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Phosphorus (P) is a vital nutrient for plant growth. P availability is generally low
in soils, and plant responses to low P availability need to be better understood.
In a previous study, we studied the growth and physiological responses of
24 species to low P availability in the soil and verified of eucalypts, five
(Eucalyptus acmenoides, E. grandis, E. globulus, E. tereticornis, and Corymbia
maculata) contrasted regarding their efficiency and responsiveness to soil
P availability. Here, we obtained the metabolomic and lipidomic profile of
leaves, stems, and roots from these species growing under low (4.5 mg
dm~3) and sufficient (10.8 mg dm~3) P in the soil. Disregarding the level
of P in the soils, P allocation was always higher in the stems. However,
when grown in the P-sufficient soil, the stems steadily were the largest
compartment of the total plant P. Under low P, the relative contents of primary
metabolites, such as amino acids, TCA cycle intermediates, organic acids and
carbohydrates, changed differently depending on the species. Additionally,
phosphorylated metabolites showed enhanced turnover or reductions. While
photosynthetic efficiencies were not related to higher biomass production,
A/Ci curves showed that reduced P availability increased the eucalypt species’
Vemax, Jmax and photosynthetic P-use efficiency. Plants of E. acmenoides
increased galactolipids and sulfolipids in leaves more than other eucalypt
species, suggesting that lipid remodelling can be a strategy to cope with the
P shortage in this species. Our findings offer insights to understand genotypic
efficiency among eucalypt species to accommodate primary metabolism
under low soil P availability and eventually be used as biochemical markers
for breeding programs.

plant nutrition, metabolome, lipidome, phosphorus use efficiency (PUE), primary
metabolites
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Introduction

Phosphorus (P) limits the productivity of plants in many
terrestrial ecosystems (Batjes, 1997), and it is often the first or
second nutrient limiting aboveground net primary productivity
of forests (Gongalves et al., 2008; Plassard and Dell, 2010; Lang
etal,, 2016). Besides being an integral component of membrane
lipids and nucleic acids, P is a component of the ATP molecule
that confers to this nutrient a central role in almost all aspects of
plant metabolism (Warren, 2011).

Plants respond to P limitation in several ways, including
changes in the architecture of the root system and alterations
of metabolic processes (Jones et al., 2018). Morphological and
physiological changes of the root system in response to P
deficiency are often related to developmental strategies which
allow a more efficient exploration and mining of soil P (Niu
et al, 2013) as shown in eucalyptus (Bichara et al,, 2021).
Plants may increase the root-shoot ratio by reducing and
enhancing shoot and root growth, respectively (Niu et al,
2013; Lambers et al, 2015a,b; Tian and Liao, 2015) or yet
establishing beneficial mutualistic associations with mycorrhizal
fungi (Lambers et al., 2008). Root growth may be accompanied
by an increased release of organic acids and enzymes to
improve P availability (Lambers et al., 2015a,b). In addition,
to improve the efficiency of internal P use, plants such as
barley, may increase their internal amino- and organic acid
levels (Huang et al., 2008), accumulate di- and tri-saccharides,
reduce the content of phosphorylated sugars as observed in
maize, wheat and arabidopsis (Huang et al., 2008; Ganie et al,,
2015; Pant et al, 2015a; Nguyen et al, 2019). Recently, the
metabolome analysis of P-stressed apple seedlings revealed
that amino acids, organic acids and flavonoids levels increased
(Sun et al, 2021). However, P deficiency had little effect on
primary metabolites, such as carbohydrates, organic acids and
amino acids in E. globulus (Warren, 2011). On the other
hand, P fertilisation altered just a small portion of polar
metabolites in leaves of Pinus elliottii x P. caribaea (Guo et al.,
2022).

Plants can also replace membrane phospholipids with
sulfolipids and galactolipids, thus, reducing P requirements
(Lambers et al., 2012; Yuzawa et al., 2012; Okazaki et al., 2013;
Shimojima et al., 2013; Lambers, 2022). Fagus sylvatica avoids
the seasonal loss of P by degrading phospholipids in senescent
leaves and exporting P to the wood tissues, where P is used
for the biosynthesis of new phospholipids and N-acetyl-D-
glucosamine-6-phosphate (Netzer et al., 2018).

Thus, under P deficient conditions, plants may adjust
growth and development by changing carbon (C) allocation
among organs and organelles to tolerate the stress better and
increase the efficiency of main metabolic processes (Morales
et al,, 2020). However, until now, it remains unclear how P
deficiency affects the metabolism of evergreen trees, even though
the complete elucidation of this strategy could help further

Frontiers in Plant Science

02

10.3389/fpls.2022.989827

understand the physiology of plant P acquisition (Miiller et al.,
2015).

Eucalypt plantations frequently cope with P limitation,
showing visual symptoms of P deficiency and high responses
to P-fertilisation (Santana et al,, 2002; Thomas et al., 2006).
Recently, we used physiological and nutritional parameters to
evaluate the ability of 24 species of eucalypts to grow under
low and sufficient soil P conditions (Bulgarelli et al., 2019).
Considering that plants may be efficient to grow on low P and/or
responsive to P inputs we may classify them into four groups:
efficient and responsive, non-efficient and non-responsive, non-
efficient and responsive, and efficient and non-responsive. Most
of the 24 species of eucalyptus were distributed between two
groups: (i) non-efficient in the use of P and responsive to P
addition and (ii) efficient and non-responsive. Here, we studied
changes in the metabolomic and lipidomic profile of leaves,
stems, and roots of plants of five species (Eucalyptus acmenoides,
E. globulus, E. grandis, E. tereticornis, and Corymbia maculata)
belonging to these two groups, growing under sufficient and
low P soil availability. We aimed to evaluate how efficiency and
responsiveness might be related to these changes. E. grandis,
which genome is available (Myburg et al., 2014), was included
in the study as a reference species.

Materials and methods

Plant growth and sampling

The experiment was conducted in a greenhouse between
September 2018 and April 2019, at Campinas (22°49'10.38”S
47°04'12.88"W), Sao Paulo, Brazil. The experimental design
was a 5 x 2 factorial, i.e., five eucalypt species and two soil P
levels, with five replicates of each species for each soil P level.
The species were: Corymbia maculata, Eucalyptus acmenoides,
E. globulus, E. grandis and E. tereticornis. The soil used here
was a clay ferrosol (IUSS Working Group WRB, 2015), and P
is referred to as the soil resin extractable-P. The soil analysis
is shown in Supplementary Table S1. Before mixing 1:1 (v/v)
with water-washed sand, the soil was corrected for nutrients
as recommended for forest species at a medium-fertility level
in Sdo Paulo, Brazil (Raij et al,, 1997). The soil P level was
not correct in one treatment (4.1 mg dm™3 available P)
and corrected (12.9 mg dm™3 available P) in another, and
they are referred to from now on as low P and sufficient
P, respectively. We amended the low P soil with potassium
phosphate (KH,POy) to reach the P level in sufficient soil.

Seeds of the five species were germinated in seedbeds with
a commercial substrate mixture (Genesolo, Genfertil), and after
2 months the seedlings were transplanted to 7 L pots containing
the mixture of soil and sand described previously. They were
kept in a greenhouse for a period of 9 months. Irrigation
was carried once a day. During the experiment, the seedlings
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received five applications of N (125 mg each application), using
NH4NO3 or KNO3.

Leaf, stem, and root samples of 8-month-old plants were
harvested separately and immediately frozen in liquid nitrogen
and stored at —80°C until further analysis. The roots were
collected after washing out the substrate in running tap water.

P determination

The concentrations of P in leaves, stems and roots were
determined by inductively coupled plasma with optical emission
spectrometry (ICP-OES, Varian Vista MPX, Palo Alto, CA,
United States) in nitro-perchloric acid digested samples (Zasoski
and Burau, 1977). Photosynthetic P-use efficiency (PPUE, pumol
CO, mol P~! s71) and P utilisation efficiency (PU,E, g DW g~!
P) were calculated according to Hammond et al. (2009).

Leaf gas exchange and chlorophyll a
fluorescence

Leaf gas exchange and chlorophyll a fluorescence analyses
were performed simultaneously using an open-flow infrared
gas exchange analyser system equipped with an integrated
fluorescence chamber (IRGA, LI-6400XT). Photosynthetic
light-response curves, the rate of photosynthesis (A) as a
function of photosynthetic photon flux density (PPFD), were
obtained using atmospheric CO; concentration (C,), which was
400 wmol CO, mol ™!, and the plants were exposed to a range
of PPFD in a stepwise sequence of 1,000, 2,000, 1,500, 1,000,
800, 600, 300, 150, 100 and 0 pLmol photons m~2 s~!. Variables
derived from the A/PPFD curves were estimated from the light
response curve adjustments by the non-rectangular hyperbolic
model (Caemmerer, 2000). Measurements for CO;, response
curves, A as a function of intercellular CO, concentrations (C;)
(A/C;), were taken at a light saturation point of 1,000 pwmol
photons m~2 s71, 25°C at C, of 400 pmol CO, mol~! and
once the steady-state was reached, the C, was decreased to 300,
200, 100, 50, and 25 pmol CO, mol~!. Then, C, was increased
to 400, 500, 700, 1,000 and 1,200 wmol CO, mol~!. Curves
were obtained using the second terminal leaflet of the third
fully expanded leaf. The data were subjected to an analysis of
variance (ANOVA), and the group of means of eucalypt species
were compared with subtropical specie model E. grandis by the
Scott-Knott test at P < 0.05.

Primary metabolites and lipid
extraction

Leaves, stems and roots of five independent biological
replicates were ground to a fine powder, and 30 mg (dry
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weight &+ 1% tolerance) was extracted with 1 ml of a pre-
cooled (~15°C) mixture of methyl tert-butyl ether (MTBE;
3:1:1, v/v/v) as described previously by Giavalisco et al. (2011)
and Salem et al. (2016). Then, the samples were thoroughly
vortexed for 1 min and incubated on an orbital shaker (100 rpm)
for 45 min at 4°C, followed by a 15 min sonication step.
For phase separation, a volume of 500 pl of water:methanol
(3:1, v/v) was added to each vial, and the samples were again
thoroughly vortexed for 1 min. The samples were centrifuged
at 20,000 x g for 5 min at 4°C, and 300 1 of the upper apolar
MTBE phase containing the lipids were transferred to a 1.5 ml
vial and vacuum-dried. The remaining MTBE phase was entirely
removed from the extract, and two independent aliquots of
150 pl of the lower polar fraction were transferred to a new
vial and concentrated to dryness in a vacuum concentrator for
subsequent analysis by gas chromatography (GC).

Lipid profiling

The lipids extracted from the previous step were solubilised
in 300 pl of a mixture of acetonitrile:isopropanol (7:3 v/v),
vortexed and incubated 10 min in an ultrasonication bath.
The samples were centrifuged for 5 min at 10,000 x g and
100 pl aliquots were transferred into glass vials for further
analysis (Salem et al.,, 2016). Lipids in 2 pl injection samples
were separated on a reversed-phase Bridged Ethyl Hybrid (BEH)
C8 column (100 mm X 2.1 mm containing 1.7 pm diameter
particles, Waters, Manchester, United Kingdom) using a Waters
Acquity UPLC system (Waters, Manchester, United Kingdom)
(Hummel et al,, 2011). The UPLC-FT-MS raw chromatograms
were analysed and processed either by using Xcalibur (Version
2.10, Thermo-Fisher, Bremen, Germany) or ToxID (Version
2.1.1, Thermo-Fisher) as described in Hummel et al. (2011).

Primary metabolite profiling

Dried aliquots of the polar phase of the previously
described extraction were solubilised in 150 pul methoxyamine-
hydrochloride/pyridine  solution for  methoxymization
of carbonyl groups, followed by heating at 37°C for
90 min. The samples were derivatised with N-methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA) for 30 min at
37°C. An aliquot of 1 pl of the derivatised sample was
analysed by GC-MS, according to da Silva et al. (2018). We
used the softwares Chroma TOE® 4.2 (Leco, St. Joseph, MI,
United States) and TagFinder 4.0 (Luedemann et al.,, 2012) to
analyse the chromatograms and mass spectra. Analytes were
manually identified using TagFinder, by comparing them to the
reference library mass spectra and retention time indices in the
Golm Metabolome Database (Kopka et al., 2005). The amounts

of metabolites were expressed as relative abundance, calculated
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by the normalisation of the sorbitol signal intensity, which was
added as an internal standard, and later by the dry weight of the
initial plant material.

Statistical analysis

The overall effects of soil P availability and eucalypt species
on the photosynthesis parameters and metabolic levels were
evaluated using a two-factor analysis of variance (two-way
ANOVA). The means were compared by Scott-Knott test at
P < 0.05, using the Rbio software (Bhering, 2017). Graphical
representations were performed using SigmaPlot 1 1.0” software
(Systat Software Inc.). In order to reduce the dimensionality
of the data set, MetaboAnalyst 4.0 (Chong et al,, 2018) and
Minitab” 17 were employed for multivariate data analysis,
including a principal component analysis (PCA) and heatmap
matrices.

Results

Phosphorus in plants

In most species, soil P availability affected the concentrations
of one or more of the other analysed nutrients (Table 1). When
grown in low P conditions, E. acmenoides, E. grandis and C.
maculata presented significantly higher P concentrations in
leaves when compared to sufficient P. Whereas for E. globulus
and E. tereticornis foliar P concentrations were similar under low
and sufficient soil P availability. Stem (0.7 to 1.09 g kg~!) and
root (0.44 t0 0.77 gkg 1) P concentrations were higher in plants
of E. tereticornis grown with sufficient P than in those with low
P. It is worth highlighting that the sufficient soil P availability
positively and linearly influenced the accumulation of P in the
stems of all eucalypt species, except in E. globulus (Table 1).

Biomass production and P use
efficiency

In general, plant growth (leaf, stem and root mass
production) was higher in the sufficient P treatment than low
P (Figure 1). An exception was E. acmenoides, which showed
lower biomass under sufficient P, and statistically different for
leaf and total dry mass, but not for stem mass (Figures 1A,B,D).
When grown in low P, E. globulus presented the lowest mass
production for leaf, stem and root, reflected in the total plant
biomass (Figure 1D). Interestingly, E. acmenoides plants in the
presence of high P availability contained about two times lower
root mass than other eucalypt species (Figure 1C).

The calculated P utilisation efficiency (PUtE) and
photosynthetic P-use efficiency (PPUE) showed that C. maculata
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and E. tereticornis presented the lowest PUtE (382.64 and
55896 g DM g~! P, respectively) and E. acmenoides the
highest (13093.77 g DM g_1 P) (Supplementary Table S2).
E. tereticornis presented the highest and E. maculata the
lowest PPUE, in both P availability (Supplementary Table 52).
E. acmenoides and E. tereticornis were the only species to
present low PPUE when growing in low P, which might
be explained by the high and low photosynthetic CO,
assimilation capacity observed in these species, respectively
(Supplementary Table S2).

Effects of soil P availability on
photosynthesis

Because P plays an essential role in photosynthesis and
the partitioning of photosynthates, we analysed A/Ci and
A/PPFD response curves in the five eucalypt species growing
under low and sufficient P (Figures 2A-D). Under low P, the
photosynthetic rate (A) varied between species means of 6 and
11 wmol m~2 s, stomatal conductance (g;) between 0.17 and
0.27molm—2s !and transpiration (Trmmol) between 2.43 and
3.88 mmol H,O m~2 5! (Supplementary Table S4).

The soil P availability led to a significant increase of electron
transport rate (ETR), maximum carboxylation velocity based on
Ci (Vemax_Ci), and maximum capacity for electron transport
rate based on C; (Jjuax_Ci) in E. tereticornis compared to other
species (Supplementary Table S3). Moreover, independently of
soil P availability, E. tereticornis had the highest light saturation

point, which was approximately 1,000 wmol m=2 s~!,

while in the other species, it was 800 wmol m~2 s~1,
indicating interspecific variation of the photosynthetic capacity.
Surprisingly, the overall response concerning the photosynthetic
characterisation of the species under varied atmospheric CO,
was similar between the two P levels within each species (upper
case letters in Supplementary Table S3). On the other hand, we
found differences among species for each P availability (lower

case letters in Supplementary Table S4).

Changes in the metabolome and
lipidome caused by P availability

We implemented a PCA analysis to discriminate the main
effects of the P availability on the dataset obtained from the
metabolomic and lipidomic profiles (Figure 3). In leaves, the
first and second components accounted for 37.4 and 30.6% of
the total variation, respectively. The PCA score plots showed a
clear separation of E. acmenoides from the other four species
along the PCl1 axis, thus suggesting that this species has a
distinct metabolic response to P availability (Figure 3A and
Supplementary Table S4). Overall, changes in the amino acid
levels influenced this separation, mainly proline, B-alanine,
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TABLE 1 Concentrations of phosphorus in the roots, stems and leaves of five eucalypt species cultivated in soil with low (Low P) and sufficient (Suf

P) phosphorus availability.

P(gkg!)

Species Phosphorus Roots Stems Leaves

C. maculata Low P 0.59 + 0.10 a 0.42 + 0.01 a 0.77 + 0.02 a
E. acmenoides Low P 0.50 + 0.04 b 0.56 + 0.06 a 0.57 + 0.02 b
E. grandis Low P 0.43 + 0.03 b 0.51 + 0.07 a 0.58 + 0.06 b
E. globulus Low P 0.65 + 0.04 a 0.70 + 0.06 a 0.91 + 0.02 a
E. tereticornis Low P 0.44 + 0.01 b 0.70 + 0.17 a 0.74 + 0.09 a
C. maculata Suf P 0.61 + 0.04 b 1.03 + 0.11 a* 0.96 + 0.03 a*
E. acmenoides Suf P 0.43 + 0.03 c 1.18 + 0.09 a* 0.88 + 0.02 a*
E. grandis Suf P 0.62 + 0.03 b* 1.20 + 0.21 a* 0.78 + 0.10 b*
E. globulus Suf P 0.77 + 0.02 a* 0.76 + 0.09 a 0.89 + 0.04 a
E. tereticornis Suf P 0.77 + 0.07 a* 1.09 + 0.14 a* 0.72 + 0.02 b

Means followed by the same letter indicate no statistical difference by the Scott-Knott test (P > 0.05) among species in each treatment and tissue. Asterisks indicate a statistical difference

between P treatments for each species and tissue (Scott-Knott test, P < 0.05).
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tyrosine and leucine, suggesting that these metabolites may
have a role in the response of E. acmenoides plants to low P
availability. It is worth mentioning that the majority of the lipid
classes increased in E. acmenoides. MGDG, DGDG, and TAG
lipids were the main classes that contributed to this separation
(Figure 3B).
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The PCA scores revealed that stems had a characteristic
metabolic profile in C. maculata and E tereticornis (Figure 3C),
as PCI and PC2 explained 35.6 and 26% of the total variance,
respectively. At PCl1, decanoic acid, nonanoic acid and
valine, both intermediates of the fatty acid biosynthetic
pathway, were closely related with E. maculata (Figure 3D and
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Supplementary Table S4). The PC2 variation separated
E.
traits in PC2, galactinol and isomaltose and three classes

tereticornis from the other species. Among various

of lipids (PE, PA and FA) explained the maximum variation.
of the
(glucose-6P and ribose-5P) were grouped to

Two intermediates oxidative-pentose-phosphate
pathway
E. tereticornis.

The first two components explained 58.9% of the total
variance in roots (Figure 3E). Opposite to leaves, C. maculata
and E. acmenoides were not grouped. According to PCl
variation (31.6%), changes in the amino acid levels, such
as threonine, leucine, homoserine, proline and valine,
(Figure 3F

Supplementary Table S4). Hexadecanoic and octadecanoic

were responsible for this separation and
acids, and the saccharides maltose, fructose, gentiobiose,
glycerol, isomaltose, galactinol and trehalose explained the
grouping of E. tereticornis and E. acmenoides (Figure 3F and
Supplementary Table S4). PC2 variation revealed that most
lipid classes were grouped with C. maculata, unlike previously
observed in leaves. Overall, galactolipids and sulfolipids,
such as SQDG, MGDG and DGDG, and phospholipids

(e.g., PC, PE) explained the highest percentage of the total
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variability found in the PC2 (Figure 3F and Supplementary
Table S4).

Changes in the primary metabolites
profile in response to low P

We identified 66, 75, and 66 primary metabolites in
the leaves, roots and stems, respectively (Supplementary
Table S5). The levels of sugars, sugar-phosphates, organic
acids, polyols and amino acids were obtained by calculating
a response ratio (Low P/Suf P) of the average concentration
of metabolites.

A heat map prepared to facilitate data interpretation
identified two main clusters within eucalypts species and
three additional metabolite clusters at most (Figure 4). In
the leaves, the results indicated that E. acmenoides and
E. grandis were separated from E. globulus, C. maculata
and E tereticornis (Figure 4A). Furthermore, hierarchical
clustering from metabolites showed a clear difference between
E. acmenoides and the other species. Based on clusters IT and IV,
ten metabolites significantly increased in leaves of E. acmenoides
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FIGURE 3
Principal component analysis combining metabolomic and lipidomic profiles from five eucalypt species cultivated in soil with low (Low P) and
sufficient (Suf P) availability of phosphorus. The analysis was performed by the changes of log2 ratios (Low P/Suf P) metabolic contents in
leaves, stems and roots, individually. Numbers in parentheses indicate the percentual variation of the first (PC1) and the second (PC2) principal
components. (A,C,E) Show the scores and (B,D,F) show the loading plots. Lipids are in blue. Monogalactosyldiacylglycerol (MGDG),
digalactosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG), fatty acid (FA), phosphatidylinositol (Pl), phosphatidylglycerol (PG),
phosphatidylcholine (PC), phosphatidylethanolamine (PE), lysophosphatidylcholine (LysoPC), triacylglycerol (TAG), and diacylglycerol (DAG).

under low P; most were sugars (fructose 6-P, mannose, inositol, fumaric acid, which decreased in E. grandis and E. globulus in
lactulose, erythrose, rhamnose and ribulose-5P). On the other response to low P (Figure 4A).

hand, metabolites in cluster IV generally increased in E. grandis The leaf metabolite analyses also revealed significant
and decreased in the other four species. The exception was alterations in tricarboxylic acid (TCA) cycle intermediates.
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FIGURE 4
Hierarchical cluster analysis of changes in primary metabolite levels of five eucalypt species cultivated in soil with low (Low P) and sufficient (Suf
P) availability of phosphorus. Heat map representing the changes of log2 ratios (Low P/Suf P) metabolic contents in leaf (A), stem (B), and root
(C) individually. Regions of blue or red indicate the metabolite level was decreased or increased, respectively. The clusters were generated in
MetaboAnalyst using squared Euclidean distance and complete linkage. Asterisks indicate statistically significant differences (P < 0.05) by
Student’s t-test between P treatments.

Under low P, succinic acid increased in leaves of E. grandis and
decreased in E. globulus, and fumaric acid increased in the leaves
of E. globulus and E. grandis (Figure 4A). Concerning the amino
acids, phenylalanine increased in leaves of E. grandis and E.
globulus, and the non-protein amino acid y-aminobutyric acid
(GABA) decreased significantly in leaves of C. maculata and E.
globulus (Figure 4A).

Like that of leaves, the metabolite profile of the stems of
C. maculata and E. tereticornis was separated from those of
E. acmenoides and E. grandis (Figure 4B). Among the five
species, most of the significant changes in stem metabolites
in response to P availability were observed in E. maculata
and E. grandis. The concentration of fructose-6P increased
in the stem of E. acmenoides and E. grandis under low P.
However, similar to leaves under low P, the level of this
metabolite decreased in C. maculata. Also, main sugars, such
as glucose, fructose and sucrose, were significantly affected by
soil P availability. For example, C. maculata stems displayed
decreased and increased levels of glucose and fructose under low
P, respectively, while E. grandis has increased levels of glucose,
and E. tereticornis showed a decrease in fructose (Figure 4B).

Regarding the TCA cycle intermediates, fumaric acid levels
decreased significantly in the stem of E. globulus, while malic
acid increased for this species under low P. As observed in
leaves, GABA also showed a significant decrease in the stem
of C. maculata. Interestingly, the pyruvate, a key metabolite
of the energy metabolism, which can enter the TCA cycle or
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serve as the starting point for synthesising fatty acids, increased
significantly in E. globulus under low P while decreasing in
C. maculata. Also, valine, an intermediate of the fatty acid
biosynthetic pathway, significantly reduced in E. globulus and
increased in E. tereticornis (Figure 4B).

In roots, unlike leaves and stems, metabolite clustering
separated E. tereticornis from C. maculata (Figure 4C). Several
changes were observed in the levels of the amino acids in
response to P limitation, mainly in plants of E. globulus, which
showed a significant increase in alanine, valine, isoleucine and
leucine, which are intermediates of the fatty acid biosynthesis
pathway. Additionally, the concentration of intermediates of
the shikimate pathway, such as phenylalanine and tyrosine,
increased significantly in the roots of E. globulus. Other amino
acids that exhibited a significant increase in the roots of
this species under low P were B-alanine, valine, threonine
and methionine (Figure 4C). Sugars were also significantly
affected by soil P availability. Fructose and sucrose decreased
in E. grandis roots under low P, while glucose, fucose and
ribose increased. Concerning TCA cycle intermediates, low
P reduced citrate levels in E. grandis roots compared to
the other species. Other TCA intermediates, such as fumaric
and malic acids, increased in the roots of E. fereticornis
and E. globulus. Interestingly, 3-phosphoglyceric acid, a key
metabolic intermediate in glycolysis and the Calvin cycle,
decreased in E. acmenoides roots in response to low P
(Figure 4C).
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Changes in the lipids profile in
response to low P

To study possible shifts between membrane phospholipids
and non-phosphorus glycerolipids, such as SQDG, MGDG
and DGDG, we carried out the lipidomic analysis in leaves,
stems and roots (Supplementary Table S6). We identified
172 lipid species with several chemical variants for the same
main compound, and thus, classified in thirty individual lipids
(for instance, DAG 34:0, DAG 34:1, DAG34:2 were classified
as DAG 34), which were distributed in eleven lipid classes
(Figure 5). The lipid profile of leaves of E. acmenoides was
separated from that of the other species (Figure 5A). In general,
most lipids tended to increase under low P in this species,
being the exceptions LysoPC:18 and PE:18, which decreased
(Figure 5A). Nevertheless, only TAG:36 and DAG:46 had a
statistically significant increase. Furthermore, three groups of
phospholipids from cluster IV (LysoPC:18, PC:34 and PE:34)
decreased significantly in leaves of E. globulus under low P
(Figure 5A).

In the stems, the groups of galactolipids (MGDG:36,
MGDG:34 and DGDG:36), sulfolipids (SQDG:36 and
SQDG:34) and triacylglycerols (TAG:46, TAG:54 and TAG:56)
tended to increase in E. globulus and E. tereticornis, but
only TAG:46 increased significantly (Figure 5B). In roots,
the variation in response to low P was more pronounced in
C. maculata than in the other species (Figure 5C). Under low
P, 11 groups of lipids were significantly higher in C. maculata,
and most of them were digalactosyldiacylglycerols (DGDG:32,
DGDG:34 and DGDG:36), sulfoquinovosyl diacylglycerols,
(SQDG:36 and SQDG:34) and phospholipids (PG:36, PC:36,
PE:42, and PC:32). Nevertheless, the content of most of these
lipids decreased in the roots of the other species or displayed a
slight increase (Figure 5C).

Discussion

In this work, five species of eucalypts were grown on low
and sufficient soil P and compared regarding physiological and
biochemical traits. We aim to understand the metabolic changes
of these species regarding their ability to grow under low P
availability (efficiency) and responsiveness to P supply. When
grown in the P-sufficient soil, the stems steadily became the
seedlings compartment with the largest amount of P, followed
by leaves and roots. Dell et al. (1987) and Weggier et al. (2008)
reported that eucalypt seedlings supplied with P accumulated
this nutrient in the stem and bark, although some reports
have shown higher accumulation in the leaves (Koutika et al.,
2016). Additionally, previous studies have shown that nutrient
concentrations changes in the eucalyptus tissues depending on
the dimension and/or the age of the tree (Bouvet et al,, 2013),
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with reductions of stem P concentration with plant age (Dell
et al,, 1987). Mature plants certainly accumulate more biomass
in the stem and branches, suggesting that stems may act as
the primary site for P storage in eucalypts during certain
periods of growth, as previously reported for other species of
evergreens (Weggier et al., 2008; Rennenberg and Herschbach,
2013). In stems of P-sensitive E. marginata, most P was stored
in bark (Dell et al., 1987). In eucalyptus, it was suggested that
P immobilised in the stem is reallocated to other plant organs
as the plant ages (Crous et al,, 2019). The ability to store P in
the stems is an important trait also observed for some members
of the Proteaceae from south-western Australia (Dell et al,
1987; Jeschke and Pate, 1995), and it was suggested that this
accumulation pattern might be a mechanism to prevent leaf
P toxicity in P-sensitive species (Shane et al.,, 2004). Seasonal
remobilisation of P to the stems is also a strategy to store P in
temperate forests species (Netzer et al.,, 2018, 2017). In natural
stands of the perennial Proteaceae Banksia prionotes stem P
accumulation is seasonally altered, with re-translocation of P
accumulated during winter for summer flushing (Parks et al,
2000). Similar seasonal dynamics can be expected for P-fertiliser
eucalypts.

Our results, however, showed that under low P, and except
for E. acmenoides, seedlings of the studied eucalypt species had
just slightly higher P concentrations in leaves than in the stems,
indicating preferential P allocation to photosynthetic processes
(Sardans and Penuelas, 2004). However, variation among
species and tissues suggests that eucalypts may adopt different
mechanisms to improve P acquisition and accumulation under
low soil availability. For example, roots of E. acmenoides had
similar P concentrations when growing on low and sufficient
P. But, leaves and stem of plants on sufficient P had higher
concentrations than at low P. These results corroborate other
studies with eucalypts and suggest that the relatively constant
P concentrations in roots may exert a “buffering” control
over translocation to the shoots, ensuring their demands
(Mulligan, 1988). The lack of correlation between plant P
concentration and biomass production suggests that greater
P-uptake efficiency does not necessarily lead to higher plant
growth and that plant P concentrations cannot be solely
considered an indicator of the responsiveness of young eucalypts
to P supply, supporting our previous results (Bulgarelli et al,
2019). In addition, observed in other crops (White et al., 2005;
White and Hammond, 2008), our results show that selection
for greater PUE does not appear to be an effective strategy
for selecting eucalypt species to be cultivated on soils with
low P availability. Only E. acmenoides presented significant
differences between plants grown in low and sufficient soil P
availability. Moreover, given the negative correlations between
plant biomass production and P concentrations in E. acmenoides
under low P availability, it is evident that low P-fertiliser
inputs can be used for this species. Although it cannot be
totally excluded the possibility that at sufficient P and for
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E. acmenoides other nutrients besides P could be restricting a
higher growth.

Although only a small part of plant P is used for
photosynthesis (Turnbull et al., 2007), this nutrient is essential
for the proper functioning of the photosynthetic apparatus
(Hammond and White, 2008). The electron transport in the
photosystem I is affected by P deficiency and, consequently,
impairs ATP production and reduces CO, assimilation (Walker
et al, 2014; Carstensen et al, 2018). Although low soil P
availability frequently decreases the photosynthetic capacity of
tree species (Bloomfield et al., 2014), here the low P availability
did not affect the photosynthetic rate of the five studied eucalypt
species. Nevertheless, A/Ci curves showed that low P availability
increased the Vimax, Jmax and TPU in E. tereticornis. Because
the stomatal conductance (g;) was not affected by low P, the
observed photosynthetic response of E. tereticornis indicates
that the efficiency of the biochemical reactions in the Calvin
cycle led to a higher photosynthetic performance in this species
when compared to the others.

Supporting the results of Bahar et al. (2018) and Bulgarelli
et al. (2019), we observed that the eucalypt species with higher
biomass production did not necessarily present the highest
photosynthetic rates. Although biomass production derived
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from CO, assimilation is only one of many factors influencing
plant growth, other aspects, such as sucrose synthesis and
transport, respiration and C partitioning, also significantly
impact biomass production (Hofius and Bérnke, 2007). P
deficiency appears to affect photosynthetic rate by reducing
ribulose bisphosphate (RuBP) regeneration, particularly the
initial activity of ribulose-5-phosphate kinase, and by enhancing
the flux of C into starch biosynthesis (Fredeen et al., 1990). In
our study, while the ribulose-5P, an intermediate of Calvin-cycle,
increased in leaves of E. acmenoides, it decreased in the other
species grown under low P. The increase of ribulose-5P contents
in E. acmenoides suggests a reduction in Calvin-cycle activity,
which is supported by the low photosynthetic rate and the low
PPUE of this species. Thus, it seems that low P availability may
diminish RuBP regeneration in E. acmenoides. On the other
hand, E. tereticornis increased PPUE under low P, indicating that
this species may reduce the allocation of P into different foliar P
fractions (e.g., nucleic acids, membrane lipids, and metabolites
such as sugar phosphates) and prioritising metabolic-P (Hidaka
and Kitayama, 2011; Lambers et al., 2012).

Plant P status has multiple effects in almost all aspects
of plant metabolism, and there is insufficient knowledge on
the effects of P deficiency on metabolite levels in evergreen
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trees (Warren, 2011; Netzer et al., 2018; Yang et al., 2020). In
the present study, the hierarchical cluster analysis of primary
metabolites from leaves differentiated E. acmenoides from the
other species. At low P, fructose-6P levels significantly increased
in leaves of E. globulus and E. acmenoides, unlike observed by
Warren (2011) in seedlings of E. globulus. The low levels of
fructose-6P in leaves of E. tereticornis may be related to its higher
PPUE under low P, as previously reported in other eucalypts
species (Warren, 2011; Bulgarelli et al., 2019). Thus, it seems
that eucalypts may have distinct responses to low P availability,
deserving a more careful investigation. The possibility of
differential P-demands among eucalypt species cannot be
excluded, leading to metabolic variations to enhance cellular
P-use efficiency. The levels of most phosphorylated metabolites,
such as glucose-6P and fructose-6P, showed enhanced turnover
or reductions, which could be strategic to buffer cytosolic
phosphate, either by releasing P from sugars-P or by reducing
sugar-P synthesis (Veneklaas et al., 2012).

Stem metabolome data also separated the response of
C. maculata and E tereticornis from that of E. acmenoides
and E. grandis. The most significant differences were observed
between C. maculata and E. grandis, which showed opposite
trends in the levels of some metabolites to low P. Overall,
the di- and trisaccharides, gentiobiose and raffinose, were
significantly altered under low P availability, especially in the
stem of both C. maculata and E. grandis. The accumulation of
these saccharides under P-limitation can be a metabolic strategy
to reduce P consumption in the phosphorylation of sugars
(Nanamori et al., 2004; Huang et al.,, 2008). However, the low
inorganic P pools, shown by a sharp reduction of phosphoric
acid in all organs of E. grandis, the significant decrease of
P concentration and the increased levels of glucose-6P and
fructose-6P, indicate that di and trisaccharides accumulation
seems not to be the preferential metabolic strategy in this species
to cope with low P availability (Huang et al, 2008). These
findings suggest that tree species that grow well and have low
P concentrations when growing at low soil P availability can
reduce the demand for metabolic P (Hidaka and Kitayama,
2013), as we observed here with E. acmenoides.

At low P, the sucrose content increased in the leaves but
decreased in the roots of E. tereticornis. The root biomass
also decreased. P shortage has the potential to initiate sugar
signalling cascades that down-regulate several genes involved
in plant responses to low P availability (Li et al., 2021); in this
sense, the loading of sucrose to the phloem can reallocate C
resources to the roots, which in turn may increase their growth
(Hermans et al., 2006; Devaiah et al., 2009; Hammond and
White, 2011). This metabolic adjustment for low P seems not
to be the case for E. tereticornis, as sucrose was kept low in
roots, and the root biomass did not increase. Consequently, the
relatively small root system costs for P acquisition at low P soil
since this species decreased the nutrient concentration in roots
and stem.
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The amino acid levels of E. grandis leaves were significantly
affected by soil P availability in our study, unlike previously
reported by Warren (2011). The foliar levels of isoleucine,
leucine, methionine, alanine and homoserine, some
intermediates of the fatty acid biosynthetic pathway, showed
a small or non-significant effect of P supply. However, they
increased in the roots of E. globulus. We consider three
hypotheses to explain these results: (i) P shortage may lead
to a general increase in amino acids due to an inhibition of
protein synthesis or increased protein degradation (Rufty et al,
1990; Morcuende et al., 2007; Pant et al., 2015a,b), (ii) the C
skeleton of amino acids can be used for energy production
under nutrient limitation (Rasmusson and Moller, 2011), (iii)
the ability of some plants to recapture exuded amino acids
from the apoplast or directly from the rhizosphere (Warren,
2006; Perchlik et al, 2014). Another explanation is that the
increase of alanine, leucine and isoleucine levels in roots reflects
higher demand for the fatty acid pathway under P limitation,
which is consistent with the lipid remodelling under low P
(Lambers et al., 2012, Lambers et al., 2015a,b; Yuzawa et al,,
2012; Shimojima et al., 2013; Kuppusamy et al., 2014). However,
this seems to not happen in E globulus.
the
dominant polar lipid fraction in plasma membranes, while
the galactolipids (MGDG and DGDG) and sulfolipids (SQDG)
are key components of plastidic membranes (Moellering and
Benning, 2011; Okazaki et al, 2013). The replacement of

membrane phospholipids by galactolipids and sulfolipids has

During plant development, phospholipids are

been reported in different plant species as a strategy to release
P to essential metabolic processes, such as synthesis of ATP
and nucleic acids (Tjellstrom et al., 2008; Lambers et al.,, 2012;
Okazaki et al., 2013; Shimojima et al., 2013; Wang et al., 2020).
Interestingly, at low P, E. acmenoides plants increased the levels
of galactolipids and sulfolipids in leaves more significantly
than the other eucalypt species. Glycerolipid synthesis in
the chloroplast has critical importance for proper thylakoid
biogenesis and photosynthesis functioning (Kobayashi, 2016;
Li and Yu, 2018), and thus, lipid remodelling may lead to
reduced rates of photosynthesis under low-P conditions (Wang
et al,, 2020). The low photosynthetic rates, observed mainly
in E. acmenoides, suggest significant variability related to
photosynthetic capacity and lipid remodelling among eucalypt
species for increasing P-use efficiency in soils with low P
availability. E. acmenoides exhibited a TAG accumulation at
low P, and as previously reported, DAG and TAG can function
as C-storage pools at low P conditions (Pant et al., 2015a,b).
Additionally, TAG accumulation in response to P limitation
is a well-known phenotype for green algae (Weers and Gulati,
1997; Lynn et al,, 2000; Gong et al., 2013; Iwai et al., 2014),
but so far in plants has only been reported for cell cultures of
black mustard (Fife et al., 1990). Hence, these results provide
a new perspective, indicating that TAGs (e.g., TAG:46) may be
a metabolic marker in eucalypt plants grown under low soil
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P availability. Such information might be used for breeding
purposes.

Based on metabolic and lipidomic profiles, we revealed
several metabolites and their levels in leaves, stems and roots
in five eucalyptus species. Although these organs contain
many common metabolites, their levels were different. The
concentrations of many primary metabolites, particularly
sugars, organic acids, amino acids, and lipids, showed wide
variability among eucalypt species that grew in soils with low
P availability. In all organs, were observed a clear separation
of E. grandis from the other species, thus indicating that it
has a distinct metabolic response to low P. E. grandis was the
only species to present significant differences in P concentration
in response to soil P availability and in turn, to present low
photosynthetic rate. Overall, this separation was characterised
by a change in di- and trisaccharides, principally in roots
and stem. As commented above, the abundance of saccharides
and a significant reduction in the levels of phosphorylated
metabolites suggest the enhancement of internal P utilisation
at low P conditions (Ganie et al,, 2015; Miiller et al., 2015).
Interestingly, for stems and roots, hexadecanoic, octadecanoic,
decanoic, and nonanoic acid, all intermediates of the fatty
acid pathway, were responsible for grouping C. maculata,
E. tereticornis and E. acmenoides in the PCA analysis, thus
indicating changes in lipid metabolism in the lipids profiles
(Okazaki et al., 2013). This metabolic correlation between lipids
and primary metabolites in response to P availability may be
helpful to investigate membrane lipid remodelling and identify
new critical metabolites with a role in the ability of eucalypt
species to cope with low P availability.

In conclusion, the eucalypts species investigated here had
different growth responses to low P. They also differed regarding
biochemical mechanisms, which may improve the use of P.
These varied responses are probably related to the genetic
background since it is known that the Australian continent,
the origin centre of eucalyptus, has soils with low P availability
(Vitousek et al., 2010; Viscarra Rossel and Bui, 2016). This
knowledge could be the basis for planning interspecific crosses
in breeding programs, aiming to (i) improve crop yield under
low P availability or low P inputs and (ii) develop new molecular
breeding strategies to increase the production of P-efficient
crops. Considering estimates that P rock reserves may be
exhausted in the following decades (Alewell et al,, 2020) and
that P is strongly adsorbed by the soil particles limiting crop
production, research aiming to increase P use efficiency becomes
a sustainable and necessary strategy.

Data availability statement
The original contributions presented in this study are

included in the article/Supplementary material, further
inquiries can be directed to the corresponding authors.

Frontiers in Plant Science

12

10.3389/fpls.2022.989827

Author contributions

PM and SA designed the research. FS, RB, and UM
performed the experiments and the laboratory analyses. FS and
UM performed the data analysis and the statistics. CC and
UM assisted FS in the metabolome and lipidome analyses. FS,
CC, SA, and PM wrote the manuscript. All authors read and
approved the final manuscript.

Funding

This work was supported by the Sio Paulo Research
Foundation (FAPESP - Grant number 2016/25498-0). We thank
FAPESP, CAPES (Coordenagdo de Aperfeicoamento de Pessoal
de Nivel Superior - Brasil) and CNPq (Conselho Nacional
de Desenvolvimento Cientifico e Tecnoldgico - Brasil) for
post-doctoral, doctoral and research fellowships to FS (Grant
number: FAPESP 2018/09624-0), RB and PM, respectively.

Acknowledgments

We thank Andrea Leifle and Anne Michaelis for your
support on metabolomics and lipidomics analysis. We gratefully
acknowledge the University of Campinas and Max Planck
Institute of Molecular Plant Physiology (MPI-MP) for providing
the research facilities.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material
The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.989827/full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fpls.2022.989827
https://www.frontiersin.org/articles/10.3389/fpls.2022.989827/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.989827/full#supplementary-material
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Silva et al.

References

Alewell, C,, Ringeval, B., Ballabio, C., Robinson, D. A., Panagos, P., and Borrelli,
P. (2020). Global phosphorus shortage will be aggravated by soil erosion. Nat.
Commun. 11:4546. doi: 10.1038/s41467-020-18326-7

Bahar, N. H. A., Gauthier, P. P. G., O’Sullivan, O. S., Brereton, T., Evans,
J. R., and Atkin, O. K. (2018). Phosphorus deficiency alters scaling relationships
between leaf gas exchange and associated traits in a wide range of contrasting
Eucalyptus species. Funct. Plant Biol. 45, 813-826. doi: 10.1071/FP17134

Batjes, N. H. (1997). A world dataset of derived soil properties by
FAO?UNESCO soil unit for global modelling. Soil Use Manag. 13, 9-16. doi:
10.1111/j.1475-2743.1997.tb00550.x

Bhering, L. L. (2017). Rbio: A tool for biometric and statistical analysis using
the R platform. Crop Breed. Appl. Biotechnol. 17, 187-190. doi: 10.1590/1984-
70332017v17n2s29

Bichara, S., Mazzafera, P., and de Andrade, S. A. L. (2021). Root morphological
changes in response to low phosphorus concentration in eucalypt species. Trees
356, 1933-1943. doi: 10.1007/S00468-021-02161-4

Bloomfield, K. J., Farquhar, G. D., and Lloyd, J. (2014). Photosynthesis—
nitrogen relationships in tropical forest tree species as affected by soil phosphorus
availability: A controlled environment study. Funct. Plant Biol. 41:820. doi: 10.
1071/FP13278

Bouvet, A., Nguyen-The, N., and Melun, F. (2013). Nutrient concentration and
allometric models for hybrid Eucalyptus planted in France. Ann. For. Sci. 70,
251-260.

Bulgarelli, R. G., de Oliveira Silva, F. M., Bichara, S., Andrade, S. A. L,
and Mazzafera, P. (2019). Eucalypts and low phosphorus availability: Between
responsiveness and efficiency. Plant Soil 445, 349-368. doi: 10.1007/s11104-019-
04316-2

Caemmerer, V. (2000). Biochemical models of leaf photosynthesis. Victoria:
CSIRO Publishing.

Carstensen, A., Herdean, A., Schmidt, S. B., Sharma, A., Spetea, C., Pribil,
M, et al. (2018). The Impacts of Phosphorus Deficiency on the Photosynthetic
Electron Transport Chain. Plant Physiol. 177, 271-284. doi: 10.1104/pp.17.01624

Chong, J., Soufan, O., Li, C., Caraus, I, Li, S., Bourque, G., et al. (2018).
MetaboAnalyst 4.0: Towards more transparent and integrative metabolomics
analysis. Nucleic Acids Res. 46, W486-W494. doi: 10.1093/nar/gky310

Crous, K. Y., Wujeska-Klause, A., Jiang, M., Medlyn, B. E., and Ellsworth, D. S.
(2019). Nitrogen and phosphorus retranslocation of leaves and stemwood in a
mature Eucalyptus forest exposed to 5 years of elevated CO,. Front. Plant Sci.
10:664. doi: 10.3389/fpls.2019.00664

da Silva, A. C,, de Oliveira Silva, F. M., Milagre, J. C., Omena-Garcia, R. P,,
Abreu, M. C., Mafia, R. G., et al. (2018). Eucalypt plants are physiologically
and metabolically affected by infection with Ceratocystis fimbriata. Plant Physiol.
Biochem. 123, 170-179. doi: 10.1016/].PLAPHY.2017.12.002

Dell, B., Jones, S., and Wilson, S. A. (1987). Phosphorus nutrition of
jarrah (Eucalyptus marginata) seedlings. Plant Soil 97, 369-379. doi: 10.1007/
BF02383227

Devaiah, B. N., Madhuvanthi, R., Karthikeyan, A. S., and Raghothama, K. G.
(2009). Phosphate starvation responses and gibberellic acid biosynthesis are
regulated by the MYB62 transcription factor in Arabidopsis. Mol. Plant 2, 43-58.
doi: 10.1093/mp/ssn081

Fife, C. A., Newcomb, W., and Lefebvre, D. D. (1990). The effect of phosphate
deprivation on protein synthesis and fixed carbon storage reserves in Brassica nigra
suspension cells. Can. J. Bot. 68, 1840-1847. doi: 10.1139/B90-241

Fredeen, A. L., Raab, T. K., Rao, I. M., and Terry, N. (1990). Effects of
phosphorus nutrition on photosynthesis in Glycine max (L.) Merr. Planta 181,
399-405. doi: 10.1007/BF00195894

Ganie, A. H., Ahmad, A., Pandey, R,, Aref, I. M., Yousuf, P. Y., Ahmad, S,
et al. (2015). Metabolite Profiling of Low-P Tolerant and Low-P Sensitive Maize
Genotypes under Phosphorus Starvation and Restoration Conditions. PLoS One
10:€0129520. doi: 10.1371/journal.pone.0129520

Giavalisco, P., Li, Y., Matthes, A., Eckhardt, A., Hubberten, H. M., Hesse, H.,
et al. (2011). Elemental formula annotation of polar and lipophilic metabolites
using 13C, 15N and 34S isotope labelling, in combination with high-resolution
mass spectrometry. Plant J. 68, 364-376. doi: 10.1111/j.1365-313X.2011.04682.x

Gongalves, J. L. M., Stape, J. L., Laclau, J. P, Bouillet, J. P., and Ranger, J.
(2008). Assessing the effects of early silvicultural management on long-term site
productivity of fast-growing eucalypt plantations: The Brazilian experience. South.
For. 70, 105-118.

Frontiers in Plant Science

10.3389/fpls.2022.989827

Gong, Y., Guo, X, Wan, X,, Liang, Z., and Jiang, M. (2013). Triacylglycerol
accumulation and change in fatty acid content of four marine oleaginous
microalgae under nutrient limitation and at different culture ages. J. Basic
Microbiol. 53, 29-36. doi: 10.1002/JOBM.201100487

Guo, W., Zhao, F.,, Liu, Y., Li, Z, Wu, H,, Li, Y., et al. (2022). Clonal
variation in growth, PSIT photochemical activity and polar metabolites in Pinus
elliottiix P. caribaea. ]. For. Res. 33, 63-74. doi: 10.1007/s11676-021-01344-6

Hammond, J. P., Broadley, M. R., White, P. J., King, G. J., Bowen, H. C,,
Hayden, R, et al. (2009). Shoot yield drives phosphorus use efficiency in Brassica
oleracea and correlates with root architecture traits. J. Exp. Bot. 60, 1953-1968.
doi: 10.1093/jxb/erp083

Hammond, J. P., and White, P. J. (2008). Sucrose transport in the phloem:
Integrating root responses to phosphorus starvation. J. Exp. Bot. 59, 93-109.
doi: 10.1093/jxb/erm221

Hammond, J. P., and White, P. J. (2011). Sugar Signaling in Root Responses to
Low Phosphorus Availability. Plant Physiol. 156, 1033-1040. doi: 10.1104/pp.111.
175380

Hermans, C., Hammond, J. P., White, P.J., and Verbruggen, N. (2006). How do
plants respond to nutrient shortage by biomass allocation?. Trends Plant Sci. 11,
610-617. doi: 10.1016/j.tplants.2006.10.007

Hidaka, A., and Kitayama, K. (2011). Allocation of foliar phosphorus fractions
and leaf traits of tropical tree species in response to decreased soil phosphorus
availability on Mount Kinabalu, Borneo. J. Ecol. 99, 849-857. doi: 10.1111/j.1365-
2745.2011.01805.x

Hidaka, A., and Kitayama, K. (2013). Relationship between photosynthetic
phosphorus-use efficiency and foliar phosphorus fractions in tropical tree species.
Ecol. Evol. 3, 4872-4880. doi: 10.1002/ece3.861

Hofius, D., and Bornke, F. A. J. (2007). “Photosynthesis, carbohydrate
metabolism and source-sink relations,” in Potato Biology and Biotechnology
Advances and Perspectives, eds D. Vreugdenhil, J. Bradshaw, C. Gebhardt, F.
Govers, M. Taylor, D. MacKerron, et al. (Amsterdam: Elsevier), 257-285. doi:
10.1016/B978-044451018-1/50055-5

Huang, C. Y., Roessner, U., Eickmeier, I, Geng, Y., Callahan, D. L., Shirley,
N., et al. (2008). Metabolite Profiling Reveals Distinct Changes in Carbon and
Nitrogen Metabolism in Phosphate-Deficient Barley Plants (Hordeum vulgare L.).
Plant Cell Physiol. 49, 691-703. doi: 10.1093/pcp/pcn044

Hummel, J., Segu, S., Li, Y., Irgang, S., Jueppner, J., and Giavalisco, P.
(2011). Ultra Performance Liquid Chromatography and High Resolution Mass
Spectrometry for the Analysis of Plant Lipids. Front. Plant Sci. 2:54. doi: 10.3389/
£pls.2011.00054

TUSS Working Group WRB (2015). World Reference Base for Soil Resources
2014, update 2015. International soil classification system for naming soils and
creating legends for soil maps. World Soil Resources. Reports No. 106. Rome: FAO.

Iwai, M., Ikeda, K., Shimojima, M., and Ohta, H. (2014). Enhancement
of extraplastidic oil synthesis in Chlamydomonas reinhardtii using a type-2
diacylglycerol acyltransferase with a phosphorus starvation-inducible promoter.
Plant Biotechnol. J. 12:808. doi: 10.1111/PB1.12210

Jeschke, W. D., and Pate, J. S. (1995). Mineral nutrition and transport in
xylem and phloem of Banksia prionotes (Proteaceae), a tree with dimorphic root
morphology. J. Exp. Bot. 46, 895-905. doi: 10.1093/JXB/46.8.895

Jones, C., Hatier, J.-H., Cao, M., Fraser, K., and Rasmussen, S. (2018).
“Metabolomics of Plant Phosphorus-Starvation Response,” in Annual Plant
Reviews online, eds W. C. Plaxton and H. Lambers (Hoboken, NJ: John Wiley &
Sons, Ltd), 217-236. doi: 10.1002/9781119312994.apr0523

Kobayashi, K. (2016). Role of membrane glycerolipids in photosynthesis,
thylakoid biogenesis and chloroplast development. J. Plant Res. 129, 565-580.
doi: 10.1007/s10265-016-0827-y

Kopka, J., Schauer, N., Krueger, S., Birkemeyer, C., Usadel, B., Bergmiiller, E.,
etal. (2005). GMD@CSB.DB: The Golm Metabolome Database. Bioinformatics 21,
1635-1638. doi: 10.1093/bioinformatics/bti236

Koutika, L. S., Mareschal, L., and Epron, D. (2016). Soil P availability under
eucalypt and acacia on Ferralic Arenosols, republic of the Congo. Geoderma Reg.
7,153-158.

Kuppusamy, T., Giavalisco, P., Arvidsson, S., Sulpice, R,, Stitt, M., Finnegan,
P. M,, et al. (2014). Lipid Biosynthesis and Protein Concentration Respond
Uniquely to Phosphate Supply during Leaf Development in Highly Phosphorus-
Efficient Hakea prostrata. Plant Physiol. 166, 1891-1911. doi: 10.1104/pp.114.
248930

frontiersin.org


https://doi.org/10.3389/fpls.2022.989827
https://doi.org/10.1038/s41467-020-18326-7
https://doi.org/10.1071/FP17134
https://doi.org/10.1111/j.1475-2743.1997.tb00550.x
https://doi.org/10.1111/j.1475-2743.1997.tb00550.x
https://doi.org/10.1590/1984-70332017v17n2s29
https://doi.org/10.1590/1984-70332017v17n2s29
https://doi.org/10.1007/S00468-021-02161-4
https://doi.org/10.1071/FP13278
https://doi.org/10.1071/FP13278
https://doi.org/10.1007/s11104-019-04316-2
https://doi.org/10.1007/s11104-019-04316-2
https://doi.org/10.1104/pp.17.01624
https://doi.org/10.1093/nar/gky310
https://doi.org/10.3389/fpls.2019.00664
https://doi.org/10.1016/J.PLAPHY.2017.12.002
https://doi.org/10.1007/BF02383227
https://doi.org/10.1007/BF02383227
https://doi.org/10.1093/mp/ssn081
https://doi.org/10.1139/B90-241
https://doi.org/10.1007/BF00195894
https://doi.org/10.1371/journal.pone.0129520
https://doi.org/10.1111/j.1365-313X.2011.04682.x
https://doi.org/10.1002/JOBM.201100487
https://doi.org/10.1007/s11676-021-01344-6
https://doi.org/10.1093/jxb/erp083
https://doi.org/10.1093/jxb/erm221
https://doi.org/10.1104/pp.111.175380
https://doi.org/10.1104/pp.111.175380
https://doi.org/10.1016/j.tplants.2006.10.007
https://doi.org/10.1111/j.1365-2745.2011.01805.x
https://doi.org/10.1111/j.1365-2745.2011.01805.x
https://doi.org/10.1002/ece3.861
https://doi.org/10.1016/B978-044451018-1/50055-5
https://doi.org/10.1016/B978-044451018-1/50055-5
https://doi.org/10.1093/pcp/pcn044
https://doi.org/10.3389/fpls.2011.00054
https://doi.org/10.3389/fpls.2011.00054
https://doi.org/10.1111/PBI.12210
https://doi.org/10.1093/JXB/46.8.895
https://doi.org/10.1002/9781119312994.apr0523
https://doi.org/10.1007/s10265-016-0827-y
https://doi.org/10.1093/bioinformatics/bti236
https://doi.org/10.1104/pp.114.248930
https://doi.org/10.1104/pp.114.248930
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Silva et al.

Lambers, H. (2022). Phosphorus Acquisition and Utilization in Plants. Annu.
Rev. Plant Biol. 73, 17-42. doi: 10.1146/annurev-arplant-102720-125738

Lambers, H., Cawthray, G. R,, Giavalisco, P., Kuo, J., Laliberté, E., Pearse, S. J.,
et al. (2012). Proteaceae from severely phosphorus-impoverished soils extensively
replace phospholipids with galactolipids and sulfolipids during leaf development
to achieve a high photosynthetic phosphorus-use-efficiency. New Phytol. 196,
1098-1108. doi: 10.1111/j.1469-8137.2012.04285.x

Lambers, H., Finnegan, P. M, Jost, R., Plaxton, W. C., Shane, M. W, and Stitt,
M. (2015a). Phosphorus nutrition in Proteaceae and beyond. Nat. Plants 1:15109.
doi: 10.1038/nplants.2015.109

Lambers, H., Martinoia, E., and Renton, M. (2015b). Plant adaptations to
severely phosphorus-impoverished soils. Curr. Opin. Plant Biol. 25, 23-31. doi:
10.1016/j.pbi.2015.04.002

Lambers, H., Raven, J. A., Shaver, G. R., and Smith, S. E. (2008). Plant nutrient-
acquisition strategies change with soil age. Trends Ecol. Evol. 23, 95-103. doi:
10.1016/J.TREE.2007.10.008

Lang, F., Bauhus, J., Frossard, E., George, E., Kaiser, K., Kaupenjohann, M.,
et al. (2016). Phosphorus in forest ecosystems: New insights from an ecosystem
nutrition perspective. J. Plant Nutr. Soil Sci. 179, 129-135. doi: 10.1002/jpln.
201500541

Li, H M, and Yu, C. W. (2018). Chloroplast Galactolipids: The Link
Between Photosynthesis, Chloroplast Shape, Jasmonates, Phosphate Starvation
and Freezing Tolerance. Plant Cell Physiol. 59, 1128-1134. doi: 10.1093/PCP/
PCY088

Li, L., Liu, K., and Sheen, J. (2021). Dynamic Nutrient Signaling Networks
in Plants. Annu. Rev. Cell Dev. Biol. 37, 341-367. doi: 10.1146/annurev-cellbio-
010521-015047

Luedemann, A., von Malotky, L., Erban, A., and Kopka, J. (2012). “TagFinder:
Preprocessing Software for the Fingerprinting and the Profiling of Gas
Chromatography-Mass Spectrometry Based Metabolome Analyses,” in Plant
Metabolomics: Methods and Protocols, eds N. W. Hardy and R. D. Hall (Totowa,
NJ: Humana Press), 255-286. doi: 10.1007/978-1-61779-594-7_16

Lynn, S. G, Kilham, S. S., Kreeger, D. A., and Interlandi, S. J. (2000). Effect
of nutrient availability on the biochemical and elemental stoichiometry in the
freshwater diatom Stephanodiscus minutulus (Bacillariophyceae). J. Phycol. 36,
510-522. doi: 10.1046/j.1529-8817.2000.98251.x

Moellering, E. R., and Benning, C. (2011). Galactoglycerolipid metabolism
under stress: A time for remodeling. Trends Plant Sci. 16, 98-107. doi: 10.1016/
j-tplants.2010.11.004

Morales, F., Ancin, M., Fakhet, D., Gonzalez-Torralba, J., Gdmez, A. L.,
Seminario, A., et al. (2020). Photosynthetic Metabolism under Stressful Growth
Conditions as a Bases for Crop Breeding and Yield Improvement. Plants 9:88.
doi: 10.3390/plants9010088

Morcuende, R., Bari, R, Gibon, Y., Zheng, W., Pant, B. D., Blasing, O., et al.
(2007). Genome-wide reprogramming of metabolism and regulatory networks
of Arabidopsis in response to phosphorus. Plant Cell Environ. 30, 85-112. doi:
10.1111/j.1365-3040.2006.01608.x

Miiller, J., Gédde, V., Niehaus, K., and Z6rb, C. (2015). Metabolic adaptations of
white lupin roots and shoots under phosphorus deficiency. Front. Plant Sci. 6:1014.
doi: 10.3389/fpls.2015.01014

Mulligan, D. R. (1988). Phosphorus concentrations and chemical fractions
in Eucalyptus seedlings grown for a prolonged period under nutrient-deficient
conditions. New Phytol. 110, 479-486. doi: 10.1111/j.1469-8137.1988.tb00286.x

Myburg, A. A., Grattapaglia, D., Tuskan, G. A., Hellsten, U., Hayes, R. D.,
Grimwood, J., et al. (2014). The genome of Eucalyptus grandis. Nature 510,
356-362. doi: 10.1038/NATURE13308

Nanamori, M., Shinano, T., Wasaki, J., Yamamura, T., Rao, I. M., and Osaki,
M. (2004). Low phosphorus tolerance mechanisms: Phosphorus recycling and
photosynthate partitioning in the tropical forage grass, Brachiaria hybrid cultivar
mulato compared with rice. Plant Cell Physiol. 45, 460-469. doi: 10.1093/pcp/
pch056

Netzer, F., Herschbach, C., Oikawa, A., Okazaki, Y., Dubbert, D., Saito, K.,
et al. (2018). Seasonal alterations in organic phosphorus metabolism drive the
phosphorus economy of annual growth in F. sylvatica trees on P-impoverished
soil. Front. Plant Sci. 9:723. doi: 10.3389/fpls.2018.00723

Netzer, F., Schmid, C., Herschbach, C., and Rennenberg, H. (2017). Phosphorus-
nutrition of European beech (Fagus sylvatica L.) during annual growth depends
on tree age and P-availability in the soil. Environ. Exp. Bot. 137, 194-207. doi:
10.1016/j.envexpbot.2017.02.009

Nguyen, V. L., Palmer, L., Roessner, U., and Stangoulis, J. (2019). Genotypic
variation in the root and shoot metabolite profiles of wheat (Triticum aestivum
L.) indicate sustained, preferential carbon allocation as a potential mechanism in
phosphorus efficiency. Front. Plant Sci. 10:995. doi: 10.3389/fpls.2019.00995

Frontiers in Plant Science

14

10.3389/fpls.2022.989827

Niu, Y. F.,, Chai, R. S, Jin, G. L., Wang, H., Tang, C. X,, and Zhang, Y. S. (2013).
Responses of root architecture development to low phosphorus availability: A
review. Ann. Bot. 112, 391-408. doi: 10.1093/aob/mcs285

Okazaki, Y., Otsuki, H., Narisawa, T., Kobayashi, M., Sawai, S., Kamide, Y., et al.
(2013). A new class of plant lipid is essential for protection against phosphorus
depletion. Nat. Commun. 4:1510. doi: 10.1038/ncomms2512

Pant, B. D., Burgos, A., Pant, P, Cuadros-Inostroza, A., Willmitzer,
L., and Scheible, W.-R. (2015a). The transcription factor PHRI regulates
lipid remodeling and triacylglycerol accumulation in Arabidopsis thaliana
during phosphorus starvation. J. Exp. Bot. 66, 1907-1918. doi: 10.1093/jxb/er
u535

Pant, B. D., Pant, P., Erban, A., Huhman, D., Kopka, J., and Scheible, W. R.
(2015b). Identification of primary and secondary metabolites with phosphorus
status-dependent abundance in Arabidopsis, and of the transcription factor PHR1
as a major regulator of metabolic changes during phosphorus limitation. Plant Cell
Environ. 38, 172-187. doi: 10.1111/pce.12378

Parks, S. E., Haigh, A. M., and Cresswell, G. C. (2000). Stem tissue phosphorus
as an index of the phosphorus status of Banksia ericifolia L. f. Plant Soil 227, 59-65.
doi: 10.1023/A:1026563926187

Perchlik, M., Foster, J., and Tegeder, M. (2014). Different and overlapping
functions of Arabidopsis LHT6 and AAP1 transporters in root amino acid uptake.
J. Exp. Bot. 65, 5193-5204. doi: 10.1093/jxb/eru278

Plassard, C., and Dell, B. (2010). Phosphorus nutrition of mycorrhizal trees. Tree
Physiol. 30, 1129-1139. doi: 10.1093/treephys/tpq063

Raij, B. V., Cantarella, H., Quaggio, J. A., and Furlani, A. M. C. (1997).
Recomendagoes de adubagio e calagem para o estado de Sio Paulo. Campinas:
Instituto Agronémico (Boletim Técnico, 100).

Rasmusson, A. G., and Moller, I. M. (2011). “Mitochondrial electron transport
and plant stress,” in Plant mitochondria, ed. F. Kempken (New York, NY: Springer
New York), 357-381. doi: 10.1007/978-0-387-89781-3_14

Rennenberg, H., and Herschbach, C. (2013). Phosphorus nutrition of woody
plants: Many questions — few answers. Plant Biol. 15, 785-788. doi: 10.1111/plb.
12078

Rufty, T. W. Jr., MacKown, C. T., and Israel, D. W. (1990). Phosphorus stress
effects on assimilation of nitrate 1. Plant Physiol. 94, 328-333. doi: 10.1104/pp.94.
1.328

Salem, M. A, Jippner, J., Bajdzienko, K., and Giavalisco, P. (2016). Protocol:
A fast, comprehensive and reproducible one-step extraction method for the rapid
preparation of polar and semi-polar metabolites, lipids, proteins, starch and cell
wall polymers from a single sample. Plant Methods 12:45. doi: 10.1186/S13007-
016-0146-2

Santana, R. C., de Barros, N. F., and Neves, J. C. L. (2002). Eficiéncia de utilizagdo
de nutrientes e sustentabilidade da produ¢do em procedéncias de Eucalyptus
grandis e Eucalyptus saligna em sitios florestais do estado de Sao Paulo. Rev. Arvore
26, 447-457. doi: 10.1590/S0100-67622002000400007

Sardans, J., and Pefuelas, J. (2004). Increasing drought decreases phosphorus
availability in an evergreen Mediterranean forest. Plant Soil 267, 367-377. doi:
10.1007/s11104-005-0172-8

Shane, M. W., McCully, M. E, and Lambers, H. (2004). Tissue and
cellular phosphorus storage during development of phosphorus toxicity in
Hakea prostrata (Proteaceae). ]. Exp. Bot. 55, 1033-1044. doi: 10.1093/jxb/er
h111

Shimojima, M., Watanabe, T., Madoka, Y., Koizumi, R., Yamamoto,
M., Masuda, K., et al. (2013). Differential regulation of two types of
monogalactosyldiacylglycerol synthase in membrane lipid remodeling under
phosphate-limited conditions in sesame plants. Front. Plant Sci. 4:469. doi: 10.
3389/fpls.2013.00469

Sun, T., Zhang, J., Zhang, Q., Li, X,, Li, M., Yang, Y., et al. (2021). Transcriptome
and metabolome analyses revealed the response mechanism of apple to different
phosphorus stresses. Plant Physiol. Biochem. 167, 639-650. doi: 10.1016/j.plaphy.
2021.08.040

Thomas, D. S., Montagu, K. D., and Conroy, J. P. (2006). Leaf inorganic
phosphorus as a potential indicator of phosphorus status, photosynthesis and
growth of Eucalyptus grandis seedlings. For. Ecol. Manag. 223, 267-274. doi: 10.
1016/j.foreco.2005.11.006

Tian, J., and Liao, H. (2015). “The role of intracellular and secreted purple acid
phosphatases in plant phosphorus scavenging and recycling, in Annual Plant
Reviews, eds W. C. Plaxton and H. Lambers (Hoboken, NJ: John Wiley & Sons,
Inc), 265-287. doi: 10.1002/9781118958841.ch10

Tjellstrom, H., Andersson, M. X., Larsson, K. E., and Sandelius, A. S. (2008).
Membrane phospholipids as a phosphate reserve: The dynamic nature of
phospholipid-to-digalactosyl diacylglycerol exchange in higher plants. Plant Cell
Environ. 31, 1388-1398. doi: 10.1111/.1365-3040.2008.01851.x

frontiersin.org


https://doi.org/10.3389/fpls.2022.989827
https://doi.org/10.1146/annurev-arplant-102720-125738
https://doi.org/10.1111/j.1469-8137.2012.04285.x
https://doi.org/10.1038/nplants.2015.109
https://doi.org/10.1016/j.pbi.2015.04.002
https://doi.org/10.1016/j.pbi.2015.04.002
https://doi.org/10.1016/J.TREE.2007.10.008
https://doi.org/10.1016/J.TREE.2007.10.008
https://doi.org/10.1002/jpln.201500541
https://doi.org/10.1002/jpln.201500541
https://doi.org/10.1093/PCP/PCY088
https://doi.org/10.1093/PCP/PCY088
https://doi.org/10.1146/annurev-cellbio-010521-015047
https://doi.org/10.1146/annurev-cellbio-010521-015047
https://doi.org/10.1007/978-1-61779-594-7_16
https://doi.org/10.1046/j.1529-8817.2000.98251.x
https://doi.org/10.1016/j.tplants.2010.11.004
https://doi.org/10.1016/j.tplants.2010.11.004
https://doi.org/10.3390/plants9010088
https://doi.org/10.1111/j.1365-3040.2006.01608.x
https://doi.org/10.1111/j.1365-3040.2006.01608.x
https://doi.org/10.3389/fpls.2015.01014
https://doi.org/10.1111/j.1469-8137.1988.tb00286.x
https://doi.org/10.1038/NATURE13308
https://doi.org/10.1093/pcp/pch056
https://doi.org/10.1093/pcp/pch056
https://doi.org/10.3389/fpls.2018.00723
https://doi.org/10.1016/j.envexpbot.2017.02.009
https://doi.org/10.1016/j.envexpbot.2017.02.009
https://doi.org/10.3389/fpls.2019.00995
https://doi.org/10.1093/aob/mcs285
https://doi.org/10.1038/ncomms2512
https://doi.org/10.1093/jxb/eru535
https://doi.org/10.1093/jxb/eru535
https://doi.org/10.1111/pce.12378
https://doi.org/10.1023/A:1026563926187
https://doi.org/10.1093/jxb/eru278
https://doi.org/10.1093/treephys/tpq063
https://doi.org/10.1007/978-0-387-89781-3_14
https://doi.org/10.1111/plb.12078
https://doi.org/10.1111/plb.12078
https://doi.org/10.1104/pp.94.1.328
https://doi.org/10.1104/pp.94.1.328
https://doi.org/10.1186/S13007-016-0146-2
https://doi.org/10.1186/S13007-016-0146-2
https://doi.org/10.1590/S0100-67622002000400007
https://doi.org/10.1007/s11104-005-0172-8
https://doi.org/10.1007/s11104-005-0172-8
https://doi.org/10.1093/jxb/erh111
https://doi.org/10.1093/jxb/erh111
https://doi.org/10.3389/fpls.2013.00469
https://doi.org/10.3389/fpls.2013.00469
https://doi.org/10.1016/j.plaphy.2021.08.040
https://doi.org/10.1016/j.plaphy.2021.08.040
https://doi.org/10.1016/j.foreco.2005.11.006
https://doi.org/10.1016/j.foreco.2005.11.006
https://doi.org/10.1002/9781118958841.ch10
https://doi.org/10.1111/j.1365-3040.2008.01851.x
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Silva et al.

Turnbull, T. L., Warren, C. R,, and Adams, M. A. (2007). Novel mannose-
sequestration technique reveals variation in subcellular orthophosphate pools do
not explain the effects of phosphorus nutrition on photosynthesis in Eucalyptus
globulus seedlings. New Phytol. 176, 849-861. doi: 10.1111/j.1469-8137.2007.
02229.x

Veneklaas, E. J., Lambers, H., Bragg, J., Finnegan, P. M., Lovelock, C. E., Plaxton,
W.C,,etal. (2012). Opportunities for improving phosphorus-use efficiency in crop
plants. New Phytol. 195, 306-320. doi: 10.1111/§.1469-8137.2012.04190.x

Viscarra Rossel, R. A., and Bui, E. N. (2016). A new detailed map of total
phosphorus stocks in Australian soil. Sci. Total Environ. 542, 1040-1049. doi:
10.1016/j.scitotenv.2015.09.119

Vitousek, P. M., Porder, S., Houlton, B. Z., and Chadwick, O. A. (2010).
Terrestrial phosphorus limitation: Mechanisms, implications, and nitrogen—
phosphorus interactions. Ecol. Appl. 20, 5-15. doi: 10.1890/08-0127.1

Walker, A. P., Beckerman, A. P., Gu, L., Kattge, J., Cernusak, L. A., Domingues,
T. F, et al. (2014). The relationship of leaf photosynthetic traits - Vemax and
Jmax - to leaf nitrogen, leaf phosphorus, and specific leaf area: A meta-analysis
and modeling study. Ecol. Evol. 4, 3218-3235. doi: 10.1002/ece3.1173

Wang, F., Ding, D., Li, J., He, L., Xu, X,, Zhao, Y., et al. (2020). Characterisation
of genes involved in galactolipids and sulfolipids metabolism in maize and
Arabidopsis and their differential responses to phosphate deficiency. Funct. Plant
Biol. 47:279. doi: 10.1071/FP19082

Warren, C. R. (2011) How does P affect photosynthesis and metabolite profiles
of Eucalyptus globulus? Tree Physiol. 31, 727-739. doi: 10.1093/treephys/tpr064

Warren, C. R. (2006). Potential organic and inorganic N uptake by six
Eucalyptus species. Funct. Plant Biol. 33:653. doi: 10.1071/FP06045

Warren, C. R. (2011). How does P affect photosynthesis and metabolite profiles
of Eucalyptus globulus?. Tree Physiol. 31, 727-739. doi: 10.1093/TREEPHYS/
TPRO64

Frontiers in Plant Science

15

10.3389/fpls.2022.989827

Weers, P. M. M., and Gulati, R. D. (1997). Growth and reproduction of
Daphnia galeata in response to changes in fatty acids, phosphorus, and nitrogen
in Chlamydomonas reinhardtii. Limnol. Oceanogr. 42, 1584-1589. doi: 10.4319/
LO.1997.42.7.1584

and Stone, C. (2008). Effect of fertiliser
growth, nutrient status and photochemical

Weggier, K., Carney, C,
and water supply on the

efficiency  of  Eucalyptus  pilularis  seedlings in a  phosphorus-
deficient soil. Aust. For. 71, 54-63. doi: 10.1080/00049158.2008.106
76271

White, P. J., Broadley, M. R., Greenwood, D. J., and Hammond, J. P.
(2005). “Genetic modifications to improve phosphorus acquisition by roots,” in
Proceedings of the international fertiliser society 568 (York: International Fertiliser
Society).

White, P. J., and Hammond, J. P. (2008). “Phosphorus nutrition of terrestrial
plants,” in The Ecophysiology of Plant-Phosphorus Interactions, eds P. . White and
J. P. Hammond (Dordrecht: Springer Netherlands), 51-81. doi: 10.1007/978-1-
4020-8435-5_4

Yang, F., Magh, R.-K,, Ivankovie, M., Lan$eak, M., Haberstroh, S., Du,
B., et al. (2020). Foliar P nutrition of European beech (Fagus sylvatica L.)
depends on the season but remains unaffected by co-cultivation with silver
fir (Abies alba Mill.). Eur. ]. For. Res. 139, 853-868. doi: 10.1007/s10342-020-
01289-1

Yuzawa, Y., Nishihara, H., Haraguchi, T., Masuda, S., Shimojima, M.,
Shimoyama, A., et al. (2012). Phylogeny of galactolipid synthase homologs
together with their enzymatic analyses revealed a possible origin and divergence
time for photosynthetic membrane biogenesis. DNA Res. 19, 91-102. doi: 10.1093/
dnares/dsr044

Zasoski, R. ., and Burau, R. G. (1977). A rapid nitric-perchloric acid digestion
method for multi-element tissue analysis. Commun. Soil Sci. Plant Anal. 8, 425—
436. doi: 10.1080/00103627709366735

frontiersin.org


https://doi.org/10.3389/fpls.2022.989827
https://doi.org/10.1111/j.1469-8137.2007.02229.x
https://doi.org/10.1111/j.1469-8137.2007.02229.x
https://doi.org/10.1111/j.1469-8137.2012.04190.x
https://doi.org/10.1016/j.scitotenv.2015.09.119
https://doi.org/10.1016/j.scitotenv.2015.09.119
https://doi.org/10.1890/08-0127.1
https://doi.org/10.1002/ece3.1173
https://doi.org/10.1071/FP19082
https://doi.org/10.1093/treephys/tpr064
https://doi.org/10.1071/FP06045
https://doi.org/10.1093/TREEPHYS/TPR064
https://doi.org/10.1093/TREEPHYS/TPR064
https://doi.org/10.4319/LO.1997.42.7.1584
https://doi.org/10.4319/LO.1997.42.7.1584
https://doi.org/10.1080/00049158.2008.10676271
https://doi.org/10.1080/00049158.2008.10676271
https://doi.org/10.1007/978-1-4020-8435-5_4
https://doi.org/10.1007/978-1-4020-8435-5_4
https://doi.org/10.1007/s10342-020-01289-1
https://doi.org/10.1007/s10342-020-01289-1
https://doi.org/10.1093/dnares/dsr044
https://doi.org/10.1093/dnares/dsr044
https://doi.org/10.1080/00103627709366735
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

	Low phosphorus induces differential metabolic responses in eucalyptus species improving nutrient use efficiency
	Introduction
	Materials and methods
	Plant growth and sampling
	P determination
	Leaf gas exchange and chlorophyll a fluorescence
	Primary metabolites and lipid extraction
	Lipid profiling
	Primary metabolite profiling
	Statistical analysis

	Results
	Phosphorus in plants
	Biomass production and P use efficiency
	Effects of soil P availability on photosynthesis
	Changes in the metabolome and lipidome caused by P availability
	Changes in the primary metabolites profile in response to low P
	Changes in the lipids profile in response to low P

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


