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How does P affect photosynthesis and metabolite profiles
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Phosphorus (P) has multiple effects on plant metabolism, but there are many unresolved questions especially for evergreen
trees. For example, we do not know the general effects of P on metabolism, or if P affects photosynthesis via the internal
conductance to CO, transfer from sub-stomatal cavities to chloroplast or amounts of Rubisco. This study investigates how
P deficiency affects seedlings of the evergreen tree Eucalyptus globulus grown for 2.5 months with four nutrient solutions
differing in P concentration. To determine why photosynthesis was affected by P supply, Rubisco was quantified by capillary
electrophoresis, internal conductance was quantified from gas exchange and carbon isotope discrimination, and biochemi-
cal parameters of photosynthesis were estimated from A/C_ responses. Additional insights into the effect of P on metabo-
lism were provided by gas chromatography-mass spectrometry (GC-MS) metabolite profiling. Larger concentrations of P in
the nutrient solution led to significantly faster rates of photosynthesis. There was no evidence that stomatal or internal
conductances contributed to the effect of P supply on photosynthesis. The increase in photosynthesis with P supply was
correlated with V. ,,, and amounts of P, phosphate and fructose 6-phosphate (6-P). Phosphorous supply affected approxi-
mately one-third of the 90 aqueous metabolites quantified by GC-MS, but the effect size was generally smaller than
reported for experiments on herbaceous species. Phosphorus deficiency decreased concentrations of phosphate, glucose
6-P and fructose 6-P more than it decreased photosynthesis, suggesting faster turnover of smaller pools of phosphate and
phosphorylated intermediates. The effect of P supply on most amino acids was small, with the exception of arginine and
glutamine, which increased dramatically under P deficiency. P deficiency had small or non-significant effects on carbohy-
drates and organic acids of the tricarboxylic acid (TCA) cycle. The small effect of P on carbohydrates, organic acids and
(most) amino acids likely reflects a functional homeostasis among C metabolism (glycolysis, TCA and pentose P cycles), rates
of photosynthesis and growth. The strong functional homeostasis in E. globulus may reflect a conservative, long-term growth
and metabolic strategy of evergreen trees.
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Introduction , .
with mannose; when P; was sequestered with mannose, A,

Phosphorus (P) plays a central role in almost all aspects of plant
metabolism and is one of the nutrients that most commonly lim-
its growth. Photosynthesis is commonly reduced by P deficiency
(Kirschbaum and Tompkins 1990, Turnbull et al. 2007) because
of the requirement for a finely balanced concentration of
orthophosphate (P)) in the cytosol (Walker and Robinson 1978).
The clear limitation of photosynthesis by cytosolic P, was dem-
onstrated in Eucalyptus globulus by sequestering cytosolic P

was reduced by 83% (Turnbull et al. 2007). Artificial manipula-
tion of cytosolic P, demonstrates how photosynthesis is affected
by P deficiency in the short term (minutes to hours), but it is less
clear how P affects photosynthesis at longer time scales (i.e.,
days to months). Analyses of A/C, responses indicate that P limi-
tation decreases the maximum rate of CO.-limited carboxylation
(Vomax) @nd triose phosphate utilization (TPU) (Lewis et al.

cmax.
1994), V. and RuBP-regeneration-limited rates of electron

cmax
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transport (J,.,) (Loustau et al. 1999), or V. Jmax @and TPU
(Niinemets et al. 1999). Hence, in the case of long-term P defi-
ciency, P, metabolism (as indicated by the TPU parameter) is not
the only limitation of photosynthesis—there may also be limita-
tions in RuBP regeneration (as indicated by J,.,) and/or the
amount or activity of Rubisco (as indicated by V,.,,). One expla-
nation for an effect of P on V,,, is that there may be a strong
positive correlation between P supply and the relative and abso-
lute amounts of Rubisco (Warren and Adams 2002).

Relationships between P and photosynthesis can also arise if
P supply affects the resistance to CO, movement from atmo-
sphere to chloroplasts. For example, some studies have sug-
gested that P-limited plants have slower photosynthesis
compared with P-replete controls due to reduced stomatal con-
ductance and concentrations of CO, in sub-stomatal cavities
(G) (e.g., Kirschbaum and Tompkins 1990, Lewis et al. 1994).
However, stomatal conductance is only part of the pathway
from atmosphere to chloroplasts. The resistance to CO, move-
ment from sub-stomatal cavities to chloroplasts (as described
by internal conductance, g;) reduces the CO, concentration in
the chloroplasts (C.) of most species by 60—-90 pumol mol-!
below C, (see review data in Warren 2008). One consequence
of the large and variable drawdown from C, to C,_ is that to dis-
entangle the effects of P on biochemistry from effects on CO,
diffusion requires knowledge of C.. With only one exception
(Bown et al. 2009), previous studies of P and photosynthesis
have used C, to imply diffusional limitations, and thus the derived
‘biochemical’ parameters (Va5 Jmax @nd TPU) are not purely
biochemical but also include information pertaining to G—C.. In
the only paper to investigate whether C,— C_ (or g;) plays a role
in photosynthesis under P limitation, the authors found that in
Pinus radiata there was no effect of P supply on C—C, or rela-
tive limitations due to g; (Bown et al. 2009). Despite this nega-
tive result there is reasonable a priori basis for expecting P to
affect g, given that g; is correlated with leaf anatomical and mor-
phological traits (Terashima et al. 2006) that are commonly
affected by P supply (Feller 1996, Sardans et al. 2006).

In addition to uncertainties regarding how P affects photo-
synthesis in any species, for evergreen trees we have only a
rudimentary knowledge of how P affects other aspects of
metabolism. In recent years there has been widespread use of
metabolite profiling by gas chromatography-mass spectrome-
try (GC-MS) to examine how metabolism is affected by defi-
ciencies of nitrogen (N) (Okazaki et al. 2008, Tschoep et al.
2009, Kusano et al. 2011) and P (Hernandez et al. 2007,
Huang et al. 2008). These past studies focused on species
such as Arabidopsis, rice, common bean and cereals and have
indicated widespread effects of P deficiency on multiple classes
of metabolites (e.g., amino acids, tricarboxylic acid (TCA) cycle
organic acids, carbohydrates, phenylpropanoids) (Pieters et al.
2001, Nanamori et al. 2004, Hernandez et al. 2007, Huang
et al. 2008). In contrast, little is known about how P deficiency

max

affects metabolites in evergreen trees such as those from the
genus Eucalyptus. The foliage of evergreens serves dual roles
of photosynthesis and nutrient storage (Chabot and Hicks
1982, Vapaavuori et al. 1995, Millard 1996), and thus herba-
ceous species are uncertain models for evergreen trees with
respect to nutrition and photosynthesis (Warren and Adams
2004b). This study investigates how P deficiency affects seed-
lings of E. globulus. Eucalyptus globulus is the most common
plantation Eucalyptus species in temperate regions and almost
completed sequencing means Eucalyptus is set to become the
second model tree genus for functional genomics (after
Populus). Metabolite profiling by GC-MS was used to examine
responses of metabolites to P supply. To determine why photo-
synthesis is affected by P supply, internal conductance was
quantified from simultaneous measurements of gas exchange
and carbon isotope discrimination (Evans et al. 1986) and
used to calculate C,, which was then used to parameterize a
biochemical model of C3 photosynthesis (Farquhar et al.
1980). The stable carbon isotope composition of leaves was
determined to obtain a measure of C. integrated over the time
that carbon in the leaf was fixed (Farquhar et al. 1989).

Materials and methods

Plant growth and experimental design

Seed of E. globulus ssp. globulus (CSIRO ATSC seedlot 18725)
was obtained from the Australian Tree Seed Centre (Kingston,
ACT, Australia). Seed was germinated in moist vermiculite in a
sunlit polythene-covered greenhouse that transmitted around
70% of sunlight. Germinants were carefully transferred to 2 |
plastic pots filled with perlite and for the first month after trans-
fer to pots were irrigated to field capacity three times per week
with a balanced nutrient solution at one-quarter of its normal
concentration. The nutrient solution was modified from a for-
mulation used in several previous experiments with seedlings
of E. globulus and other Eucalyptus species (e.g., Turnbull et al.
2007). Perlite was used as the growth medium because its ion
exchange capacity buffered P concentrations in the soil solu-
tion against rapid fluctuations (e.g., due to addition of nutrients
and watering).

Twenty seedlings were randomly assigned to one of four P
treatments (0.1, 0.02, 0.005 and 0.0 mM P, as equimolar
K ,HPO, and KH,PO,). These P concentrations were chosen
based on a pilot experiment with E. globulus in perlite sub-
strate, and past experience with the same species growing
with a sand substrate. The pilot study indicated that to produce
an adequate range in P availability (as indicated by foliage N:P),
the P concentration of the nutrient solution had to be decreased
3.5-fold compared with previous studies using a sand sub-
strate (e.g., Turnbull et al. 2007). In addition to the nominated
P concentration, nutrient solutions contained 6 MM N (as
3 mM NH,NO3), 4 mM K, 2.9 mM Ca, 1.5 mM Mg, 1.5 mM S,
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52 uM Mn, 49 uM Fe, 20 uM Cu, 15uM Zn, 8 uM B and
0.03 uM Mo. P was supplied as potassium phosphate and
thus differing amounts of K were supplied with the different P
treatments; however, it was not necessary to compensate for
the additional K because it led to a <4% deviation from the
nominated K concentration. For 2.5 months seedlings were
irrigated to field capacity with nutrient solution four times per
week, and with water on the remaining days. The 2.5-month
duration of the experiment was sufficiently long for new leaves
to be produced in all treatments, but sufficiently short to avoid
significant root binding. The mean temperature inside the
greenhouse during the period of nutrient treatments were
imposed (February to April 2009) was 22.1 °C with an abso-
lute maximum of 35.8 °C and a minimum of 11.7 °C. Average
daily photosynthetically active radiation (PAR) inside the
greenhouse was 472 umol m=2 s~ (18.8 mol m= day™") with
an absolute maximum of 1601 umol m= s='. Daily maximum
and minimum temperatures and maximum PAR are given as
supplementary information available as Supplementary Data
at Tree Physiology Online.

Simultaneous measurement of gas exchange and carbon
isotope discrimination

After P treatments had been imposed for 2.5 months, gas
exchange parameters were measured on each of five replicate
plants per treatment using a LI-6400 system (LI-Cor, Lincoln,
NE, USA) coupled to a tuneable diode laser (TGA100a,
Campbell Scientific, Logan, UT, USA), essentially as described
previously (Barbour et al. 2007). Rather than the standard
LI-Cor 6 cm? chamber, a custom-built 18 cm2 chamber illumi-
nated by a LED light source (LI6400-18 RGB) was used.
The larger chamber was necessary to enable a sufficiently
large drawdown in chamber CO, for reliable measurements of
internal conductance. Precision of measurement of §'3C was
routinely better than 0.06%o (sd, n = 10).

All measurements were made on the youngest fully expanded
leaf that had developed under the nutrient treatments. A leaf
was enclosed in the chamber and acclimated at a CO, concen-
tration of 400 umol mol~' (8'3C =-5 to —6.5%o), a tempera-
ture of 25 °C, a light-saturating PAR of 2000 umol m= s~ and
a leaf-to-air vapour pressure deficit of 0.8—1.3 kPa. Molar flow
of air through the gas exchange chamber was varied among
leaves between 250 and 500 umol s7!, depending on rates of
gas exchange. Once rates of photosynthesis and transpiration
were steady, gas exchange parameters were recorded every
30s for 18-25 min. Every 180s, the tuneable diode laser
recorded a 30-s average of '3CO, and "2CO, of air entering and
leaving the gas exchange chamber. Carbon isotope data were
not corrected for diffusion of CO, into and out of the leaf cham-
ber because this was insignificant (<0.01%o) due to the small
difference in CO, concentration and 8'3C between air in the
gas exchange system (300-400 pumol mol~, 8'3C=-5 to

—6.5%0) and ambient air in the greenhouse
450 pumol mol', 8'3C = -8 to —10%o).

Carbon isotope discrimination by the shoot (A,,.) was calcu-
lated as described previously (Evans et al. 1986):

(350

Ay, =&(6,=6,)/(1+ 6, = £[6, = 6.]), (1)

where J, and . are the carbon isotope composition ('3C/'2C)
of air entering (3,) or leaving (3,) the chamber. Carbon isotope
composition was expressed against the carbon isotopic com-
position of the Pee Dee Belemnite (PDB) formation, where
8=1000 [((Bcsampleﬂchample)/CSCPDB/12CPDB)) 1. &§=uC/
(sA) where u is the molar flow rate through the chamber, C, is
the concentration of CO, entering the chamber, A is the rate of
photosynthesis and s is the projected leaf area. g, was esti-
mated from the difference between calculated carbon isotope
discrimination assuming infinite g; (4;), and that measured by
the coupled system (A, Evans et al. 1986):

obs?

C,—-C c.-¢ ,¢ . T' , R,
i ——4+g—=—"+b—~-f—-e
C C c, C

a a a a

A =aq,

and

Alb—a —b, —(e’'R,JA+R,))
C~a(Ai - Aobs)

g = (3)
where A, is the expected carbon isotope discrimination when
g; is infinite, C, is the CO, concentration in ambient air, C, is the
CO, concentration at the leaf surface, G is the CO, concentra-
tion in the sub-stomatal cavity (calculated after accounting for
mean epidermal conductance of 6.5 mmol m?s™), a, is the
carbon isotope discrimination during diffusion through the
boundary layer (2.9%o), a is the carbon isotope discrimination
during diffusion through stomata (4.4%o) a; is the carbon iso-
tope discrimination during CO, diffusion in water (0.7%so), b is
the carbon isotope discrimination caused by Rubisco and phos-
phoenol pyruvate carboxylase (30%o), b, is the fractionation
as CO, enters solution (1.1%e0), f is the carbon isotope discrimi-
nation due to photorespiration (11.6%o, Lanigan et al. 2009),
I'™ is the CO, compensation point in the absence of dark respi-
ration (43 umol mol~" at 25 °C in multiple Eucalyptus spp.,
C. Warren unpublished data) and e’ is the combined carbon
isotope discrimination due to dark respiration (—3%eo, Bickford
et al. 2009) and the '3C disequilibrium between growth and
measurement CO, (Wingate et al. 2007, Tazoe et al. 2009).
e’ was calculated for each measurement and varied between
—2 and —0.5%so due to variation in 8'3C of reference gas. g, was
calculated from (2) and (3) for each measurement and a mean
was calculated for the 18-25 min each leaf was measured.

Measurement of the CO, response of photosynthesis

After P treatments had been imposed for 2.5 months, the CO,
response of photosynthesis was determined with a 2 x 3 cm
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broadleaf chamber with an integrated light source (LI-6400-
02B, LI-Cor). Measurements were made at 25 °C and a leaf-
to-air vapour pressure deficit of 0.8—1.3 kPa. The molar flow
rate through the chamber was 400 umols~'. Leaves were
exposed to 400 umol mol=' CO, in air and a photosynthetic
photon flux density of 2000 umol m= s~ until the rates of
photosynthesis and transpiration were steady (typically
20-30 min). After this, C, was increased to 2000 umol mol-'
and an A—C curve was generated by decreasing C, to
50 umol mol=" in 10 steps. At each C,, photosynthesis was
allowed to stabilize for at least 3 min. V.., / and TPU were
determined from measured A and C_ (calculated as C.= C, — A/
g, assuming g; is unaffected by [CO,]) fitted to the photosyn-
thesis model of Farquhar et al. (1980) with C.-based kinetic
constants (Bernacchi et al. 2002).

Plant harvest and measurement of P, N and &'3C

Plants were harvested 1 day after gas exchange measure-
ments. From each plant two leaves were sampled between
noon and 1 p.m. to control for possible diurnal variation in
metabolites. The leaves sampled were youngest fully expanded
leaves that had developed under the different nutrient treat-
ments. One leaf was used for measuring P, N, stable carbon
isotope composition (8'3C), metabolites and inorganic ions,
while the other was used for measuring Rubisco. Both samples
were immediately frozen in liquid N and stored at —80 °C. After
leaves had been sampled, plants were divided into root, stem
and leaves and stored at —80 °C. P, N and §'3C of leaf, stem
and root samples were determined on material that was freeze
dried and then ground to a fine powder with a bead mill (30's
at 25 Hz with a 5mm stainless steel bead) (Tissuelyser,
Qiagen, Doncaster, VIC, Australia). Phosphorus was deter-
mined using the colorimetric method of Murphy and Riley
(1962) after digesting samples with HNO; and H,O,. The sta-
ble carbon isotope composition and nitrogen content were
determined by isotope ratio mass spectrometry at the UC Davis
Stable Isotope Facility.

Analysis of metabolites by GC-MS

Metabolites were extracted from freeze-dried leaves with
methanol:chloroform:water and analysed by three GC-MS meth-
ods as described previously (Warren et al. 2011). The aqueous
fraction of leaf extracts was analysed by GC-MS with three
methods: methoximated trimethyl-silyl (TMS) derivatives with
splitless injection and a slow temperature ramp, methoximated
TMS derivatives with split injection and a faster temperature
ramp, and tert-butyldimethyl-silyl derivatives used to quantify
amino acids. Two separate injections of TMS derivatives were
necessary because metabolite concentrations spanned more
than five orders of magnitude, and thus the splitless method
permitted identification of as many metabolites as possible but
could not be used for quantification of abundant metabolites

because they were well above the linear range of the mass
spectrometer.

Methoximated TMS derivatives were prepared essentially
as described previously (Lisec et al. 2006). For the splitless
injection, 1 ul samples were injected into an injection port
liner (single gooseneck Siltek-treated, Restek, Bellefonte, PA,
USA) at 250 °C and separated on an arylene-modified 5%
diphenyl-95% dimethyl polysiloxane stationary phase (30 m
long x 0.25 mm inner diameter (i.d.) X 0.25 um film thickness
with a 10-m ‘guard column’; Rxi-5SilMS, Restek). The column
was held at 70 °C for 2 min, raised to 330 °C at 8 °C min™,
and then held at 330 °C for 10 min. Helium (99.999%, BOC,
North Ryde, NSW, Australia) was used as the carrier gas at a
constant flow of 1 mlmin='. The transfer line was held at
280 °C and the ion source at 250 °C. The column eluent was
ionized by electron impact (70 eV) and mass spectra were
collected from 70 to 600 amu at 6.67 scans per second
(GCMS-QP2010Plus, Shimadzu, Kyoto, Japan). For the split
injection, chromatographic conditions were similar except
that 1 ul samples were injected with a 20:1 to 30:1 split into
an injection port liner (FocusLiner™, SGE, Ringwood, VIC,
Australia) at 275 °C, carrier gas flow was 1.5 ml min~" and
the column was held at 130 °C for 1 min, ramped to 330 °C
at 15 °Cmin™ and held at 330 °C for 6 min. Mass spectra
were deconvoluted (AnalyzerPro, Spectralworks Ltd, Runcorn,
UK) and metabolites were identified by comparing retention
indices and mass spectra with a laboratory mass spectral/
retention index library of 130 chemical standards (Warren
et al. 2011). Criteria used in identification were retention
index £5 units and mass spectral match >75%. Mass spectra
were also checked against the Golm Metabolome Database
(Schauer et al. 2005), Agilent Fiehn GC/MS Metabolomics
Library (Agilent, Santa Clara, CA, USA) and NISTO5 Mass
Spectral Library (National
Technology, Gaithersburg, MD, USA). All chromatograms were
checked by hand to remove deconvolution errors and mass
spectral peaks due to contaminants (e.g., siloxanes).
Metabolites matching ‘unknowns’ recorded in the GOLM data-
base are reported using the Golm identifer. Metabolites that
did match library or standards are identified and reported:
EIMS_retention index.

Amino acids were quantified by GC-MS of t-BDMS deriva-
tives, as described previously (Warren et al. 2011). Amino acids
were identified based on retention indices and mass spectra of
standards run under the same conditions: retention index within
five units, reverse spectral match better than 80% and the ratio
of quantification ion to two qualifier ions. Quantification was
based on the dominant M-57 ions (ions with a mass 57 less
than the intact molecular ion—corresponding to loss of a t-bu-
tyl group), with the exception of arginine, which was quantified
based on the dominant M-188 ion (corresponding to loss of a
t-butyl group plus a guanidino N).

Institute of Standards and
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Analysis of inorganic anions, inorganic cations
and Rubisco by capillary electrophoresis

Inorganic anions and cations in the aqueous phase of leaf
extracts were determined by capillary electrophoresis (CE)
with indirect UV detection, as described previously (Warren
and Adams 2004a). Rubisco was quantified by CE of sodium
dodecyl sulphate—protein complexes (Warren et al. 2000). All
CE separations used a commercial CE system with a UV-Vis
detector (P/ACE MDQ, Beckman-Coulter Inc., Fullerton, CA,
USA) and bare fused silica capillaries of 50 um i.d.

Data analysis and statistics

Analyses of leaf metabolites were based on amounts per unit
dry mass and per unit leaf area. Univariate statistics (analysis
of variance (ANOVA)) were used to examine the effect of P on
gas exchange. To perform multivariate statistics, data from the
different analytical platforms were combined into a matrix. In
cases where a metabolite had been measured on multiple ana-
lytical platforms, data from the most reliable platform were
used (e.g., t-BDMS derivatives for amino acids, CE for phos-
phate). Multiple derivatives of the same metabolite were either
averaged or the less reliable derivative was ignored. Metabolites
present in <50% of samples of a treatment were omitted. Data
were Pareto scaled and log transformed and then multivariate
statistics were performed with SIMCA P+ (V 12.0.1, Umetrics,
Umed, Sweden). To separate predictive variation related to the
P treatment from non-predictive (orthogonal) variation, orthog-
onal projection to latent structures discriminant analysis
(OPLS-DA) was used with concentration of P in nutrient solu-
tion as the y-variable (Bylesjo et al. 2006). OPLS-DA was also
used to investigate relationships between metabolites and A,
by using A.x as the y-variable. The significance of variables in
OPLS-DA models was assessed as either VIP > 1, or load-
ing = confidence interval # O.

Results

Dry mass, N and P

Specific leaf area (one-sided leaf area/dry mass) was
13 m? kg™ and did not differ among treatments (data not
shown). Phosphorus supply had a large effect on the growth
of seedlings and concentrations of N and P (Figure 1 and
Table 1). Dry mass in the PO.1 treatment was more than twice
the dry mass in the 0.0 mM treatment (Figure 1). With
increasing concentrations of P in the nutrient solution, there
was a non-significant trend for decreased allocation to roots
(root mass ratio, Figure 1) and increased allocation to leaves
(leaf mass ratio, Figure 1). The stable carbon isotope compo-
sition of leaves (6'3C) did not differ among treatments (Figure
1), nor did the stable carbon isotope composition of stems or
roots (data not shown). The P concentration of roots was
larger in seedlings receiving higher concentrations of P in the

12
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0.0 0.005 0.02 01
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Figure 1. Dry mass, leaf and root mass ratio (leaf or root mass/total
mass), and leaf carbon isotope ratio (8'3C) of E. globulus seedlings
grown with one of four P treatments. Data are means of five replicates
per treatment. Error bars are standard deviation.

nutrient solution, while the P concentration of stems was
unaffected by P supply (data not shown). The P concentra-
tion of leaves was significantly higher in the PO.1 treatment
(1.5+£0.2mgg”, meantSD n=5) compared with
treatments with smaller P concentrations (Table 1). The N
concentrations of roots and stem were higher in seedlings
receiving higher concentrations of P in the nutrient solution
(data not shown); however, in leaves the trend was for the
highest concentration of N in PO.1 (19 £ 1 mg g™") followed
by PO.O (17+1 mgg™) with the lowest concentration in
P0.005 and P0.02 (15-16 mgg™'). Nitrogen:phosphorus
ratios in leaves were negatively related to P supply, decreas-
ing from 26 g g™ in the PO.O treatment to 12 g g™ in the
PO.1 treatment. Rubisco content per unit area varied between
2.2 and 2.8 gm= and was unrelated to P treatment (Table
1). Rubisco N was 25-35% of total N and did not vary among
treatments.
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Photosynthesis

Anmax Varied between treatment means of 8 and 13 umol m=2 s,
g, between 0.18 and 0.3 mol m=2 s, and g, between 0.15 and
0.25 mol m= s~". Higher concentrations of P in the nutrient
solution led to significantly faster A.. There were also
increases in g, and g;, but these were statistically non-signifi-
cant due to large variation between replicates. Neither C; nor
C—C. was affected by P supply. V,.x / and TPU were approxi-
mately 50% higher in the PO.1 treatment than the three treat-
ments with lower P concentrations. A,,,, was positively related
to P content per unit area (P =0.045, R? = 0.24, Figure 2) and
Rubisco per unit area (P = 0.044, R? = 0.34, Figure 3), but was
negatively related to N per unit area (P=0.040, R? =0.25). P
per unit area was not related to g, or g, while N per unit
area was negatively related to g, (P=0.025, R?=0.29) and
unrelated to g; (Figure 2).

Metabolite profile of E. globulus

Ninety metabolites were quantified and used for statistical anal-
yses (see supplementary information available as Supplemen-
tary Data at Tree Physiology Online). The 90 metabolites were
non-redundant (i.e., not multiple peaks per metabolite) and do
not include another 40-50 low-abundance metabolites that
occurred in <50% of samples. Of the 90 metabolites, 70 were
positively identified (according to Metabolomics Standards
Initiative criteria, Sumner et al. 2007), seven matched unknowns
reported in the Golm Metabolome Database and 13 were
unknowns.

The concentration of measured inorganic ions was approxi-
mately the same as the concentration of aqueous metabolites
(Figure 4). The dominant inorganic ions were potassium and
chloride. Nitrate, ammonium and phosphate were present at
very small concentrations or below detection limits in most
samples (see below). Glucose 1-P, glucose 6-P and fructose
6-P were present in low concentrations, and no other sugar
phosphates were detected. The pool of aqueous metabolites
was dominated by carbohydrates and organic/phenolic acids
(Figure 4). The most abundant carbohydrates were sucrose,
raffinose, fructose, glucose, galactinol, myo-inositol and scyllo-
inositol. The most abundant organic/phenolic acids were shi-
kimic, malic and quinic acids.

Effect of P on leaf metabolites

OPLS-DA was used to separate multivariate relationships into
predictive variation (related to P treatment) and orthogonal
variation (unrelated to treatment). An OPLS-DA model with one
predictive and one orthogonal component gave a reasonable
fit to the data (R?Y=0.87 and Q% =0.43) and was significant
(ANOVA testing of cross-validated predictive residuals,
P < 0.05). Ten percent of variation in the OPLS-DA models
was due to P treatment and 24% was orthogonal variation.
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Figure 2. Relationships between photosynthetic characteristics and phosphorus content per unit area and nitrogen content per unit area of
E. globulus seedlings grown with one of four P treatments. Gas exchange and tuneable diode laser measurements at ambient CO, and light satu-
rating PAR were used to determine the rate of net photosynthesis (A,.,), stomatal conductance to water (g,) and internal conductance to CO,
(g;). Regressions are shown where significant (P < 0.05). Data are individual plants.
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Figure 3. Relationships between the rate of net photosynthesis (A,.,)
and Rubisco content per unit area of E. globulus seedlings grown with
one of four P treatments. Data are individual plants.

Analysis of loading plots with jack-knifed confidence intervals
showed that increasing concentration of P in the nutrient solu-
tion increased amounts of 19 metabolites and decreased
amounts of 13 metabolites (OPLS-DA loading + confidence
interval #0) (see supplementary information available as
Supplementary Data at Tree Physiology Online). Visual analysis
of an S-plot (Figure 5) permitted identification of those
metabolites that made a large contribution to the model (x-axis,
modelled covariation) and were reliable (y-axis, modelled
correlation). Those metabolites strongly correlated with the

OPLS-DA model and increased by P were [P], phosphate,
glucose 6-P, fructose 6-P, threonic acid, threonic acid
lactone, four biosynthetically related compounds (galactinol,
myo-inositol and raffinose), and Phe plus the
related compounds catechin and coumaroylquinic acid.
Metabolites strongly negatively associated with the OPLS-DA
model were arginine, glutamine, ammonium, threonine, alanine,
quinic acid, glucose, [N] and erythronic acid.

To visualize the effect of P on metabolites, metabolite con-
centrations were projected onto simplified biochemical path-
ways (Figure 6). Phosphorus supply had a large effect on the
quantified P-containing metabolites: phosphate (sixfold increase
from PO.O to PO.1 treatments), glucose 6-P (threefold increase)
and fructose 6-P (fourfold increase). Phosphorus supply
affected four metabolites of the phenylpropanoid pathway: phe-
nylalanine (1.5-fold increase), 5-coumaroylquinic acid (2.5-fold
increase), catechin (fourfold increase), and quinic acid (twofold
decrease). Increasing P supply led to small increases in galacti-
nol and raffinose, but not the biosynthetically related sucrose
and myo-inositol (cf. the OPLS-DA model). Concentrations of
fructose and glucose decreased 1.5-fold with increasing P sup-
ply. Organic acids of the TCA cycle were generally unaffected
by P supply. Ascorbate and aldarate metabolism were affected

SUCrose,
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Figure 4. The profiles of inorganic ions and aqueous organic metabolites in leaves of Eucalyptus globulus seedlings grown with 0.1 mM P in the
nutrient solution. The pool of aqueous metabolites shows only those metabolites that accounted for more than ~5% of the total pool. The
expanded view of amino acids shows only those amino acids that were detected in >50% of seedlings. Note different y-axis scales for amino acids
versus inorganic ions and total aqueous metabolites. Data are means of five replicate plants.
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Figure 5. S-plots of an OPLS-DA model for E. globulus grown with four different P treatments. The x-axis is the modelled covariation (‘magnitude’),
while the y-axis is the loading vector of the predictive component (modelled correlation or ‘reliability’). Metabolites in the upper right quadrant of
S-plots are positively related to the concentration of P in nutrient solution while those in the lower left quadrant are negatively related to the con-
centration of P in nutrient solution. Supplementary S1 available as Supplementary Data at Tree Physiology Online shows loadings and Jack-knifed
confidence intervals for metabolites with OPLS-DA loading * confidence interval # O.

with increasing P supply, leading to larger concentrations of
threonic acid, threonic acid lactone and threitol, and a decrease
in dehydroascorbic acid. Concentrations of most amino acids
were unaffected by P treatments. Notable exceptions to this
were phenylalanine, which was less abundant in the PO.O treat-
ment than in any of the treatments with larger P supply (see
above). In addition there were large decreases in arginine, glu-
tamine and ammonium as P supply increased.

Relationships between photosynthesis and amounts
of metabolites and Rubisco

Orthogonal projection to latent structures was used to develop
a multivariate model for predicting A,,,, from metabolite data.

max

The modest number of replicates meant that OPLS models
were severely overfitted (Q?<<0.5 and ANOVA testing of
cross-validated predictive residuals >> 0.05) unless the num-
ber of variables (metabolites and Rubisco) was reduced to
<40. Variables with little predictive value were removed by
successively fitting an OPLS model, deleting the five variables
with smallest variable importance in the projection (VIP) and
refitting the model until the model was stable and significant
(based on acceptable Q% and ANOVA testing of cross-validated
predictive residuals <0.05). The final OPLS model of 37 vari-
ables (36 metabolites + Rubisco) comprised one predictive
component, was a reasonable fit to A,,, (R?Y=0.63, Q%= 0.51,
see also Figure 7) and was significant (ANOVA testing of cross-
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Figure 7. Correlation between the measured rate of net photosynthesis
(Amax) and A, predicted from an OPLS model. The OPLS model of 37
variables (36 metabolites + Rubisco) comprised one predictive compo-
nent, was a reasonable fit to A, (R,Y'=0.63, Q,=0.51) and was signifi-
cant (ANOVA testing of cross-validated predictive residuals, P = 0.009).

validated predictive residuals, P=0.009). Four metabolites
(P, phosphate, fructose 6-P, and unknown with a retention
index of 2523) had positive coefficients and made significant
(VIP > 1) contributions to the OPLS model for A,,,, (Figure 8).
Rubisco and 16 metabolites had positive coefficients, but were
not significant (VIP < 1). Seven metabolites (four unknowns
plus threonine, xylonic, erythronic and quinic acids) had nega-
tive coefficients and made significant (VIP > 1) contributions to
the OPLS model for A

max*

Discussion

Growth and diffusional limitations of photosynthesis

Phosphorus supply affected processes at multiple spatial and
temporal scales, viz., photosynthesis, leaf metabolites, alloca-
tion to roots versus leaves and growth (Figures 1, 2, 5 and 6).
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Figure 8. Coefficients and VIP for 37 variables in an OPLS model predicting the rate of net photosynthesis (A,.,). Coefficients are for the
x-variables Pareto scaled and centred, and the y-variable Pareto scaled. Variable importance to the projection indicates the importance of terms in
the OPLS model with respect to A, and the projection. The sum of squares of all VIP values is equal to the number of terms in the model and thus
the average VIP is 1. Variables with VIP > 1 are most relevant for explaining variation in A ,,.

Use of four nutrient solutions varying in P concentration led
to leaf P concentrations (0.6—1.4 mg g™') spanning the range
from deficient to adequate (Turnbull et al. 2007) and leaf N:P
ratios that varied from 12 g g=" in the PO.1 treatment (indicative
of adequate P, Koerselman and Meuleman 1996) to 26 g g~' in
treatments with a smaller P supply (indicative of P limitation,
Koerselman and Meuleman 1996). Leaf N concentrations were
adequate for E. globulus, and thus effects observed in this
study can be attributed to P concentrations varying from defi-
cient to adequate.

There was no evidence that stomatal (g,) or internal conduc-
tance (g;) contributed to the effect of P on photosynthesis.

Phosphorus supply did not affect the drawdown in CO, from
atmosphere to sub-stomatal cavities (C, -C = A, /g.) or
sub-stomatal cavities to chloroplasts (C — C.=A./g). This
contrasts with some studies reporting that reduced g, and C
contributed to reductions in photosynthesis in P-limited plants
(e.g., Kirschbaum and Tompkins 1990, Lewis et al. 1994).
However, data are consistent with the only other study of
responses of g; to P (Bown et al. 2009). The authors found
that in P. radiata there was no effect of P supply on C—C_ or
relative limitations due to g, (Bown et al. 2009). In the case of
E. globulus we may have extra confidence in our instantaneous
measurements of g; and g, because the absence of treatment
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differences in 8'3C of leaves (Table 1) indicates that C. (inte-
grated over the time C in the leaf was fixed) did not differ
between treatments (Farquhar et al. 1989). The consistency
of results from the gymnosperm P. radiata and angiosperm
E. globulus hints at a general response between P and g;
however, additional studies with other species are required to
establish the general relationship between P and g;.

Metabolite profiles and biochemical limitations
of photosynthesis

Biochemical limitations played the major role in the response
of photosynthesis to P supply, which was not unexpected given
the strong effect of P supply on metabolite profiles. Previous
studies reported that P deficiency reduces V..., / and TPU
(Lewis et al. 1994, Loustau et al. 1999, Niinemets et al. 1999)
but such data are hard to interpret because in these previous
studies ‘biochemical’ parameters were determined on the basis
of G and thus contain information pertaining to C—-C, (i.e., g))
as well as biochemistry (Warren 2008). However, this may not
be a major problem given that V.., / and TPU determined on
the basis of C. were also positively related to P supply (Table 1).
Phosphorus supply affected all three biochemical parameters
of photosynthesis (i.e., V .. / and TPU), but analysis of CO,
responses and C. showed that V., was the sole limitation of
Anax One explanation for the single-handed limitation of A,
by V...« is that TPU limitation is a short-term effect and in
the long term (days to weeks) the limitation shifts from TPU
to V.. due to large reductions in V... (Lewis et al. 1994,
Campbell and Sage 2006).

Metabolite profiling and quantification of Rubisco provided
some insights into the biochemical basis for the effect of P on
Arax Vemax J @nd TPU. There was a trend for P-deficient seed-
lings to contain less Rubisco than P-replete seedlings, but
this was not statistically significant (Table 1) and did not
make a significant contribution to an OPLS model for predict-
ing A (Figures 7 and 8). Better predictors of A,
P-containing compounds (P, phosphate, fructose 6-P), which
is not surprising given that photosynthesis and much of pri-
mary metabolism is dependent on pools of phosphate and
phosphorylated intermediates such as fructose 6-P (Walker
and Robinson 1978). It is notable that the decreases in phos-
phate (sixfold decrease), glucose 6-P (threefold decrease) and
fructose 6-P (threefold decrease) due to P deficiency were
larger than the decrease in photosynthesis. Hence, reductions
in phosphate and phosphorylated intermediates do not neces-
sarily have a severe (or proportional) impact on C metabolism
(cf. Huang et al. 2008). Instead, P deficiency leads to greater
efficiency with smaller pools of phosphate and phosphoryl-
ated intermediates turning over more rapidly. For the metabo-
lites negatively related to A,,, (threonine; quinic, xylonic and
erythronic acids), it is difficult to conceive a direct role in
photosynthesis and thus their correlation with A,,,, most likely

were

max

max

reflects an underlying correlation with P supply rather than
photosynthesis.

Phosphorous deficiency had a negligible effect on carbohy-
drates and TCA cycle organic acids, which is at odds with the
large reductions in A, P-containing metabolites, and other
studies showing large effects of P on carbohydrates and TCA
cycle organic acids (Pieters et al. 2001, Hernandez et al. 2007,
Huang et al. 2008). Nevertheless, some studies have reported
similarly small effects of P supply on carbohydrates (Nanamori
et al. 2004, Tissue and Lewis 2010), and this difference
between studies is probably partly due to species differences
(e.g., Nanamori et al. 2004) and partly due to the duration of P
stress. When stress is imposed over a period of several months,
as in the present study and some others (e.g., Tissue and Lewis
2010), there is enough time for C metabolism to balance with
rates of photosynthesis and growth and there are minimal
effects on pools of carbohydrates (i.e., there is a functional
homeostasis).

The effect of P supply on most amino acids was small or
non-significant, which is consistent with the general absence
of effects on carbohydrates and TCA cycle organic acids.
Notable exceptions were arginine and glutamine, which
increased dramatically under P deficiency (Figure 6), as has
also been observed in response to high N supply, low P supply
or an imbalance between N and other elements (Durzan and
Steward 1967, Huang et al. 2008). There are at least two
explanations for the accumulation of N-rich amino acids under
P deficiency. It could be that N-rich amino acids (e.g., arginine
with 4 N and glutamine with 2 N) are a good way to store N
when supply exceeds demand, for example, if growth is limited
by another nutrient such as P. An alternative explanation is that
accumulation of arginine and glutamine is a response to avoid
ammonium toxicity—a supposition supported by the larger
concentrations of ammonium under P deficiency (Figure 6)
(Huang et al. 2008). It is suggested that P deficiency leads to
a shortage of C skeletons, so proteins and amino acids are
deaminated for use in C metabolism—with concomitant pro-
duction of ammonium, which must be detoxified (Huang et al.
2008). There are insufficient data to distinguish between these
possibilities, but the ammonium detoxification scenario seems
unlikely for two reasons. First, there was little evidence for a
strong shortage of C skeletons with only small changes in
amounts of most amino acids, sugars and organic acids of the
TCA cycle. Second, E. globulus is not very sensitive to ammo-
nium and it is, in fact, one of the major forms of N taken up by
E. globulus and other Eucalyptus species (Warren 2009).

Up-regulation of the phenylpropanoid pathway and increased
amounts of anthocyanins and phenols are common responses
to deficiencies of P and other nutrients such as N (e.g., Juszczuk
et al. 2004, Close et al. 2007). However, in seedlings of
E. globulus, P deficiency decreased the amounts of phenylala-
nine, coumaroylquinic acid and catechin (Figures 5 and 6).
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This might be because P deficiency increases the rate of ligni-
fication (Uhde-Stone et al. 2003) and this draws down pools
of phenylalanine, coumaroylquinic acid and catechin. An alter-
native explanation is that the phenylpropanoid pathway also
responds to N (e.g., Close et al. 2007), and thus low phenyla-
lanine, coumaroylquinic acid and catechin in the PO.O treat-
ment may have been because seedlings in the PO.O treatment
had higher N concentrations than the other treatments.

Conclusions

Gas exchange and GC-MS metabolite profiling indicated that P
affects processes operating at multiple spatial and temporal
scales, viz., photosynthesis, leaf metabolites, allocation to roots
versus leaves and growth. P deficiency reduced photosynthesis
by ~50% and this was primarily due to biochemical factors
(e.g., as indicated by the parameter V.., and correlations with
pools of phosphate and hexose phosphates). Decreases in
phosphate (sixfold decrease), glucose 6-P (threefold decrease)
and fructose 6-P (fourfold decrease) were larger than the 50%
decrease in photosynthesis, indicating that P deficiency
increases the ‘efficiency’ with which phosphate and sugar phos-
phates are used in photosynthesis—most likely due to smaller
pools with faster turnover. The drawdown in CO, concentration
from atmosphere to sub-stomatal cavities (C,—C) and chloro-
plasts (G—C,) was not the cause of P-induced changes in pho-
tosynthesis. Phosphorus deficiency affected amounts of around
one-third of metabolites, but the effect size was generally
smaller than seen in other studies. The effects of P deficiency
on carbohydrates, TCA cycle organic acids and most amino
acids were small, particularly in comparison with experiments
with more rapid and shorter-term treatments. The small response
of E. globulus compared with other species may reflect inherent
species differences, or could be because the 2.5-month dura-
tion of the P treatment provided sufficient time for a functional
homeostasis among C metabolism (glycolysis, TCA and pen-
tose P cycles), rates of photosynthesis and growth.
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