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The fate of carbon (C) captured by forest trees during photosynthesis is influenced by the supply of other resources. Fixed C may be
partitioned among biomolecules within the leaf and/or allocated throughout the tree to growth, storage and maintenance activities.
Phosphorus (P) availability often limits tree productivity due to its high biological demand and strong interactions with soil minerals.
As ectomycorrhizal (ECM) fungi play critical roles in enhancing phosphate (Pi) acquisition by their hosts, these symbioses will influence
the fate of C within trees and forested ecosystems. Using Populus tremuloides Michx. (trembling aspen) in symbiosis with Laccaria
bicolor (Marie) P.D. Orton or Paxillus involutus (Batsch) Fr., we assessed C acquisition, allocation and partitioning under Pi limitation,
specifically focusing on primary and secondary C compounds. Both ECM fungi moderated the effects of low P on photosynthesis and
C partitioning among carbohydrates and secondary metabolites by sustaining Pi uptake and translocation in P. tremuloides under
Pi limitation. As leaf P declined, reductions in photosynthesis were accompanied by significant shifts in C partitioning from nonstruc-
tural carbohydrates (NSCs) to phenolic glycosides and tannins. Carbon partitioning in roots exhibited more complex patterns, with
distinct increases in NSCs in nonmycorrhizal (NM) plants under Pi limitation that were not evident in plants colonized by either ECM
symbiont. In general, aspen colonized by L. bicolor exhibited C partitioning patterns intermediate between those of NM and P. involu-
tus aspen. The C cost of symbiosis was pronounced for plants supporting P. involutus, where ECM plants exhibited maintenance of
photosynthesis yet reduced biomass in comparison with NM and L. bicolor aspen under Pi replete conditions. Our results indicate
that the ECM symbiosis affects the disposition of C in forest trees in part by altering the acquisition of other limiting resources from
soils, but also through ECM species-specific influences on host physiology. This modulation of C partitioning will have broad implica-
tions for forest ecosystem C capture, storage and cycling where nutrient resources may be limited.
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Introduction

Forest ecosystem productivity is often limited by mineral nutrient
availability (LeBauer and Treseder 2008, St Clair et al. 2008,
Hou et al. 2012). Phosphorus (P) is a major mineral nutrient
required by forest trees in significant amounts (Elser et al.
2007), yet P availability is limited in soils due to high biological
demand and the chemical binding of inorganic phosphate (Pi)
and organic phosphorus (Po) sources to aluminum, iron (Fe)

and/or calcium (Ca) ions/compounds prevalent in many natural
soils (von Uexküll and Mutert 1995, Batjes 1997).

To overcome Pi limitation, plants have developed a suite of phos-
phate starvation responses (PSR) that moderate internal P homeo-
stasis, maximize P acquisition from the environment and acclimate
plants to low P environments (Vance et al. 1995, Raghothama and
Karthikeyan 2005, Plaxton and Tran 2011, Zhang et al. 2014).
Increases in the root-to-shoot ratio and changes in root architecture
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increase soil exploration and P acquisition (Lynch 2011). Root
exudation, increased Pi uptake capacity and metabolic pathway
changes increase P acquisition from soils and P-use efficiency
within the plant (López-Arredondo et al. 2014).
In addition to PSR systems, plant–mycorrhizal symbioses sig-

nificantly alter plant–soil interactions and enhance P uptake
(Plassard and Dell 2010). The colonization of roots by ectomy-
corrhizal (ECM) fungi alters root architecture, and hyphal ramifica-
tion of the soil increases the volume of soil exploited for mineral
uptake by the host plant (Hetrick 1991, Schack-Kirchner et al.
2000, Agerer 2001, Hagerberg et al. 2003). Ectomycorrhizal
fungal uptake systems often have higher affinity for Pi, increasing
Pi acquisition from the soil solution (Cumming 1996, Colpaert
et al. 1999, Desai et al. 2014). Increased carbon (C) inputs to
the soil in the form of exudates and enzymes may alter the chem-
istry of the rhizosphere and the subsequent availability of P from a
broad spectrum of P-containing compounds for ECM fungi and root
uptake (Cumming 1993, Leyval and Berthelin 1993, Wallander
2000, Casarin et al. 2004, Liu et al. 2008, Courty et al. 2010).
Depending on the effectiveness of nutrient limitation

responses and mycorrhizal nutrient scavenging, photosynthesis,
biochemical pathways and plant tissue composition may change
when nutrient resources are limiting (Keski-Saari and Julkunen-
Tiitto 2003, Hale et al. 2005, Donaldson et al. 2006, Baum
et al. 2009). The production of C-based secondary compounds
(CBSCs) in plants depends on the balance between C and nutri-
ent availability (Bryant et al. 1983). In leaves of Populus alba ×
P. grandidentata, for example, the concentrations of tannins and
salicylates were elevated under low nitrogen (N) (Kleiner et al.
1998). Indeed, many plant species accumulate anthocyanins
and other phenolic compounds under nutrient limitation, indicat-
ing that CBSCs may also contribute to the acclimation of plants
to stressful environments (Dixon and Paiva 1995, Donaldson
et al. 2006, Chen et al. 2009).
Although plant responses involving CBSCs under environmental

stress are well studied (Koricheva et al. 1998, Gayler et al. 2008,
Caretto et al. 2015), considerably less is known about changes in
secondary C metabolism in plants in the ECM association. In the
Larix decidua–Suillus tridentinus symbiosis, higher levels of major
secondary C-containing compounds were observed in the root
apices of young mycorrhizas (Weiss et al. 1997) and concentra-
tions of CBSCs in the foliage of Salix spp. depended on fungal
partner and host species (Baum et al. 2009). However, little is
known of the interactions between nutrient limitation and ECM
fungi on the accumulation of CBSCs in plants.
In the current study, we assessed the influences of Laccaria

bicolor and Paxillus involutus colonization on Pi limitation
responses of Populus tremuloides (trembling aspen), specifically
investigating photosynthesis and partitioning of C between carbo-
hydrates and secondary metabolites. Trembling aspen is widely
distributed across North America and fills both early and late suc-
cessional niches. The root microbiome is diverse, including a wide

variety of ectomycorrhizal associates (Kaldorf et al. 2004, Fox
et al. 2013, Bonito et al. 2016). Laccaria bicolor and P. involutus,
common ECM symbionts of poplars that have been used exten-
sively in tree physiology research, were used in this study
because of this knowledge base as well as their known diver-
gence in affecting Pi acquisition in their hosts (Cumming 1996).

We hypothesized that: (i) photosynthesis would be reduced
due to Pi limitation, but increased in ECM plants in response to
stimulated C demand in the root system by the fungal partners;
(ii) nonmycorrhizal aspen would allocate more C to secondary
compounds than to the production of plant biomass under Pi
limitation; (iii) changes in photosynthesis, partitioning and
growth would be more pronounced in nonmycorrhizal plants
than in plants colonized by L. bicolor and P. involutus due to
enhanced Pi acquisition by these symbionts; and (iv) differences
between ECM symbionts would reflect fungal-specific changes
in Pi acquisition or C demand induced by each symbiont.

Materials and methods

Fungal inoculation and plant culture

The L. bicolor (Marie) P.D. Orton fungal strain S238N (Institut
National de la Recherche Agronomique, Nancy, France) and P.
involutus (Batsch) Fr. fungal strain ATCC 200,175 (American
Type Culture Collection) were used as symbionts to colonize
seedlings of P. tremuloides Michx. (trembling aspen, ‘aspen’)
(seed source from the Canadian Natural Resources, National
Tree Seed Center, Fredericton NB, Canada). Fungal cultures
were maintained on a modification of modified Melin Norkrans
(MMN) agar medium (Cumming et al. 2001). For inoculum pro-
duction, cultures were grown aseptically in liquid MMN medium
for 3 weeks at 25 °C in the dark in static culture. Cultures were
macerated by blending briefly (three pulses for 3 s each in a
common blender) to produce fungal mycelial slurries to serve as
inoculum (Molina et al. 1982).

The experimental system for the production of ECM aspen
consisted of CP512 treepots (Stuewe and Sons, Corvallis, OR,
USA) each containing ~5 l of a mixture (2:1) of sterile acid-
washed sand and vermiculite. For establishing mycorrhizal seed-
lings, aliquots of fungal slurry (equal to ~0.2 g dry weight fungal
tissue) were added ~2 cm below the surface of the sand (Desai
et al. 2014). For nonmycorrhizal (NM) plants, only MMN liquid
medium was added instead of fungal slurry.

Seeds of P. tremuloides were planted ~0.5 cm deep in the
pots and were kept moist by watering four-times daily with d.
H2O. Seedlings were thinned to one seedling per pot 10 days
after germination. Thereafter, seedlings were watered with
160 ml of nutrient solution daily (40 ml per pot every 4 h of the
light period). The nutrient solution contained 1.0 mM NO3,
0.4 mM NH4, 0.5 mM K, 0.2 mM Ca, 0.1 mM Mg and SO4,
50.5 μM Cl, 20 μM Fe-EDTA, 20 μM B, 2 μM Mn and Zn, and
0.5 μM Cu, Na, Co and Mo. This watering regime was sufficient
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to maintained pots near field capacity and, we assume, the con-
centrations of nutrients near these basal setpoints. Solution pH
was adjusted to 5.6 with 0.1 N NaOH. After an additional 2
weeks, Pi treatments in the form of KH2PO4 were added to the
baseline nutrient solution to deliver treatment solutions contain-
ing 5 μM (Pi limitation) or 100 μM (control). These levels were
selected based concentrations where limited (100 μM) and ele-
vated (5 μM) stress responses (antioxidant enzyme and organic
acid exudation) were reported by Desai et al. (2014). Eight rep-
licate seedlings per Pi/ECM fungal treatment combination were
established. Seedlings were maintained in a climate-controlled
greenhouse with supplemental lighting (mixed metal halide
sources) providing a 14-h photoperiod and day/night tempera-
tures of 24/19 ± 3 °C. Seedlings were grown for 46 days after
the commencement of Pi treatments (days after treatment, DAT).

Photosynthesis and photosystem measurements

Net photosynthesis was measured on 15, 35 and 45 DAT using a
Li-COR 6400 portable photosynthesis system with a 6-cm2 cham-
ber with red/blue LED light sources (Li-COR Biosciences, Lincoln,
NE, USA). Photosynthetic measurements were made between
09:00 h and 16:00 h daily on the most fully expanded leaf of
each plant (fourth to fifth leaf from the top). Net CO2 assimilation
rate (A), transpiration rate (E), stomatal conductance (gs) and
intercellular CO2 concentration (Ci) were measured at 380 μmol
mol–1 CO2. Measurements were made at saturating light intensity
of 1500 μmol m–2 s–1 and a chamber temperature of 24 °C. A–Ci
curves were generated using a sequence of 380, 50, 100, 150,
250, 580, 800, 1000, 1200 and 1500 μmol mol–1 CO2 mole
fraction. The maximum rate of electron transport (Jmax) and the
maximum rate of Rubisco-mediated carboxylation (Vcmax) were
derived from these measurements (Sharkey et al. 2007).

Growth measurements, tissue P concentration and
mycorrhizal colonization

Leaf P concentration was measured using four 5-mm leaf discs
sampled from the leaves used during photosynthetic measure-
ments, above. Leaf punches were flash frozen in liquid nitrogen
and stored at −20 °C. Leaf discs were ashed at 475 °C for 1 h,
dissolved in 1 ml 50% HCl, and crucibles rinsed with 1 ml d.
H2O. The resulting 2 ml digests were vortexed until clear. Root P
concentration was determined on a sample of root tissue (roots
<1mm) collected at the final harvest. The sample was dried,
ground in a cyclonic sample mill and an aliquot digested as above.
Tissue P in leaf and root digests was analyzed using the malachite
green method (Martin et al. 1999).
At harvest, plants were separated into roots and shoots and

roots were washed thoroughly with d.H2O to remove adhering
substrate. Root samples (~1 g) from the center of root systems
were stored in sterile distilled water at 4 °C to determine root
colonization. The remaining shoot and root tissues were dried at
60 °C for 48 h to determine dry weight. Percent ECM fungal

colonization was quantified using the gridline intercept method
(Giovannetti and Mosse 1980). Aspen roots were well colo-
nized by each ECM fungus, and ranging from 72% to 77% for L.
bicolor and from 77% to 82% for P. involutus; there was no evi-
dence of short root formation in NM plants.

Tissue C-based compounds

Tissue samples for carbohydrate and CBSC assays were flash
frozen in liquid nitrogen and stored at −80 °C. Metabolites were
analyzed for three plant tissues: young leaves representing the
four youngest leaves from top; mature leaves, which were the
remaining fully expanded leaves below young leaves; and fine
root tissue representing pooled roots with diameter <1mm.

For glucose, fructose, sucrose and starch measurements, fro-
zen leaf and root tissues were ground cryogenically using a cryo-
bath and ball mill equipped with a cryo-block (2600 Cryo-Station,
2650 Cryo-Block and 2000 Geno Grinder, SPEX SamplePrep,
Metuchen, NJ, USA). Frozen powdered leaf and root material
(20 mg) was transferred to microcentrifuge tubes to which was
added 375 μl of a mixture containing 80% (v/v) ethanol and
10mM 2-(N-morpholino)ethanesulphonic acid (MES), pH 6. The
tubes were mixed thoroughly and incubated at 80 °C for 30min.
Extracts were clarified by centrifugation (4500g, 10min), and
the supernatant was transferred into a 96-well, deep-well micro-
plate, stored at 4 °C. The pellets were further extracted with
225 μl of 80% (v/v) ethanol, 10mM MES pH 6, and 375 μl of
50% (v/v) ethanol, 10mM MES pH 6, and supernatants pooled
in the cooled deep-well plate. Leaf starch remaining in the pellets
was converted to glucose by incubation with amylase and amylo-
glucosidase (Sigma-Aldrich, St Louis, MO, USA). The glucose
resulting from starch degradation and the glucose, fructose and
sucrose in the ethanolic extracts were assayed using a continuous
enzymatic substrate assay (Rogers et al. 2004).

For CBSC analyses, plant tissue samples (~1 g) were pulver-
ized in liquid nitrogen using a mortar and pestle and ground in
the dark in 10 ml of 80% ice-cold methanol. Ground samples
were sonicated for 15 min in an ice bath and centrifuged
(1700g, 5 min). Sample extracts were stored at −20 °C and the
following CBSC analyses were done on each.

Total condensed tannins were measured according to Porter
et al. (1985). Methanolic extracts (250 μl) were mixed 1:1 v/v
with 70% acetone, 1:3 with n-butanol plus 0.1ml ferric reagent
(2% w/v NH4Fe(SO4)2·12H2O in 2M HCl), heated at 100 °C for
1 h, cooled to room temperature, and optical density (OD) taken at
550 nm. Total phenolic glycosides in the methanolic extracts were
assessed following Waterhouse (2002). Methanolic extracts
(100 μl) were diluted with 400 μl of 80% methanol and 2.5ml of
10% Folin-Ciocalteu phenol reagent and 2ml 700mM Na2CO3

were added and OD at 725 nm was determined following a 60-
min incubation at room temperature. Total condensed tannins and
phenolic glycosides were expressed as gallic acid equivalents per
gram of plant material on fresh weight basis.
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Specific CBSCs in the extracts were separated by high-perform-
ance liquid chromatography (HPLC (Varian, Walnut Creek, CA, USA)
using a Luna 5 μm C18 column (250 × 4.60mm) (Phenomenex
519,880-40, Torrance, CA, USA) and detection at 254 nm. The
mobile phase consisted of a gradient of solvent A (0.5% MeOH in
phosphoric acid) and solvent B (100% acetonitrile) that increased
stepwise over 45min. The elution steps were (%B) 0:30:50:65:80
each step for 5min, followed by column cleaning with 100%MeOH
for 15min and re-equilibration for 5min with 0.5% MeOH in phos-
phoric acid while maintaining a constant flow rate of 1.0ml min–1

(Mellway et al. 2009). The HPLC standards for secondary metabo-
lites were (+)-catechin, chlorogenic acid, p-OH-cinnamic acid,
myricetin, quercetin, kaempferol and procyanidin B2 obtained from
Sigma Chemical Company (St Louis, MO, USA). Isorhamnetin, sali-
cin, salicortin and tremulacin standards were kindly provided by Dr
Richard Lindroth (University of Wisconsin, Madison, WI, USA).

Statistical analysis

The experiment was established as a randomized two-way factor-
ial design, with two Pi treatments (5 μM and 100 μM Pi) and three
ECM fungal treatments (nonmycorrhizal (NM) control, L. bicolor
(Lb), P. involutus (Pax)) with eight replicates of each combination.
Samples taken on the same plants at 15, 30 and 45 DAT during
the experiment (photosystem function and leaf P concentration, n
= 3) were analyzed as a repeated measures (DAT) two-way fac-
torial analysis of variance (ANOVA). While DAT was often import-
ant in influencing photosynthesis responses, few higher-level
interactions containing DAT led to presentation of effects for the
Pi × Myc interactions only in the results. The effects of Pi concen-
tration and ECM fungal colonization on plant variables at the end
of the experiment (biomass and tissue P, n = 5; tissue secondary
metabolites, n = 3) were analyzed using two-way ANOVA (Pi ×
Myc). Data were log-transformed as needed to meet the assump-
tions of ANOVA. Tukey’s HSD tests were utilized to identify sig-
nificant differences among treatment means. Metabolite profiles
were evaluated using Pearson correlation coefficients and
ANOVA-simultaneous component analysis (ASCA). ASCA is
designed to evaluate data matrices containing complex multi-
group and multivariate data, such as those generated in metabolo-
mics studies (Smilde et al. 2005). ASCA builds an orthogonal
model through which total variation of the dataset is separated
into parts corresponding to different factors, and both the covari-
ance between the multiple variables and the design of the experi-
ment are taken into account (Jansen et al. 2005, Smilde et al.
2005). Principal component analyses (PCAs) are then performed
on centered data to obtain information on variable contribution to
the ASCA component scores. Factor loadings for these compo-
nents provide insight into the variables most strongly influencing
aspen metabolic profiles. Statistical analysis was carried out using
SAS JMP 7.0 (SAS Institute, Cary, NC, USA) and the MetStaT
protocol in R (Dorscheidt 2013).

Results

Colonization and tissue P concentrations

The concentration of P in aspen leaves was significantly reduced
by Pi limitation and this effect was dependent on mycorrhizal sta-
tus/symbiont (P < 0.001 for the Pi × Myc interaction) (Table 1).
At 100 μM Pi, the leaf P concentration of aspen colonized by P.
involutus was 81% and 57% greater than that of NM plants or
plants colonized by L. bicolor, respectively. At 5 μM Pi, leaf P of
aspen colonized by L. bicolor and P. involutus was 2.8- and 2.1-
fold greater than that of NM plants. Comparing symbionts, leaf P
concentration of aspen colonized by L. bicolor was unaffected by Pi
limitation, whereas leaf P of plants colonized by P. involutus was
reduced by 45% at 5 μM Pi, yet this was as high as that of NM
plants grown at 100 μM Pi (Table 1). Root P concentrations in NM
aspen were consistently lower than those in roots colonized by
either ECM fungus and, as with leaf P concentration, root P was
not affected by growth P concentration in L. bicolor, but declined in
roots colonized by P. involutus at the low Pi treatment (Table 1).

Photosystem parameters

Photosynthetic CO2 uptake (A) was dependent on both Pi and
Myc treatments and was related to leaf P concentration (Table 2,
Figure 1). A was 63% lower in NM plants grown at 5 than at
100 μM Pi, but was not affected by low Pi in plants colonized by
L. bicolor or P. involutus due to the maintenance of leaf P concen-
trations under Pi limitation (regression slopes for L. bicolor and
P. involutus in Figure 1 were nonsignificant). Across ECM fungal
treatments, stomatal conductance (gs) was reduced by 27% at
low Pi (Table 2). While this effect was consistent across mycor-
rhizal treatments, plants colonized by L. bicolor and P. involutus
had greater gs in comparison with NM plants (Table 2). Rates of
transpiration (E) of aspen followed those of gs, where rates at
5 μM Pi were 25% less than that of plants grown at 100 μM and
were consistent across all mycorrhizal treatments (Table 2). No

Table 1. Tissue P concentrations of nonmycorrhizal (NM) aspen seed-
lings and seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) as
affected by Pi treatment. Means ± standard errors followed by the same
letter within a column are not statistically different at P ≤ 0.05 by Tukey’s
HSD.

Pi ECM Leaf P Root P

(mg P gdw−1)

5 μM NM 0.89 ± 0.08c 0.45 ± 0.05c
Lb 2.45 ± 0.32ab 1.34 ± 0.22ab
Pax 1.88 ± 0.28b 0.78 ± 0.16bc

100 μM NM 1.90 ± 0.17b 0.74 ± 0.07bc
Lb 2.19 ± 0.26b 1.08 ± 0.14ab
Pax 3.43 ± 0.11a 1.42 ± 0.18a

PPi
1 <0.001 0.022

PECM <0.001 <0.001
PPi × ECM <0.001 0.027

1Probability of the Pi, ECM and Pi × ECM treatment effects.
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significant changes in intercellular CO2 concentration (Ci) were
observed due to Pi limitation or mycorrhizal colonization (Table 2).
Changes in A were a reflection of altered photochemistry in

aspen. The maximum rate of carboxylation of RuBP (Vcmax) and
light saturated rate of electron transport (Jmax) both varied with Pi
treatment and ECM fungal colonization (Table 2). Nonmycorrhizal
aspen exhibited the highest Vcmax at 100 μM Pi with a 50% reduc-
tion at 5 μM Pi (Table 2) and Vcmax declined as leaf P declined
(Figure 1). As colonization by with ECM fungi sustained plant leaf
P concentrations under Pi limitation, Vcmax was unaffected by Pi
treatment in ECM aspen (Figure 1). Similarly, NM aspen exhibited
the greatest Jmax at 100 μM Pi and the greatest inhibition at 5 μM
Pi (–59%), whereas Jmax was unaffected by Pi treatment in plants
colonized by L. bicolor or P. involutus (Table 2).

Growth parameters

Plant biomass declined with limiting foliar P concentrations in non-
mycorrhizal aspen, but this response was modulated by L. bicolor
and P. involutus, with an abrupt threshold of ~1.5mg P g–1

(Figure 2). Shoot growth of aspen did not differ among mycor-
rhizal treatments at 100 μM Pi, however reductions in shoot bio-
mass at 5 μM Pi in NM plants (–74%) were substantially greater
than reduction in plants colonized by L. bicolor (–48%) or P. invo-
lutus (–45%) (Table 3). Patterns of root allocation under Pi limi-
tation and among mycorrhizal treatments were more complex
than shoot responses. At 100 μM Pi, plants colonized by P. invo-
lutus allocated 55% less C to roots than NM plants and 46%
less than plants colonized by L. bicolor (Table 3). Root growth
was reduced by 91% in NM plants at 5 μM Pi, whereas reduc-
tions in plants colonized by L. bicolor and P. involutus were not
statistically different from their corresponding root masses at
100 μM Pi (Table 3).

Tissue C partitioning

Phosphate (Pi) availability and ECM symbionts significantly altered
C partitioning in young and mature leaves of aspen (Table 4).
Across ECM treatments, young leaves of plants grown with 5 μM
Pi exhibited lower leaf starch (–42%), sucrose (–41%), glucose
(–30%) and sucrose (–35%) concentrations and higher phenol
(+38%) and tannin (+38) concentrations (Table 4). However,
the extent of these reductions was differentially modulated by L.
bicolor and P. involutus, with partitioning in aspen colonized by L.
bicolor exhibiting patterns intermediate between NM aspen and
aspen colonized by P. involutus (Table 4). Phenolic glycoside and
tannin concentrations in young leaves were also higher in NM
aspen compared with mycorrhizal aspen grown at 100 μM Pi,
suggesting that the ECM associations increase resource availabil-
ity under this treatment as well as under Pi limitation. Mature leaf
nonstructural carbohydrate (NSC, starch + soluble sugars) parti-
tioning was similarly affected by Pi availability, and increases in
phenolic glycoside and tannin accumulation were also noted in
NM aspen under Pi limitation (Table 4).

Across all treatments, total NSC accumulation was negatively
correlated with the accumulation of total CBSCs (phenolic glyco-
sides + tannins) in young leaves (r = –0.624, P = 0.006), but not
in mature leaves (r = –0.169, P = 0.518). In young leaves, NSC
and total CBSC accretion were positively and negatively correlated,
respectively, with leaf P concentration (Figure 3). A similar relation-
ship was noted for NSCs and total CBSCs in mature leaves (r =
0.563, P = 0.019) (data not presented). Both ECM fungi modu-
lated these C partitioning relationships, maintaining higher NSCs
and lower total CBSCs in leaves primarily by maintaining leaf P con-
centrations under Pi limitation (Figure 3, Table 4).

In contrast to leaves, NSC and total CBSC concentrations in
roots of aspen were not correlated (r = 0.145, P = 0.566) and

Table 2. Leaf photosynthetic parameters of nonmycorrhizal (NM) aspen seedlings and seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) as
affected by Pi treatment. Means ± standard errors followed by the same letter within a column are not statistically different at P ≤ 0.05 by Tukey’s HSD.

Pi ECM A1 gs
2 E3 Ci

4 Vcmax
5 Jmax

6

5 μM NM 6.1 ± 0.8b 0.137 ± 0.052b 3.14 ± 0.41 189 ± 29 36.9 ± 2.4c 41.3 ± 5.1c
Lb 13.6 ± 1.4a 0.239 ± 0.052ab 3.07 ± 0.47 212 ± 28 53.5 ± 3.1b 67.0 ± 9.6b
Pax 15.8 ± 1.5a 0.227 ± 0.046ab 3.56 ± 0.51 242 ± 18 58.1 ± 4.6b 73.9 ± 10.4b

100 μM NM 13.5 ± 1.0a 0.223 ± 0.054ab 3.51 ± 0.53 224 ± 21 72.8 ± 2.3a 94.5 ± 4.8a
Lb 17.3 ± 1.3a 0.317 ± 0.049a 4.61 ± 0.27 235 ± 23 56.0 ± 4.6b 69.4 ± 8.9b
Pax 14.9 ± 1.7a 0.262 ± 0.046ab 4.23 ± 0.26 261 ± 33 63.8 ± 4.4ab 70.0 ± 8.1b

PPi
7 0.004 0.011 0.014 0.162 <0.001 <0.001

PECM <0.001 0.009 0.322 0.139 0.120 0.626
PPi × ECM 0.009 0.668 0.346 0.941 <0.001 <0.001
PDAT 0.110 <0.001 0.113 <0.001 0.004 <0.001

1Steady-state photosynthesis (μmol CO2 m
−2 s−1).

2Stomatal conductance (mol m−2 s−1).
3Tanspiration (mmol m−2 s−1).
4Leaf intracellular CO2 (μmol mol−1).
5Maximum carboxylation rate of rubisco (μmol CO2 m

−2 s−1).
6Maximum electron transport rate (μmol electrons m−2 s−1).
7Probability of the Pi, ECM, Pi × ECM and DAT treatment effects, respectively.

Tree Physiology Volume 38, 2018

56 Shinde et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/treephys/article/38/1/52/4265245 by guest on 19 N
ovem

ber 2022



there were no relationships with root P concentration (r = 0.001
and 0.044 for NSCs and CBSCs, respectively). However, C parti-
tioning in roots was significantly altered by the treatment factors.
In NM aspen, Pi limitation increased the accumulation of starch
(3.9-fold), sucrose (2.9-fold), glucose (1.5-fold) and fructose

(1.7-fold), whereas only sucrose increased in roots colonized L.
bicolor (+29%) and P. involutus (+49%) (Figure 4, Table 4). In
addition to these fundamental C shifts due to Pi limitation, there
were fundamental shifts in C partitioning in aspen roots resulting
from mycorrhizal colonization. Both L. bicolor and P. involutus
increased root starch (3.3- and 5.7-fold, respectfully) and sucrose
(2.7- and 2.8-fold), but decreased glucose and fructose concen-
trations, compared with NM roots (Figure 4, Table 4). In addition,
roots of aspen colonized by P. involutus exhibited greater concen-
trations of tannins when Pi was not limiting (Figure 4, Table 4).

Across all treatments, the accumulation of specific CBSCs in
young leaves was negatively correlated with leaf P, starch, glu-
cose, fructose and sucrose accumulation and, in general, all posi-
tively correlated among themselves and with phenolic
glycosides, but less so with tannins (Table 5; see Table S1 avail-
able as Supplementary Data at Tree Physiology Online). For
example, young leaf catechin concentration declined ~8-fold
across the range of leaf P concentrations (Figure 5), with leaves
of plants colonized by L. bicolor and P. involutus maintaining cat-
echin concentrations at or well below concentrations of NM
plants, especially those grown at 5 μM Pi (Figure 5). Other
CBSCs exhibited similar patterns in young leaves (Table 5; see
Table S1 available as Supplementary Data at Tree Physiology
Online). These patterns were also evident in mature leaves,
although correlations between CBSCs and NSCs were minimal
(Table 5; see Table S1 available as Supplementary Data at Tree

Figure 2. Whole plant biomass in relation to leaf P concentrations for
nonmycorrhizal (NM) aspen seedlings and seedlings colonized by L.
bicolor (Lb) and P. involutus (Pax).

Figure 1. Steady-state photosynthetic CO2 uptake (A) (top) and the
maximum rate of RuBP carboxylation (Vcmax) (bottom) in relation to leaf
P concentrations for nonmycorrhizal (NM) aspen seedlings and seed-
lings colonized by L. bicolor (Lb) and P. involutus (Pax).
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Physiology Online). In roots, in contrast, specific CBSCs exhib-
ited positive correlations with glucose and fructose concentra-
tion, but not with starch, sucrose, phenolic glycosides or tannins
(Table 5; see Table S1 available as Supplementary Data at Tree
Physiology Online).

ANOVA-simultaneous component analysis (ASCA) was
applied to the combined NSC and CBSC data. ASCA decom-
poses this data matrix into effect matrices (e.g., ECM and Pi) and
residual matrices to evaluate variation among treatment effects
within the multivariate data (Zwanenburg et al. 2011). Similar to

Table 3. Biomass of nonmycorrhizal (NM) aspen seedlings and seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) as affected by Pi treatment.
Means ± standard errors followed by the same letter within a column are not statistically different at P ≤ 0.05 by Tukey’s HSD.

Pi ECM Shoot (gdw) Root (gdw) Root:shoot Total plant (gdw)

5 μM NM 1.76 ± 0.28c 4.0 ± 0.91d 2.75 ± 0.91b 5.76 ± 0.71c
Lb 3.82 ± 0.27b 25.0 ± 2.8bc 6.51 ± 0.47a 28.8 ± 2.9b
Pax 4.10 ± 0.4b 18.0 ± 0.6c 4.52 ± 0.48ab 22.1 ± 0.7b

100 μM NM 6.88 ± 0.27a 45.1 ± 4.4a 6.71 ± 0.95a 52.0 ± 4.2a
Lb 7.34 ± 0.9a 37.1 ± 5.3ab 5.58 ± 0.96ab 46.4 ± 5.4a
Pax 7.50 ± 0.8a 21.4 ± 4.3c 2.99 ± 0.68b 28.9 ± 4.2b

PPi
1 <0.001 <0.001 0.450 <0.001

PECM <0.001 <0.001 <0.029 <0.001
PPi × ECM <0.001 <0.001 0.003 <0.001

1Probability of the Pi, ECM and Pi × ECM treatment effects, respectively.

Table 4. Partitioning of C among nonstructural carbohydrates, total phenolic glycosides, and tannins (mg gfw−1) in young leaves, mature leaves and
fine roots of nonmycorrhizal (NM) aspen seedlings and seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) as affected by Pi treatment. Means ±
standard errors followed by the same letter within a column are not statistically different at P ≤ 0.05 by Tukey’s HSD.

Pi ECM Starch Glucose Fructose Sucrose Phenols Tannins

Young leaf
5 μM NM 17.9 ± 0.7d 4.78 ± 0.36d 4.27 ± 0.32c 10.4 ± 0.1d 23.00 ± 1.43a 10.71 ± 0.58a

Lb 26.0 ± 2.5c 5.95 ± 0.15c 5.08 ± 0.28c 10.6 ± 0.2d 11.06 ± 1.05bc 6.81 ± 0.52ab
Pax 22.2 ± 1.9c 7.12 ± 0.84bc 6.41 ± 0.16b 13.8 ± 0.1c 8.75 ± 1.37 cd 7.33 ± 1.42ab

100 μM NM 33.9 ± 0.3b 7.53 ± 0.28b 7.60 ± 0.17b 17.5 ± 0.2b 16.06 ± 1.88ab 9.75 ± 0.94a
Lb 36.7 ± 2.1ab 7.30 ± 0.38b 7.42 ± 0.15b 17.3 ± 0.1b 8.95 ± 1.47 cd 7.03 ± 2.04ab
Pax 41.6 ± 1.3a 10.13 ± 0.23a 9.06 ± 0.02a 24.1 ± 0.1a 6.26 ± 0.57d 4.30 ± 0.75b

PPi
1 <0.001 <0.001 <0.001 <0.001 0.007 0.136

PECM <0.001 <0.001 <0.001 <0.001 <0.001 0.011
PPi × ECM 0.553 0.164 0.013 0.021 0.842 0.401

Mature leaf
5 μM NM 18.7 ± 0.3c 4.06 ± 0.15d 4.23 ± 0.15d 11.2 ± 0.6d 13.45 ± 5.14a 10.56 ± 3.34a

Lb 19.7 ± 0.7c 5.02 ± 0.45d 4.92 ± 0.45 cd 11.9 ± 0.6d 7.09 ± 1.23b 7.00 ± 3.04ab
Pax 22.8 ± 0.4c 5.93 ± 0.12c 6.19 ± 0.12bc 14.0 ± 0.1c 6.37 ± 0.88b 6.41 ± 2.41b

100 μM NM 36.8 ± 1.6b 7.72 ± 0.14b 8.71 ± 0.14ab 16.8 ± 0.8b 7.31 ± 0.24b 6.68 ± 0.15ab
Lb 36.3 ± 0.5b 7.78 ± 0.23b 7.71 ± 0.23ab 18.1 ± 1.1ab 6.69 ± 0.29b 7.42 ± 0.20ab
Pax 48.4 ± 2.5a 9.93 ± 0.13a 8.44 ± 0.13a 20.9 ± 0.2a 7.12 ± 0.98b 6.88 ± 2.60b

PPi
1 <0.001 <0.001 <0.001 <0.001 0.013 0.313

PECM <0.001 <0.001 0.010 <0.001 0.123 0.007
PPi × ECM 0.491 0.158 0.060 0.071 0.013 0.211

Fine root
5 μM NM 7.34 ± 0.47b 6.05 ± 0.22a 6.33 ± 0.10a 7.34 ± 0.21c 2.92 ± 0.33 3.28 ± 0.52ab

Lb 5.54 ± 0.31c 1.92 ± 0.01c 1.97 ± 0.03c 9.10 ± 0.39b 2.61 ± 0.52 3.01 ± 0.41ab
Pax 9.54 ± 0.53a 1.19 ± 0.15d 1.14 ± 0.17d 10.64 ± 0.12a 2.27 ± 0.34 2.26 ± 0.27b

100 μM NM 1.86 ± 0.09d 3.99 ± 0.15b 3.80 ± 0.06b 2.57 ± 0.09d 2.56 ± 0.65 2.20 ± 0.54b
Lb 6.13 ± 0.08 c 1.73 ± 0.18c 2.30 ± 0.15c 7.05 ± 0.09c 2.86 ± 0.61 2.46 ± 0.51b
Pax 9.97 ± 0.12a 1.58 ± 0.08 cd 1.34 ± 0.01d 7.10 ± 0.04c 4.21 ± 0.31 6.42 ± 0.70a

PPi
1 <0.001 <0.001 <0.001 <0.001 0.242 0.353

PECM <0.001 <0.001 <0.010 <0.001 0.635 0.080
PPi × ECM <0.001 <0.001 <0.001 <0.001 0.112 0.002

1Probability of the Pi, ECM and Pi × ECM treatment effects, respectively.
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PCA, ASCA provides PCs and loading scores that reflect data dis-
persion, but these take into account structured treatments.
In young leaves, distinct differences in the fate of C in aspen

seedlings were evident among ECM treatments. Nonmycorrhizal
aspen and aspen colonized by L. bicolor or P. involutus fell into
three distinct clusters (Figure 6), with 90% of that variation

between mycorrhizal treatments accounted for in PC1 that
reflected trade-offs between NSCs and CBSCs primarily separat-
ing NM from the two ECM fungal treatments (Figure 6). A further
separation in C partitioning was evident in PC2, separating P.
involutus from NM and L. bicolor aspen based on soluble sugars
and kaempferol. Seedlings colonized by P. involutus accumu-
lated between 25% and 41% more sugars than other ECM treat-
ments, whereas kaempferol concentrations in young leaves from
NM and L. bicolor aspen were twofold greater than those from P.
involutus seedlings (Table 4). Separation of mature leaves was
also evident via ASCA and similar to that of young leaves, with
NSCs and CBSCs separating NM and the two ECM treatments on
PC1 and NSCs and kaempferol on PC2 (data not presented).

The three ECM treatments were also clearly separated based on
root chemistry (Figure 7). In this case, the accumulation of starch
and sucrose and reduced monosaccharides, tremulacin and myri-
cetin separated roots colonized by L. bicolor or P. involutus from
NM roots along PC1, while starch and phenolic glycosides, specif-
ically catechin and kaempferol, contributed to separation of the
three mycorrhizal treatments along PC2 (Figure 7).

Discussion

Soil nutrient limitation, especially N and P, limits the productivity
of many natural and planted forests (Kirkman et al. 2001,
Wardle et al. 2004, St Clair et al. 2008, Hou et al. 2012). Under
such conditions, trees depend on integrated physiological
adjustments as well as symbiotic mycorrhizal fungi to enhance
nutrient acquisition and increase nutrient-use efficiency, and
together these will influence C capture, allocation and partition-
ing in trees and the fate of C in forested ecosystems.

Phosphate limitation and ECM alter C fixation and allocation
in aspen

Phosphorus limitation often reduces the rate of photosynthesis
and plant productivity (Wissuwa et al. 2005, Boyce et al. 2006,
Thomas et al. 2006). Under Pi limitation, photosynthetic CO2

uptake was reduced in NM aspen, but remained unaffected in
plants colonized by either symbiont (Table 2). This maintenance
of photosynthesis at low Pi was related to the maintenance of leaf
P concentrations above a limiting threshold of ~1.5 mg g–1

(Figure 1). Reductions in A were accompanied by parallel reduc-
tions in Jmax and Vcmax (Table 2), indicating that low leaf P concen-
tration in NM aspen constrained the biochemistry of C fixation
(Loustau et al. 1999, Bown et al. 2007). In contrast, enhanced Pi
acquisition by L. bicolor or P. involutus at low Pi sustained the reac-
tions of CO2 fixation at the whole plant and biochemical levels.

Although ECM colonization moderated reductions in plant
growth under Pi limitation, the two ECM symbionts differentially
influenced host plant growth, C allocation and growth-tissue P
concentration relationships (Table 3, Figure 3). The C cost of
sustaining P. involutus in symbiosis was significant, with aspen

Figure 3. The accumulation of total nonstructural carbohydrates (top)
and total phenols (bottom) in relation to leaf P concentrations in young
leaves for nonmycorrhizal (NM) aspen seedlings and seedlings colo-
nized by L. bicolor (Lb) and P. involutus (Pax).
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total plant mass being 44% less than NM plants grown at
100 μM Pi, primarily reflecting significantly less C allocation to
root biomass (Table 3). Biomass of aspen colonized by L. bicolor

was intermediate between NM aspen and aspen colonized by P.
involutus at 100 μM Pi. Although there was evidence of a signifi-
cant cost to aspen of maintaining the ECM symbioses,

Figure 4. Partitioning of C between starch, sugars, total phenolic glycosides and total tannins in fine roots of nonmycorrhizal (NM) aspen seedlings and
seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) grown at 5 μM (left) and 100 μM (right) Pi.

Table 5. Partitioning of C among phenolic glycosides and flavonoids (mg gfw−1) in young leaves, mature leaves and fine roots of nonmycorrhizal (NM)
aspen seedlings and seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) as affected by Pi treatment. Means ± standard errors followed by the
same letter within a column are not statistically different at P ≤ 0.05 by Tukey’s HSD.

Pi ECM Salicin Catechin Kaempferol Salicortin Procyanidin Tremulacin Myrcitin

Young leaf
5 μM NM 2.84 ± 0.15a 4.35 ± 0.77a 0.251 ± 0.098ab 5.46 ± 2.15a 7.01 ± 1.00a 2.09 ± 0.14a 2.06 ± 0.03a

Lb 2.47 ± 0.68a 2.08 ± 0.39ab 0.249 ± 0.046a 3.35 ± 0.17a 2.32 ± 0.15bc 0.78 ± 0.01abc 0.44 ± 0.05bc
Pax 2.04 ± 0.20a 2.44 ± 0.15ab 0.186 ± 0.043ab 3.35 ± 1.23a 2.50 ± 0.35bc 0.83 ± 0.31abc 0.51 ± 0.08abc

100 μM NM 3.11 ± 0.64a 2.42 ± 0.30ab 0.297 ± 0.066a 5.22 ± 1.15a 4.62 ± 1.30ab 1.35 ± 0.37ab 1.54 ± 0.64ab
Lb 1.47 ± 0.26ab 1.44 ± 0.44bc 0.204 ± 0.029ab 2.02 ± 0.42a 2.04 ± 0.29bc 0.54 ± 0.07bc 0.26 ± 0.03c
Pax 0.81 ± 0.16b 0.82 ± 0.14c 0.077 ± 0.016b 1.43 ± 0.31a 1.30 ± 0.25c 0.32 ± 0.06c 0.16 ± 0.02c

PPi
1 0.007 <0.001 0.183 0.174 0.016 0.012 0.006

PECM 0.001 <0.001 0.016 0.073 <0.001 <0.001 <0.001
PPi × ECM 0.046 0.203 0.114 0.369 0.425 0.662 0.553

Mature leaf
5 μM NM 1.41 ± 0.15a 2.79 ± 0.23a 0.080 ± 0.003ab 2.36 ± 0.20a 2.07 ± 0.08a 0.466 ± 0.052a 0.436 ± 0.078a

Lb 1.18 ± 0.13a 1.45 ± 0.09a 0.078 ± 0.007ab 1.52 ± 0.11b 1.49 ± 0.23ab 0.322 ± 0.036ab 0.290 ± 0.029a
Pax 1.06 ± 0.14a 3.17 ± 0.86a 0.066 ± 0.018ab 1.76 ± 0.08ab 1.30 ± 0.12b 0.281 ± 0.009b 0.250 ± 0.017a

100 μM NM 1.47 ± 0.20a 1.94 ± 0.43a 0.122 ± 0.001a 2.26 ± 0.08ab 2.02 ± 0.10ab 0.414 ± 0.028ab 0.299 ± 0.003a
Lb 1.10 ± 0.03a 2.12 ± 0.40a 0.098 ± 0.018ab 1.90 ± 0.16ab 1.41 ± 0.10ab 0.342 ± 0.031ab 0.281 ± 0.027a
Pax 1.15 ± 0.12a 1.97 ± 0.47a 0.051 ± 0.008b 2.09 ± 0.24ab 1.41 ± 0.14ab 0.336 ± 0.025ab 0.268 ± 0.026a

PPi
1 0.787 0.346 0.339 0.147 0.958 0.659 0.293

PECM 0.078 0.305 0.008 0.017 0.003 0.006 0.053
PPi × ECM 0.800 0.128 0.169 0.389 0.814 0.314 0.258

Fine root
5 μM NM 0.370 ± 0.089 1.31 ± 0.21 0.300 ± 0.046 0.607 ± 0.122 0.880 ± 0.132a 0.107 ± 0.015a 1.28 ± 0.27a

Lb 0.130 ± 0.046 0.80 ± 0.10 0.157 ± 0.020 0.343 ± 0.039 0.363 ± 0.030b 0.037 ± 0.007b 0.17 ± 0.023c
Pax 0.103 ± 0.050 0.96 ± 0.25 0.210 ± 0.055 0.320 ± 0.052 0.347 ± 0.024b 0.027 ± 0.003b 0.23 ± 0.01bc

100 μM NM 0.143 ± 0.020 0.87 ± 0.07 0.180 ± 0.017 0.337 ± 0.020 0.223 ± 0.026b 0.040 ± 0.005b 0.56 ± 0.24ab
Lb 0.163 ± 0.012 0.84 ± 0.19 0.197 ± 0.044 0.353 ± 0.047 0.387 ± 0.038b 0.033 ± 0.007b 0.28 ± 0.04bc
Pax 0.097 ± 0.047 1.21 ± 0.04 0.243 ± 0.034 0.350 ± 0.057 0.410 ± 0.098b 0.040 ± 0.010b 0.29 ± 0.04bc

PPi
1 0.604 0.877 0.809 0.233 0.005 0.125 0.7052

PECM 0.053 0.237 0.263 0.115 0.417 0.004 <0.001
PPi × ECM 0.249 0.192 0.145 0.085 <0.001 0.009 0.009

1Probability of the Pi, ECM and Pi × ECM treatment effects, respectively.
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photosynthesis was not stimulated (Table 2), although the high-
est individual rates were recorded in mycorrhizal plants
(Figure 1). Ectomycorrhizal fungi may or may not stimulate CO2

assimilation when growth is limited die to sink demand (e.g.,
Conjeaud et al. 1996, Wright et al. 2000, Heinonsalo et al.
2010), but variation among ECM and differences in experimen-
tal systems makes generalization difficult.
These changes in allocation belowground may reflect C alloca-

tion shifts from roots to the fungal partners. Although we did not
assess hyphal biomass in this study, mycorrhizal colonization
alters C allocation through the construction of hyphae, fungal
respiration, and other fungal metabolic demands (Conjeaud
et al. 1996, Choi et al. 2008, Makita et al. 2012). These
changes may greatly increase the nutrient capture capacity of
the plant and lead to reduced need for root surface area under P
replete conditions, yet sustained Pi acquisition under Pi limitation
(Lopéz-Bucio et al. 2002).
These differences between L. bicolor and P. involutus are sup-

ported by other reports of ECM-species variation in P acquisition
and C allocation/partitioning (Cumming 1996, van Tichelen and
Colpaert 2000, Heinonsalo et al. 2010). For example, significant
variation in C allocation occurs in ectomycorrhizal Pinus sylvestris,
with P. involutus allocating less C to roots than L. bicolor, which
maintained a more even balance between root and shoot
(Fransson et al. 2007), patterns noted here for aspen. Similarly, P.
involutus exerted a significant C cost on Betula pedula (Wright
et al. 2000), aligning with patterns noted for aspen in the current

experiment. Thus, the interplay between fungal C-use efficiency,
the acquisition of nutrient resources such as P, and plant acclima-
tion to symbiont C demand and P exchange will ultimately influ-
ence the growth and C allocation outcomes in the ECM symbiosis.

Phosphate limitation and ECM change tissue chemistry and
C partitioning in aspen

Plant C partitioning changes under nutrient stress (Kleiner et al.
1998, Hale et al. 2005, Yin et al. 2009, Kleczewski et al. 2012)

Figure 5. The accumulation of catechin in young leaves in relation to leaf
P concentrations for nonmycorrhizal (NM) aspen seedlings and seed-
lings colonized by L. bicolor (Lb) and P. involutus (Pax).

Figure 6. ASCA separation of nonmycorrhizal (NM) aspen seedlings and
seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) based on
variation among primary and secondary carbon metabolites in young
leaves (top) and the relative influences of each on the principal compo-
nents (bottom). Bold/larger symbols in upper figure are the multivariate
mean responses for each mycorrhizal treatment. Abbreviations at bottom:
Sta = starch, Glu = glucose, Fru = fructose, Suc = sucrose, Phe = pheno-
lics, Tan = tannins, Sal = salicin, Cat = catechin, Kae = kaempferol, Sco =
salicortin, Pro = procyanidin B2, Tre = tremulacin, Myr =myricetin.

Tree Physiology Online at http://www.treephys.oxfordjournals.org

Carbon partitioning in ectomycorrhizal Populus 61
D

ow
nloaded from

 https://academ
ic.oup.com

/treephys/article/38/1/52/4265245 by guest on 19 N
ovem

ber 2022



and such changes may be further modified during mycorrhizal
symbiosis (Baum et al. 2009, Sanchez-Zabala et al. 2013). In
the current experiment, NSC concentrations declined in young
and mature leaves of aspen under Pi limitation (Figure 3). These
changes were mitigated in plants colonized by P. involutus while
plants colonized by L. bicolor exhibited carbohydrate profiles
more similar to NM plants. In roots, NSC patterns were more
complex, as starch, sucrose and monosaccharides increased in
NM aspen under Pi limitation, whereas only sucrose increased in
roots colonized by L. bicolor or P. involutus (Figure 4). Elevated
monosaccharide concentrations in NM roots at low Pi may reflect
part of the PSR signaling system designed to initiate

P-deprivation acclimation pathways (Zhang et al. 2014).
Patterns of elevated sucrose and generally lower monosacchar-
ide concentrations in ECM roots may reflect the preferential use
of glucose and fructose by the symbionts and the sink stimula-
tion of sucrose transport to ECM roots (Nehls and Hampp 2000,
Wright et al. 2000, Nehls 2008).

In the current study, CBSC concentrations were typically higher
in NM aspen, and the CBSC profiles of young leaves, mature
leaves and roots delineated ECM species-specific influences on
aspen metabolism. The accumulation of CBSCs in tissues may
reflect partitioning of C to storage under P limitation or physio-
logical acclimation pathways associated with free radical produc-
tion under nutrient limitation (Hale et al. 2005, Baum et al. 2009,
Abdel-lateif et al. 2016) as well as changes in host physiology in
support of colonization (Weiss et al. 1997, Jung and Tamai 2012,
Sanchez-Zabala et al. 2013). In aspen leaves, the accumulation
of catechin and kaempferol were major responses of aspen to Pi-
ECM treatments, with these and other CBSCs accumulating under
Pi limitation (Figure 6, Table 4). Paxillus involutuswas more effect-
ive at mediating these perturbations to C partitioning in aspen
than L. bicolor, which may reflect the influence of this symbiont in
constraining plant growth compared with NM and L. bicolor aspen.
In another study on P. tremuloides, foliar tannins increased up to
5-fold under N limitation and relative growth rates of plants were
negatively correlated with C partitioned to foliar tannins and phen-
olic glycosides (Donaldson et al. 2006). In Eucalyptus, low Pi
affected metabolites of the phenylpropanoid pathway, with quinic
acid and catechin increasing in leaves as Pi declined from 100 to
5 μM (Warren 2011). Thus, these shifts of C from growth and
NSC pools to CBSCs under Pi limitation in aspen reflect fundamen-
tal shifts in metabolism resulting from nutrient stress.

In aspen roots, there were also distinct shifts in C partitioning
induced by Pi limitation and by colonization by ECM. Notable were
lower concentrations of glucose and sucrose under all Pi condi-
tions and shifts to sucrose under Pi limitation in ECM roots,
whereas large increases in all NSCs and several CBSCs were
induced by low Pi in NM aspen roots (Figure 4). These increases
in sugars, especially sucrose, may reflect integrated PSR systems
response to P limitation (Lopéz-Arredondo et al. 2014). In roots
colonized by P. involutus, the large reduction in tannins, which are
present in hyphae of this species (Gafur et al. 2004, Jacob et al.
2004), grown at low Pi may reflect diversion of C away from tan-
nins to fungal hyphal growth or other PSR systems, and not a
response of the aspen host per se. This is supported by the lack
of correlations between phenols or tannins and any of the specific
CBSC in roots (see Table S1 available as Supplementary Data at
Tree Physiology Online).

Variation between ECM for Pi acquisition, C relations and
stress responses in aspen

Ectomycorrhizal fungus species vary greatly in their influences
on tree root physiology and response to P availability in the

Figure 7. ASCA separation of nonmycorrhizal (NM) aspen seedlings and
seedlings colonized by L. bicolor (Lb) and P. involutus (Pax) based on
variation among primary and secondary carbon metabolites in fine roots
(top) and the relative influences of each on the principal components
(bottom). Bold/larger symbols in upper figure are the multivariate mean
responses for each mycorrhizal treatment. Abbreviations as in Figure 6.
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environment (Plassard and Dell 2010, Cumming et al. 2015).
There are differences among fungi in their capacity to transport
Pi (Cumming 1996, Van Tichelin and Colpaert 2000), produce
mineral-dissolving exudates (Casarin et al. 2004, Johansson
et al. 2009) and exude enzymes to alter Po-Pi equilibria in the
rhizosphere (Ali et al. 2009, Alvarez et al. 2012). In the current
study, L. bicolor and P. involutus were used as model ECM spe-
cies. Laccaria bicolor is a cosmopolitan species frequently asso-
ciating with Populus in forest ecosystems (Martin et al. 1999,
Ostry et al. 2011); P. involutus is equally far-ranging (Lamaison
and Polese 2008), and both have been used extensively in
mycorrhizal research. Our previous worked indicated that these
ECM fungi differ in their P starvation responses (Cumming
1996), thus we selected them for use here. The modification of
P and C relations of aspen would be expected to vary greatly
based on fungal symbiont community, and these two fungi may
encompass only a portion of the potential range of aspen C meta-
bolism modification in response to P limitation. Further, although
roots of aspen will be, by-and-large, colonized by ECM fungi in
nature, we compared NM control aspen responses to aspen colo-
nized by these symbionts to elucidate the capacity of aspen to
respond to resource limitation and the fundamental shifts in C and
P relations brought about by the two ECM symbionts.
Aspen colonized by L. bicolor and P. involutus exhibited large

differences in C allocation between shoots and roots and,
although the responses to Pi limitation were similar, allocation to
roots differed between the symbionts. These fundamental differ-
ences may reflect differences in C demand by each partner or
complex interactions between aspen roots and the two sym-
bionts. Such differences in C allocation modulated by different
ECM fungi are often noted, especially for root:shoot ratios (Karst
et al. 2008), and may reflect mycorrhizal species-specific C con-
struction and maintenance costs (Colpaert et al. 1996, Nehls
and Hampp 2000, Hobbie 2006).
The two ECM fungal symbionts also differed in their influence

on aspen C partitioning. Such differences in NSC partitioning
may reflect differential demand and use of carbohydrates in
roots, whereas CBSC responses reflect differential alleviation of
Pi limitation stresses in aspen by L. bicolor and P. involutus.
Taken together with patterns of growth, photosynthesis and P
concentrations in tissues, it is evident that aspen colonized by L.
bicolor responds to Pi limitation in an intermediate manner
between NM plants and those colonized by P. involutus, and
such differences may reflect different ecological niches/roles of
these two fungi or unique host–fungal identity interactions.

Conclusions

Aspen responded to Pi limitation with reductions in photosyn-
thesis and growth, reductions in carbohydrates in leaves and
increases in roots, and increases in secondary metabolite pro-
duction that reflected altered C allocation and partitioning. These

changes were significantly less or not evident in aspen colonized
with L. bicolor and P. involutus due to the maintenance of Pi
acquisition by ECM under Pi limitation. However, aspen asso-
ciated with these two symbionts exhibited fundamental differ-
ences in C allocation and partitioning regardless of growth Pi
environment. Aspen colonized by P. involutus exhibited less per-
turbation to growth and tissue NSC and CBSC profiles than
plants colonized by L. bicolor. The alleviation of these stresses
was not related to P acquisition per se, but to slower growth of
plants with P. involutus reflecting fundamental changes in C–P
relations in aspen induced by this ECM fungus. The alleviation of
stress responses by L. bicolor and P. involutus indicates that
ECM associations play critical roles in maintaining nutrient
homeostasis in aspen. However, differences in C allocation and
partitioning among growth and NSC and CBSC pools indicate
that ECM symbionts do not uniformly affect host Pi stress
responses, and the diversity of the aspen root microbiome and
ECM species-specific changes in C metabolism are important for
determining the quantity and quality of C cycling in forested
ecosystems.

Supplementary Data

Supplementary Data for this article are available at Tree
Physiology Online.
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