more effective absorption
systems), or increase nutrient use efficiency (Trentin et al.
2022). On the other hand, internal use efficiency must specif-
ically consider the amount of biomass that can be generated
in a given period of time by the amount of nutrients present
in plant tissues (Nadeem et al. 2022). Thus, it is essential to
select plants that can adapt to soils with low P availability,
as they could reduce dependence on fertilizer use.

Eucalyptus clones such as E. dunnii, E. saligna, and E.
urograndis can adapt to environments with different P con-
centrations, especially because they have different morpho-
logical, physiological, and even biochemical characteristics
that provide them with higher or lower P uptake efficiency
(Bulgarelli et al. 2019). For this reason, it is important to
assess morphological, physiological, and biochemical mech-
anisms in such clones grown in environments with different
P concentrations. This way, we will be able to define the
genotypes which best adapt to environments with higher or
lower P concentrations and understand the reason for this
adaptation (Alvarez et al. 2020). Furthermore, the results of
this study can help to rationalize the use of phosphate fer-
tilizers in plant nurseries (Honorato et al. 2020), or even in
field plantations, which would reduce production costs and
the potential for contamination of soil and surface waters
adjacent to cultivation areas (Haque 2021).

Varying responses observed for Eucalyptus spp. fer-
tilized with P are explained by genotypic characteristics
expressed by morphological, physiological, and metabolic
aspects which involve processes associated with the mineral
nutrition of each species (Kulmann et al. 2021). Eucalyptus
dunnii, Eucalyptus saligna, and Eucalyptus urograndis are
typically grown in the same areas. However, they often differ
from one another in terms of growth rates. Therefore, our
hypothesis was that Eucalyptus clones have different growth
rates due to morphological, physiological, and biochemical
characteristics or differences which increase nutritional effi-
ciency (especially of P), in addition to increasing P uptake
or use efficiency. Thus, this study aimed to examine whether
morphological, physiological, and biochemical properties
of Eucalyptus species influence nutritional P efficiency and
influence plant growth.

Material and Methods

Plant Material

The Eucalyptus spp. (E. dunnii, E. saligna, and E. urogran-
dis) used in the study were provided by the CMPC (Celu-

lose Riograndense) company. The seedlings were produced
by vegetative propagation in a clonal mini-garden system
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according to the methodology adopted by the company
itself. Thus, the minicuttings were collected and submitted
to the rooting in a greenhouse shortly after collection. Mini-
cuttings were 12 cm long and had three upper buds, leaves
were cut in the center of the blade (preserving 50% of the
photosynthetic area) to reduce transpiration. Seedlings were
grown in 55 cm? plastic tubes made of non-toxic polypropyl-
ene. The substrate used for seedling production was Caro-
lina Soil®, composed of Sphagnum sp. and vermiculite with
the addition of 30% carbonized rice husk. Base fertilization
was carried with Osmocote® controlled-release fertilizer
(CRF) which consisted of 15% N; 9% P,0s; 12% KCl; 1%
Mg; 2.3% S; 0.05% Cu; 0.06% Mn; 0.45% Fe; and 0.2%
Mo. When seedlings were approximately 25 cm in height,
90 days after rooting, they were sent to the greenhouse at the
Federal University of Santa Maria (UFSM) for acclimatiza-
tion, until the time of the experiment. During this period,
the seedlings were irrigated daily until the experiment was
set up.

Study Site and Experimental Design

The study was carried out in a greenhouse at the Federal
University of Santa Maria (UFSM), city of Santa Maria,
state of Rio Grande do Sul (RS), Southern Brazil. The aver-
age temperature inside the greenhouse was 25 °C and air
humidity was 60%.

The experiment was a completely randomized design,
with three repetitions. Three concentrations of P were used,
10% P (very low level P), 30% P (low level P) and 100%
(standard level P), of the standard concentration of P in
Hoagland and Arnon solution and three Eucalyptus spp.
clones (Eucalyptus dunnii, Eucalyptus saligna, and Eucalyp-
tus urograndis). Phosphorus concentrations of 100% (con-
trol), 30%, and 10% corresponded to 31, 9.3, and 3.1 mg P
L~!, respectively. The P concentrations present in the nutri-
ent solution were defined using preliminary tests, previous
experiments carried out in our laboratory, and reviewing
scientific literature.

The seedlings were carefully removed from the tubes
98 days after rooting and roots were thoroughly washed to
remove substrate. Each seedling was placed in a 6L pot filled
with Hoagland and Arnon complete nutrient solution (1950).
One Styrofoam sheet with three central holes was added to
the surface of each pot to allow plants to pass through. The
Styrofoam sheet provided support to plants and reduced
solution evaporation in each pot.

Seedlings were left to acclimate for 15 days in 100%
Hoagland and Arnon nutrient solution (1950). Solution
aeration in each pot was done using PVC microtubes con-
nected to an air compressor. Microtubes were inserted into
the solution through the Styrofoam sheet. The nutrient
solution, in its original form, consisted of the following
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concentrations (in mg L_l): NO; =196; NH,=14; P=31;
K=234; Ca=160; Mg=48.6; S=70; Fe-EDTA =5;
Cu=0.02;Zn=0.15; Mn=0.5; B=0.5; and Mo=0.01.
Treatments were applied after the acclimation period
was over. Eucalyptus clones were subjected to different
conditions of P availability for 18 days, totaling 33 days
in the hydroponic system. The nutrient solution in each
pot was replaced twice a week and pH adjusted daily to
5.5+0.2, using 1.0 mol L™" HCl or 1.0 mol L™' NaOH.

Morphological Variables

Shoot height and root length were measured with ruler at
the start and at the end of the experiment. A digital caliper
was used to measure collar diameter. The increase in shoot
(SD), root (RI), number of leaves (NLI), and collar diam-
eter (CDI) were calculated based on the measurements.
Leaf area was measured through WinRhizo 2013 software,
which uses the methodology of Tennant (1975). Samples
were digitized in a professional scanner (EPSON Expres-
sion 11,000) and TIFF-format images were analyzed.

Shoots and roots were washed in running water and
then in distilled water. Plant parts were dried in a forced
air circulation oven at 65 °C until constant weight was
reached. The results were used to calculate shoot dry
weight (SDW), root dry weight (RDW), and total dry
weight (TDW =SDW + RDW).

Root morphological characterization was done through
digitized images in WinRhizo Pro 2013 software coupled
to EPSON Expression 11,000 scanner equipped with addi-
tional light (TPU) at 600 DPI resolution. Total root length
(cm plant_l), root surface area (cm? plant_l), root vol-
ume (cm? plant_l), and average root diameter (mm) were
determined.

Photosynthetic Variables

The third fully expanded leaf was used to evaluate pho-
tosynthetic variables in an infrared gas analyzer (IRGA)
(Li-COR® 6400 XT) at 1500 pmol m~2 s~! photosyn-
thetic radiation and CO, concentration of 400 pmol mol~".
Measurements were taken in the morning between 8:00
am and 10:00 am, before plants were collected for growth
analysis. The following variables were determined at that
time: net photosynthetic rate (A), transpiration rate (E),
stomatal conductance (Gs), intercellular CO, concentra-
tion (Ci), instantaneous carboxylation efficiency (A/Ci:
ratio between photosynthetic rate and intercellular CO,
concentration), and water use efficiency (WUE: ratio
between photosynthetic and transpiration rates).
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Chlorophyll a Fluorescence

Chlorophyll a fluorescence was examined in three plants
per treatment. Analyses were performed on fully expanded
leaves collected from the middle third in the morning
between 8:00 and 11:30 am with a portable light-mod-
ulated fluorometer (Junior-Pam Chlorophyll Fluorometer
WalzMess-und-Regeltechnik, Germany). Leaves were pre-
adapted to the dark for 30 min before determining initial
fluorescence (Fo). Subsequently, samples were subjected
to a saturating light pulse (10.000 umol m~2 s™1) for 0.6 s
to determine maximum fluorescence (Fm) and electron
transport rate (ETRm). Maximum quantum yield of PSII
(Fv/Fm) was obtained from the ratio between variable
fluorescence (Fv=Fm-Fo) and maximum fluorescence.

Tissue P Analysis

Shoot and root dry matter was ground in a Wiley mill,
passed through a 2-mm mesh sieve, then digested with
nitric-perchloric acid (EMBRAPA 1999). Phosphorus (P)
content in the extract was determined based on the method
by Murphy and Riley (1962) in a UV—-visible spectropho-
tometer (1105, Bel Photonics) at 880 nm. Subsequently,
the following P efficiency indices were determined (Sid-
diqi and Glass 1981):

a) P absorption efficiency (PAE) = (ug of P accumulated in
plants) / (mg of root dry weight)™';

b) P use efficiency in roots (Root PUE) = (mg of root dry
weight)? / (ug of P accumulated in roots)™';

c) P use efficiency in the shoots (Shoot PUE) =(mg
of shoot dry weight 2 / (ug of P accumulated in the
shoot)_l;

d) P use efficiency in plants (Total PUE) = (mg of total dry
weight)? / (ug of P accumulated in plants)~""

Biochemical Variables

Seedlings were collected and separated into parts. Leaves
and roots were washed in distilled water, then immediately
placed in aluminum foil envelopes and frozen in liquid N
to avoid sample degradation. These samples were kept in
an ultrafreezer at — 80 °C until analysis, when they were
macerated in liquid N, homogenized in a specific buffer,
and assessed.

Chlorophyll a, total chlorophyll, and carotenoid con-
centrations in leaves were extracted based on the method
by Hiscox and Israelstam (1979) and estimated through
Lichtenthaler (1987). Superoxide dismutase (SOD) activity
was determined using spectrophotometric method described

by Giannopolitis and Ries (1977), while guaiacol peroxidase
(GPX) activity was determined based on Zeraik et al. (2008).

Acid phosphatase (APase) activity was determined based
on Tabaldi et al. (2007). The reaction was triggered by add-
ing a substrate (PPi at final concentration of 3.0 mM) and
stopped by adding 200 pL of TCA 10% at a final concen-
tration of 5%. Inorganic phosphate (Pi) was quantified at
630 nm, using malachite green as a colorimetric reagent and
KH,PO, as a standard for the calibration curve.

Statistical Analysis

Error distribution normality was investigated through Sha-
piro—Wilk test and error variance homogeneity through the
Bartlett test (Storck and Lopes 2011). Both tests were done
to all experimental variables. Whenever assumptions were
met, analysis of variance and Tukey test were applied to all
treatments at 5% probability of error, using Sisvar statistical
software (Ferreira 2019).

Furthermore, data were subjected to multivariate prin-
cipal component analysis (PCA) in R software (R Core
Team 2021) using the Facto Extra package (Kassambara
and Mundt 2017) to investigate correlation effects between
response variables and treatment distribution. Principal
component analysis was performed according to a set of
principal components (PC1 and PC2 were used in this case),
which consisted of a set of standardized linear and orthogo-
nal combinations which explained the original data vari-
ability altogether.

Results
Morphological Variables

There was significant interaction (p <0.05) between the fac-
tors (Eucalyptus clones and P concentrations) for the mor-
phological variables, and this finding showed that the joint
action of these factors influenced the expression of these
characteristics.

The highest increases in shoot (SI) (3.35 cm) and root
(RI) (13.45 cm) were observed in E. saligna at the con-
centration of 30% P, which was statistically different from
100% P (Fig. 1a and Fig. 1b). Thus, there was an increase of
54.25% in SI and 51.64% in RI of plants subjected to 30% P
compared to control plants of E. saligna (100% P in nutrient
solution) (Fig. la and Fig. 1b). The highest RI for E. uro-
grandis was also found at the concentration of 30% P, though
the opposite was observed for SI. Phosphorus concentrations
did not affect SI, RI, and number of leaves (NLI) in E. dunnii
(Fig. 1c), but the lowest increases in collar diameter (CDI)
for E. urograndis, E. saligna, and E.dunnii were found at the
lowest P concentration (10% P) (Fig. 1d).
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Fig. 1 Mean values recorded for the increase in shoot (SI) (a), root
(RI) (b), number of leaves (NLI) (¢), and collar diameter (CDI) (d),
of Eucalyptus clones grown in three phosphorous concentrations. Dif-
ferent letters between treatments within the same clones represent sta-

Shoot dry weight (SDW), root dry weight (RDW), and
total dry weight (TDW) in E. saligna was not statistically
different between 30% P and 100% P (control) (Fig. 2). How-
ever, the highest RDW and TDW for E. urograndis were
observed in both P deficiency concentrations (10% P and
30% P) (Fig. 2b and Fig. 2c). Root dry weight in E. dunnii
did not differ among P concentrations (Fig. 2¢). The highest
leaf area values (159, 875 cm?) were found in E. urograndis
at 30% P. This result represented an increase of 27.38% in
comparison to plants at 100% P (Fig. 2d). The highest leaf
area values for E. dunnii were in plants subjected to 10%
P, though P concentrations did not influence leaf area in E.
saligna (Fig. 2d).

The highest root length and root surface area values were
found in E. urograndis at 30% P. These variables presented
an increase of 69.8% and 41.09%, respectively, in compari-
son to those of the control (Fig. 3a and Fig. 3b). However,
the opposite was found for E. saligna, which had the lowest
average root length at 30% P and was statistically different
from the control.

The highest average root length and root diameter in
Eucalyptus dunnii were found at 10% P (Fig. 3a and Fig. 3c).
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The highest root diameter and volume values were found in
E. urograndis at 30% P (Fig. 3c and Fig. 3d). Root diam-
eter of E. urograndis increased by 24.85% and root volume
increased by 57.39% in comparison to plants at 30% P.

Physiological Variables

The interaction between the factors (Eucalyptus clones and
P concentrations) had a significant effect (p <0.05) on the
physiological variables.

The highest values of net photosynthetic rate (A) and
transpiration rate (E) for E. dunnii were found at the low-
est P concentration (Fig. 4a and b). Eucalyptus urograndis
presented its highest net photosynthetic rate (21.937 pmol
CO, m~2 s7!) and lowest transpiration rate (5.735 mmol
H,0 m~2 s‘l) at the concentration of 30% P, which led to an
increase of 16.57% in net photosynthetic rate and a reduc-
tion of 14.52% in transpiration rate compared to the control
(100% P) (Fig. 4).

The highest values for stomatal conductance (Gs) and
intercellular CO, concentration (Ci) were found in E. uro-
grandis subjected to the lowest P concentration (10% P),
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Fig.2 Mean values recorded for shoot dry weight (SDW) (a), root
dry weight (RDW) (b), total dry weight (TDW) (c¢), leaf area, and
(d) of Eucalyptus clones grown in three phosphorus concentrations.

which led to differences of 28.33% and 1.76%, respec-
tively, compared to those recorded for plants grown in 30%
P (Fig. 4c and d). The highest values of Gs and Ci for E.
saligna were found at 30% P (Fig. 4).

The highest values for water use efficiency (WUE) and
instantaneous carboxylation efficiency (by Rubisco) (A/
Ci) were observed for E. dunnii at 10% P (Fig. 4e and f).
Eucalyptus urograndis grown in this same solution had the
lowest values of WUE and A/Ci.

The highest initial fluorescence (Fo) values were found
for E. dunnii grown in the lowest P concentration (10% P)
(Fig. 5a). Maximum fluorescence (Fm) values were not
statistically different between E. urograndis grown in 10%
P and 100% P (Fig. 5b).

The lowest electron transport rate (ETRm) values were
found for E. dunnii grown in 10% P (Fig. 5¢). The highest
ETRm values for E. saligna were found at 30% P. ETRm
values for E. urograndis did not change after P application.
The lowest maximum quantum yield of PSII (Fv/Fm) val-
ues for E. saligna were observed at lower P concentrations
(10% and 30% P). Eucalyptus urograndis and E. dunnii
showed the lowest Fv/Fm values at 30% P (Fig. 5d).
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(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article)

Biochemical Variables and Tissue P Analysis

The interaction between the factors (Eucalyptus clones and
P concentrations) showed a significant effect (p <0.05)
on the biochemical variables. The highest values for
total chlorophyll (3.588 mg g~! FW) and carotenoids
(0.449 mg g~' FW) for E. saligna were found at the low-
est P concentration (10% P) (Fig. 6). Chlorophyll a values
for E. saligna and E. dunnii were not statistically different
among P concentrations. Similarly, total Chl and carot-
enoid values for E. urograndis were not statistically dif-
ferent among P concentrations (Fig. 6).

Superoxide dismutase (SOD) activity in shoots and
roots of E. saligna was not affected by P concentrations
(Fig. 7a). The highest SOD activity in shoots and roots
of E. urograndis was found at 30% P. The highest guai-
acol peroxidase (GPX) activity was observed in shoots of
E. saligna and E. urograndis at 30% P (Fig. 7c). On the
other hand, the lowest GPX activity in shoots of E. dun-
nii was found at 30% P. Root GPX activity in E. saligna
and E. urograndis was not impacted by P concentrations
(Fig. 7d).
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Fig.3 Mean values recorded for root length (a), root surface area (b),
root diameter (c), root volume, and (d) of Eucalyptus clones grown in
three phosphorus concentrations. (For interpretation of the references

The highest acid phosphatase (APase) activity in shoots
of E. urograndis and E. saligna was found at 10% P (Fig. 7e
and f). The same was observed in roots of E. urograndis at
10% P (Fig. 7f). Root APase activity for E. saligna was not
affected by P application (Fig. 7f). The lowest APase activ-
ity was observed in shoots of E. dunnii at 10% P. However,
the lowest APase activity in roots of E. dunnii was found at
30% P (Fig. 7).

The highest P concentrations in shoots and roots of E.
saligna and E. urograndis were found at 30% P, while the
lowest at 10% P (Fig. 8). The highest P concentration in
shoots was found for E. dunnii grown in 10% P (Fig. 8a).
Eucalyptus saligna grown in 30% P had the highest average
P accumulation in shoots and in the whole plant, though it
did not differ from the control (Fig. 8c and e). Eucalyptus
urograndis grown in 30% P also showed the highest average
P accumulation in roots but was not statistically different
from plants grown in 10% P (Fig. 8d and e). On the other
hand, E. dunnii did not show significant difference in P accu-
mulation in shoots, roots and plants among P concentrations
(Fig. 8). Similarly, P accumulation in shoots of E. urogran-
dis and in roots of E. saligna did not show significant differ-
ences (Fig. 8c and d).
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The highest P use efficiency in shoots and plants was
found in E. saligna at the lowest P concentration (10%)
(Fig. 9c and d). The highest P use efficiency in shoots of E.
dunnii was found at 100% P (Fig. 9¢), but was not signifi-
cantly different from plants at 30% P. However, E. urogran-
dis and E. dunnii did not show any difference in P uptake and
use efficiency among P concentrations (Fig. 9a and d). None
of the clones showed statistically significant differences in
P use efficiency in roots among P concentrations (Fig. 9b).

Principal Component Analysis (PCA)

Principal component analysis (PCA) was performed by only
extracting the first two components from each eucalyptus
clone (Fig. 10). PCA of E. saligna explained 48.6% of data
variability in principal component 1 (PC1) and 24.2% in
principal component 2 (PC2) (Fig. 10a). PCA allowed us
to observe the behavior of the effect of P concentration on
response variables. Phosphorus concentration of 10%, which
is on the left in the spatial distribution, showed positive cor-
relation to the increase in number of leaves, root dry weight,
P use efficiency in shoots, roots and total P use efficiency,
acid phosphatase activity in shoots, and initial fluorescence.
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Phosphorus concentration of 30% was positioned to the
right in the spatial distribution and showed positive correla-
tion to shoot increase and root increase, P concentration in
shoots and roots, P absorption efficiency, P accumulation in
shoots, roots and total P accumulation, superoxide dismutase
activity in shoots and roots, guaiacol peroxidase activity
in shoots, maximum fluorescence, electron transport rate,
stomatal conductance, intercellular CO, concentration, net
photosynthetic rate, water use efficiency, chlorophyll a, and
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carotenoids. Finally, P concentration of 100% was influenced
by root surface area, root volume, root diameter, root length,
GPX in roots, APase in roots, instantaneous carboxylation
efficiency, and transpiration rate.

PCA of E. dunnii explained 41.4% of data variability
in PC1 and 36.5% in PC2 (Fig. 10b). PCA provided three
groups of variables based on P concentration. Phosphorus
concentration of 10% was influenced by P content in shoots,
leaf area, shoot increase, root surface area, root volume, root
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diameter, root length, APase in roots, initial fluorescence,
maximum fluorescence, chlorophyll a, and total chlorophyll.
Phosphorus concentration of 30% showed positive correla-
tion to collar diameter increase and root increase, GPX in
roots, P use efficiency in roots and total P use efficiency, P
accumulation in roots, and intercellular CO, concentration.
Lastly, P concentration of 100% was influenced by P con-
centration in roots, P use efficiency in shoots, P absorption
efficiency, P accumulation in shoots and total P accumula-
tion, shoot dry weight, total dry weight, SOD in shoots, GPX
in shoots, APase in shoots, and electron transport rate.
PCA of E. urograndis explained 44.8% of data variability
in PC1 and 35.5% in PC2 (Fig. 10c). PCA provided three
groups of response variables according to P concentra-
tions. The concentration of 10% P was influenced by shoot
increase, shoot dry weight, root dry weight, total dry weight,
P use efficiency in shoots, roots and total P use efficiency,
leaf area, APase in shoots, APase in roots, stomatal conduct-
ance, and intercellular CO, concentration. The concentration
of 30% P had a positive correlation to P concentration in
shoots, P concentration in roots, P accumulation in shoots,
roots and total P accumulation, increase in number of leaves
and root, root surface area, root volume, root diameter, root
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length, SOD in shoots, SOD in roots, GPX in shoots, net
photosynthetic rate, water use efficiency, and chlorophyll a.
Finally, the concentration of 100% P was influenced by the
increase in collar diameter, electron transport rate, maximum
fluorescence, maximum quantum yield of PSII, transpiration
rate, GPX in roots, instantaneous carboxylation efficiency,
total chlorophyll, and carotenoids.

Discussion

The highest values of increase in root length and diameter
for E. dunnii were found in plants grown in the concentration
of 10% P (Fig. 3a and c). This is due to the transport of sign-
aling molecules from shoots to roots, in addition to impor-
tant photoreceptors, such as phytochrome A (phyA) activa-
tion, which transfers auxin from the stem system to the roots,
stimulating root production (Kulmann et al. 2021; Siqueira
et al. 2023). This positively influences plant H,PO,™ uptake
and induces Pi transport proteins and the regulation of Pi
uptake kinetics (Nadeem et al. 2022). Furthermore, with low
tissue P content, plants can exude organic acids capable of
chelating AI**, Fe’* and Ca”", decreasing the likelihood of P
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complexation and precipitation (Zhou et al. 2021; Wan et al.
2023). Plants can also release OH™ to the solution, which
is an important strategy to maintain higher pH levels that
promote increased P availability (Shen et al. 2018).

However, the highest values of root length, surface
area, and volume, as well as root increase in E. urograndis
(Fig. 3a, b, and d) were found in plants grown in 30% P
(Fig. 1b). Similar behavior was observed for the root increase
in E. saligna. This response was caused by the increased P
content available in the solution which enables part of the
nutrient to move closer to the outer surface of roots, enhanc-
ing the absorption of chemical P species and increasing con-
tent in roots (Kulmann et al. 2023). This happens because
greater root—soil contact leads to a larger absorption area
with larger root systems which play an important role in the
uptake of relatively immobile nutrients such as P (Berghetti
et al. 2021).

The highest net photosynthetic rates in E. urograndis and
E. saligna grown in 30% P (Fig. 4a) may have contributed
to increase shoot biomass production (Fig. 2a). This led to
higher P accumulation (Fig. 8a and e) and maximized CO,
availability per leaf area, increasing CO, fixation in leaves
(Loudari et al. 2022). Thus, the greater efficiency in nutrient

references to color in this figure legend, the reader is referred to the
web version of this article)

translocation to the shoots enabled nutrient supply to the
photosynthetically active sites in plants and increased pho-
tosynthetic rates (Kulmann et al. 2023).

Eucalyptus urograndis grown in 30% P showed lower
transpiration rate than that of the control plants (Fig. 4b).
This may have happened because plants with more CO, in
leaf intercellular spaces often close their stomata, decreasing
stomatal conductance and increasing water use efficiency
(WUE) (Aguilar et al. 2023). However, E. dunnii subjected
to 10% P had the highest values of net photosynthetic rate,
WUE and A/Ci (Fig. 4a, e, and f).

The highest leaf area values of E. urograndis were
found in plants grown in 30% P. This response may have
occurred because the concentration of 30% P stimulated
energy metabolism, cell division, and elongation, result-
ing in increased leaf area (Fig. 2d). This can also lead to
greater leaf area per unit of leaf dry weight, increasing the
capacity to capture and assimilate CO, per plant and the
ability to produce new leaves (Marques et al. 2020). On the
other hand, E. saligna did not show increased leaf area with
decreasing P content (Fig. 2d). This likely happened because
part of the P absorbed by roots could have been immedi-
ately incorporated into Rubisco to catalyze C assimilation.
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acid phosphatase activity in shoots (Shoot APase) (e) and roots (Root

Therefore, leaves did not need to adjust morphology to
enable greater P acquisition, only increase photosynthetic
pigment concentration (Fig. 9a and Fig. 6).

The highest concentrations of chlorophyll a in E. uro-
grandis (Fig. 6a) and total chlorophyll (Fig. 6b) in E. saligna
subjected to 30% P may have promoted an increase in bio-
mass production. This occurred because increased amounts
of pigments enable plants to absorb more light radiation
and convert it into carbohydrates, resulting in increased
biomass production (Roca et al. 2018). Thus, a reduction in

@ Springer

APase) (f) of Eucalyptus clones grown in three phosphorus concen-
trations. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article)

P concentration (30% P) did not cause significant damage to
the photosystem of E. urograndis and E. saligna seedlings,
as there was no degradation or reduced production of chloro-
plast pigments, contributing to a higher net assimilation rate.

Similar results for pigment content were observed for E.
dunnii in 10% P (Fig. 6). Because of this, there may have
been a greater transfer of resonance energy from antenna
complexes to reaction centers, where it was used for pho-
tochemical reactions responsible for biomass production
(Berghetti et al. 2021). Despite the reduction in P availability
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Fig.8 Mean values recorded for P concentrations in shoots (a) and
roots (b), P accumulation in shoots (c¢) and roots (d), and total P accu-
mulation (e) of Eucalyptus clones grown in three phosphorus concen-

(10% P), E. dunnii seedlings were able to maintain maxi-
mum quantum yield of PSII (Fv/Fm) values similar to those
of plants grown in the control (Fig. 5d), indicating the resist-
ance in the primary reactions of photosynthesis, even under
stress conditions (Gongalves et al. 2019).

There was a greater decrease in maximum fluorescence
(Fm) than in initial fluorescence (Fo) for E. urograndis
grown in 30% P (Fig. 5b and Fig. 5a). This resulted in a
lower Fv/Fm ratio which reduced the efficiency of radiant
energy captured by photosystem II (PSII) (Singh and Reddy
2015). However, electron transport rate (ETRm) values for

trations. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article)

E. urograndis were not statistically different between plants
grown in solutions with low P concentrations and those in
the control (Fig. 5c), which suggests the stress caused by
low P availability did not inhibit electron transport in PSII
(Gongalves et al. 2019). Thus, the decrease in Fv/Fm ratio
suggests excess energy dissipation by non-photochemical
extinction or non-radioactive mechanisms in the PSII reac-
tion center (Singh and Reddy 2015; Sperdouli et al. 2021).

The photosynthetic capacity of P-deficient plants may
result in greater accumulation of photon energy under high
irradiance. Excess photons cause an increase in reactive
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oxygen species (ROS) production as a by-product of photo-
synthesis (Kuinchtner et al. 2023). However, there is often
an increase in antioxidant enzyme activity to eliminate ROS
produced in plants subjected to stress (Mattos et al. 2023).

The main antioxidant enzymes responsible for eliminat-
ing ROS to maintain homeostasis in plant cells are super-
oxide dismutase (SOD) and guaiacol peroxidase (GPX)
(Kulmann et al. 2023). Thus, the increased ROS rate in E.
urograndis seedlings grown in 30% P was likely followed
by high SOD and GPX activity in shoots and roots (Fig. 7).
Thus, stress-tolerant genotypes may at least partly depend on
an increased antioxidant defense system (Chen et al. 2020).
The lack of an increase in GPX, SOD and acid phosphatase
(APase) activity in E. saligna at 30% P may be associated
with metabolic adjustments induced by P deficiency, such as
the use of PPi-dependent enzymes in the glycolysis pathway
and the replacement of membrane phospholipids by sulfoli-
pids (Hoyos and Fonseca 2019). Reduced phosphorus addi-
tion (10% P) in E. dunnii decreased the activity of SOD
and GPX (Fig. 7). This may have occurred due to increased
photosynthetic pigment synthesis and changes in chlorophyll
a fluorescence, with less photochemical energy dissipation
(Ferreira et al. 2018).

@ Springer

grown in three P concentrations. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version
of this article)

Increased APase activity in shoots of E. urograndis and
E. saligna at 10% P and in roots of E. urograndis at 10% P
may have been a result of the low P concentration in plant
tissue (Fig. 7e, f, Fig. 8a and b). The induction of intracel-
lular APase activity occurs to maintain the internal homeo-
stasis of inorganic phosphate (Pi) and supply it to organic P
compounds in the cytoplasm and vacuoles (Han et al. 2022).
There was no significant effect of APase activity on E. uro-
grandis grown in the control and 30% P concentrations. This
result may indicate greater P remobilization at these con-
centrations, confirmed by P content in tissues and higher P
accumulation in roots and plants (Fig. 8). However, APase
activity in E. dunnii decreased in shoots of plants subjected
to 10% P (Fig. 8e and f). This may have occurred because,
at a molecular level, P starvation-induced genes that encode
enzymes help to prioritize internal P use and maximize P
acquisition by inducing high-affinity Pi transporters in roots
(Vasconcelos et al. 2022).

There was no significant difference in P use efficiency
in roots of the Eucalyptus clones assessed in this study
(Fig. 9b). This possibly occurred because P use efficiency
in roots subjected to P deficiency conditions increased as
a result of changes in enzyme activity in the glycolysis
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pathway, which start operating in alternative carbohydrate
catabolism pathways during P deficiency, contributing to
more efficient P use through recycling, reduced consump-
tion, and the use of other nutrient fractions (Igbal et al.
2023).

There was no significant difference in P absorption effi-
ciency and total P use efficiency in E. urograndis and E.
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in shoot (GPX Shoot) and roots (GPX Roots); phosphate acid in shoot
(Phosphatase Shoot) and roots (Phosphatase Roots)) and physiologi-
cal initial fluorescence (Fo), maximum fluorescence (Fm), electron
transport rate (ETRm), maximum quantum yield of PSII (Fv/Fm),
net photosynthetic rate (E), stomatal conductance (Gs), intercellular
CO, concentration (Ci), transpiration rate (A), water use efficiency
(WUE), instantaneous carboxylation efficiency (A/Ci), chlorophyll a
(Chl a), total (Chl total), carotenoids (Carot) of Eucalyptus saligna
(a), Eucalyptus dunnii (b), and Eucalyptus urograndis (c¢)

dunnii among P concentrations (Fig. 9a and d). This hap-
pened because P reduction in the nutrient solution promoted
a more efficient functioning of the roots in the nutrient
uptake process. Phosphorus absorption efficiency may also
be related to the positive effect of P supply on nutrient accu-
mulation in shoots, as indicated by the positive correlations
between these two variables (Khan et al. 2023). This was
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somewhat expected, as P demand in shoots acts as the main
regulating factor in the amounts of absorbed nutrients. One
of the responses that also condition greater adaptation to
low P availability and contribute to increase P absorption
efficiency is the secretion of acid phosphatase by the root
system, as it promotes the breakdown of phosphate esters
and releases inorganic P into the solution, making it avail-
able for uptake by the roots (Martins et al. 2021).

PCA of the Eucalyptus clones helped to explain the effect
of P concentration on response variables. Eucalyptus uro-
grandis grown in the concentration of 30% P was more effi-
cient in the use of resources, resulting in increased root sur-
face area, volume, and length. As a result, greater amounts
of P were absorbed by plants under these conditions, which
was confirmed by the positive relationship with P content in
shoot tissues (Roca et al. 2018).

Phosphorus concentrations of 30% and 100% in E. dun-
nii showed a positive correlation to increased collar diam-
eter, root length or dry weight, shoot dry weight, and total
dry weight. On the other hand, 100% P in E. urograndis
may have provided adequate amounts of P in the solution,
as these concentrations showed a negative correlation to
shoot increase, shoot dry weight, root dry weight, and leaf
area. This happened because P concentration in the solution
may have been enough to meet plant demand, promoting an
increase in leaf area production per unit of leaf dry mass. As
a result, this increased plant ability to capture and assimi-
late CO, and contributed to the maintenance of plant energy
(Kayoumu et al. 2023).

PCA of E. saligna showed concentrations of 30% P and
100% P promoted an increase in shoot biomass production,
which provided greater CO, fixation in leaf tissue (Loudari
et al. 2022). This was confirmed by the positive relationship
between the concentrations of 30% P and 100% P with elec-
tron transport rate, stomatal conductance, intercellular CO,
concentration, net photosynthetic rate, water use efficiency,
instantaneous carboxylation efficiency, transpiration rate,
chlorophyll a, and carotenoids.

Thus, Eucalyptus clones showed differences in growth
due to variations in morphological, physiological, and bio-
chemical characteristics that influenced the nutritional effi-
ciency of P, which confirmed our initial hypothesis. Thus,
genetic differences may play a significant role in determining
morphological, physiological, and biochemical character-
istics which lead to different levels of nutrient absorption
efficiency in Eucalyptus clones. Based on our results, E.
urograndis was the genotype that adapted to environments
with low P concentrations the best, as this adaptation process
is associated with increased root growth, physiological effi-
ciency (e.g., photosynthetic rate), antioxidant capacity, and
P absorption efficiency. This response is essential to rational-
ize the use of phosphate fertilizers, thus reducing production
costs and the potential for soil and water contamination.

@ Springer

Conclusion

Eucalyptus urograndis showed the highest P absorption
efficiency as it did not have limitations in biomass pro-
duction and root growth at a low P concentration (30% P).
This finding revealed that E. urograndis requires low P
availability and can grow in environments with low P con-
centrations. Although E. saligna did not show decreased
shoot dry weight and total dry weight and increased P
absorption efficiency at 30% P, there was decreased root
growth and root dry matter production. Eucalyptus dunni
had the lowest electron transport rate and P use efficiency
in shoots at 10% P. However, it was necessary to use the
standard P concentration in nutrient solution to promote
plant growth for E. dunnii.

Morpho-physiological and biochemical characteristics
are directly linked to the nutritional efficiency of P. Thus,
this can be used to select Eucalyptus clones for environ-
ments with low P availability, as well as to help to develop
strategies focused on phosphate fertilization under differ-
ent edaphic conditions.
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