
Article

Accumulation and Translocation of Phosphorus,
Calcium, Magnesium, and Aluminum in Pinus
massoniana Lamb. Seedlings Inoculated with
Laccaria bicolor Growing in an Acidic Yellow Soil

Xirong Gu 1,* , Xiaohe Wang 1 , Jie Li 1 and Xinhua He 1,2,*
1 Centre of Excellence for Soil Biology, College of Resources and Environment, Southwest University,

2 Tiansheng Road, Beibei, Chongqing 400715, China; swuwxh@163.com (X.W.); yizhimao1023@163.com (J.L.)
2 School of Biological Sciences, University of Western Australia, 35 Stirling Highway, Perth, WA 6009, Australia
* Correspondence: gxr0956@163.com (X.G.); xinhua.he@uwa.edu.au (X.H.); Tel.: +86-133-6811-9623 (X.G.)

Received: 18 September 2019; Accepted: 14 December 2019; Published: 17 December 2019 ����������
�������

Abstract: Research Highlights: We demonstrate that ectomycorrhizal (ECM) fungi improve plant
aluminum (Al)-tolerance in the field and Laccaria bicolor S238A is a promising ECM isolate.
Furthermore, we interpret the underlying nutritional mechanism that ECM inoculation facilitates
aboveground biomass production as well as nutrients accumulation and translocation. Background
and Objectives: Al toxicity is a primary limiting factor for plants growing in acidic soils.
Hydroponic/sand culture studies have shown that some ECM fungi could enhance plant Al-tolerance.
However, the underlying mechanisms of ECM fungi in improving plant Al-tolerance in the field
are still unknown. To fill this knowledge gap, the present study aimed to examine roles of ECM
inoculation in biomass production, accumulation and translocation of nutrients and Al in the host
plant grown in the field under Al treatment. Materials and Methods: 4-week-old Pinus massoniana
seedlings were inoculated with three Laccaria bicolor isolates (L. bicolor 270, L. bicolor S238A or L. bicolor
S238N) and grown in an acidic yellow soil under 1.0 mM Al treatment for 12 weeks in the field.
Biomass production, accumulation and translocation of P, Ca, Mg, and Al were investigated in these
16-week-old P. massoniana seedlings. Results: All three of these L. bicolor isolates improved biomass
production as well as P, Ca and Mg accumulation in P. massoniana seedlings. Moreover, the three ECM
isolates facilitated the translocation of P, Ca, and Mg to aboveground in response to Al treatment,
particularly when seedlings were inoculated with L. bicolor S238A. In addition, both L. bicolor 270
and L. bicolor S238A had no apparent effects on Al accumulation, while enhanced Al translocation to
aboveground. In contrast, L. bicolor S238N decreased Al accumulation but had no significant effect
on Al translocation. Conclusions: ECM fungi in the field improved plant Al-resistance by increasing
nutrient uptake, and this was mostly due to translocation of P, Ca, and Mg to aboveground, not by
decreasing the uptake and translocation of Al.

Keywords: aluminum-tolerance; biomass production; ectomycorrhizae; pine; plant nutrition.

1. Introduction

Aluminum (Al) toxicity is a primary limiting factor for plants grown in acidic soils, which account
for >40% of the world’s arable land [1]. Al toxicity limits plant growth mainly by inhibiting the uptake
of nutrient elements, particularly phosphorus (P) and calcium (Ca), and other metabolic processes [2].
The primary phytotoxicity from active Al is the inhibition of root elongation [3], which reduces the
root contacting area with soils and nutrients [4]. In addition, Al3+ reduces the amounts of available
nutrients, especially P, in the soil solution by combining with PO4

3−, HPO4
2−, and H2PO4

− to form
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insoluble AlPO4 [2]. Moreover, Al3+ competes for the membrane binding sites with divalent cations
such as Ca2+ and Mg2+ [5], which reduces their uptakes [3] while increasing Al3+ uptake by plants
from soil [6].

Ectomycorrhizal (ECM) fungi can protect its host against injury in soils contaminated with metals
including Al, Cu, Ni, Pb, Mn, Cd, and Cr [7]. Previous studies have reported that ECM fungi can
improve Al tolerance in their host plants. For example, three Pisolithus ecotypes improved Al tolerance
in Eucalyptus [8], Pisolithus tinctorius alleviated Al toxicity in Pinus densiflora [9], and Paxillus involutus
significantly enhanced the growth of Populus deltoides and Picea abies under Al stress [10,11]. These
results indicated that some plant species could be inoculated with ECM fungi to alleviate Al toxicity
when grown in acidic soils [12]. ECM fungi could improve plant Al resistance by expanding the scope
and amounts of nutrients uptake and/or by immobilizing Al3+ in numerous hyphae and mycelial
cords [12,13]. ECM fungi may mobilize nutrients from clays or rocks and make them available by
secreting organic acids, protons, and saccharides [14,15]. These secretions can also immobilize Al3+

through chelation as well as Al3+ adsorption by ECM fungi [16,17]. P, which is easily deposited and
immobilized by Al3+, may be released by specific excretions such as phosphatases and organic acids
from ECM fungi [18].

Our previous experiments had shown that the growth response of Pinus massoniana Lamb. (Masson
pine) seedlings inoculated with three individual isolates of Laccaria bicolor (Maire) P.D. Orton showed
an increase of at least 30% [19], whereas these isolates were all Al sensitive in vitro because their
biomass decreased at least 20% in response to 1.0 mM Al stress [20]. This indicated that there might
be different mechanisms of Al resistance between in ECM fungi in vitro and in ECM seedlings in the
field. According to the increased biomass and uptake of P, Ca, and Mg in ECM seedlings grown in
an acidic yellow soil [19], we hypothesize that ECM inoculation can improve Al resistance in its host
through facilitating nutrient accumulation and translocation to aboveground portions of the plants.
The objectives of the present study were thus to examine Al resistance and the accumulation and
translocation to aboveground portions of P, Ca, Mg, and Al in Pinus massoniana seedlings inoculated
with three different L. bicolor isolates after planting in the field in an acidic yellow soil under Al
treatment. In so doing, we address the following three hypotheses: (1) The response to Al treatment is
not similar between ECM fungi in vitro and their symbionts in the field, (2) an ECM fungus inoculation
can affect the accumulation, and particularly translocation, of P, Ca, Mg, and Al in Pinus massoniana
seedlings, and (3) which isolate can confer the best Al resistance in P. massoniana seedlings among three
of these L. bicolor isolates.

2. Materials and Methods

2.1. Site Description

The experimental site is located in the Southwest University Farm (29◦48′39” N, 106◦24′54” E,
255 m above the sea level), 28 km of north Chongqing, China. This region has a subtropical humid
monsoon climate, with an annual temperature of 18.9 ◦C, annual rainfall of 1152 mm, and monthly
mean warmest and coldest temperatures of 28.6 ◦C (July–August) and 8.7 ◦C (January–February),
respectively. The yellow soil (Haplic Alisols, ST, pH 4.64) under a Pinus massoniana stand on Jigong
Mountain (29◦48′54” N, 106◦26′36” E, 534 m above sea level) in Chongqing, China, has developed
from sandstones formed during the Jurassic Period. The basic macronutrient and Al concentrations of
this soil at 0–20 cm depth are: 0.99 g total N kg−1, 0.35 g total P kg−1, 21.68 g total K kg−1, 72.95 mg
available N kg−1, 3.93 mg available P (extracted by 0.05 M HCl and 0.025 M H2SO4) kg−1, 62.71 mg
available K kg−1, 46.82 g total Al kg−1, and 1.23 g labile Al kg−1 [19]. Soils were sterilized with 2%
formaldehyde prior to sowing the germinated pine seeds and were then loaded into concrete chambers
(2.0 m × 6.0 m × 0.5 m = length ×width × depth) at the experimental field site.
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2.2. Fungal Isolates and Production of ECM Plant Seedlings

Three Laccaria bicolor isolates (L. bicolor 270, L. bicolor S238A, and L. bicolor S238N) were used in
this experiment. L. bicolor 270 was isolated from a Pseudotsuga menziesii forest in Canada, while both
L. bicolor S238A and L. bicolor S238N were originally obtained from a Pinus taeda stand in France. Four
agar mycelia discs (3 × 3 mm) for inoculation were sub-cultured in each 250 mL flask with 50 mL
Pachlewski liquid medium (pH 5.5) for 21 d at 25 ◦C in the dark in the Silviculture Lab at Southwest
University, Chongqing, China.

After 21 days of subculture and removal of the growth medium, the fungal mycelia were disrupted
in a blender (Philips HR 2024, Philips Inco., Japan) for 1 min. A total of 200 germinating Pinus massoniana
seeds inoculated with five flasks of mixed fungal mycelia were sown on 1.0 m2 of sterilized soil (0.5 cm
depth) to develop ECM fungal associations (+ECM). The control seedlings (–ECM) were not inoculated
with fungal mycelia. Prior to the fungal culture, uniform seeds of P. massoniana from the Chongqing
Tree Seeds and Seedlings Service, Chongqing, China were sterilized with 0.3% formaldehyde solution
for 30 min, rinsed with sterilized water, and then germinated on moistened paper towels at 25 ◦C in
the dark.

2.3. Aluminum Treatment

After four weeks of growth, the seedlings were watered weekly with Hoagland solution (pH 3.8)
that contained 5 mM Ca(NO3)2·4H2O, 5 mM·KNO3, 2 mM MgSO4·7H2O, 1 mM KH2PO4, 0.02 mM
FeC4H4O6, and either 0.0 (−Al) or 1.0 mM Al3+ (+Al) solution as Al2(SO4)3·18H2O for 12 weeks.
The total Al added to the soil was 81 mg kg−1. Seedlings with or without mycelia inoculation or Al
treatment in a 1.0 m2 plot were randomly arranged in three replicates. The total number of 1.0 m2

plots was 24 (4 ECM inoculations × 2 Al-treatments × 3 replicates).

2.4. Sampling and Analysis

After 12 weeks of Al-treatment, 25 of the 16-week-old seedlings in each plot were selectively
harvested, and the percentage of roots showing ECM fungus colonization were examined using
a dissecting microscope (XSZ-Hs7, Chongqing Photoelectric Instrument Co. LTD, China). Root
ECM colonization ranged from 95% to 100% in +ECM seedlings, but no obvious root colonization
was observed in –ECM seedlings. All seedlings were washed with deionized water, subdivided
into belowground and aboveground parts, oven-dried at 70 ◦C for 48 h, weighed, ground using a
commercially-available cereal mill grinder (BJ-150, Baijie Inc., China) at 25,000 r min−1 for 1 min,
and digested in a nitric acid/perchloric acid solution (HNO3/HClO4 = 5:1, v/v) for P, Ca, Mg, and Al
analyses [21]. The accumulation of P, Ca, Mg, or Al was calculated as the concentration of each ion ×
the amount of biomass.

The rhizosphere soil, collected after shaking the plant roots, was ground using a wooden rolling
pin and sieved through a 1-mm sieve after the removal of litter and debris, and then oven-dried at
110 ◦C. Following Bao’s method [21], soil pH (1:2.5 = soil:water) was measured with a pH meter (pH-3C,
Leici Co., China), soil available P, exchangeable Al, exchangeable Ca, and exchangeable Mg were
determined after extraction with 0.05 M HCl and 0.025 M H2SO4, 1M KCl, and 1M CH3COONH4 (pH
7.0), respectively. All extraction procedures were performed in three replicates, and the concentrations
of P, Al, Ca, and Mg were measured spectrometrically by the Mo-Sb (P), aluminon (Al), and atomic
absorption (Ca and Mg) methods [21].

The shoot/root ratio, an indicator to evaluate the capacity of a plant to allocate carbon (C) between
shoots and roots [22], was calculated as the ratio of aboveground to belowground biomass. The
translocation factor, an indicator to evaluate the capacity of a plant to transport elements from the
belowground to aboveground parts, was calculated as the ratio of aboveground to belowground
element accumulation as described by Yuan et al. [23].
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2.5. Statistical Analysis

Using the SPSS software version 21.0 (SPSS Inc., Chicago, IL, USA), the normal distribution and
homogeneity variances of data (means ± SD, n = 3) were tested using the Shapiro–Wilk test and
Levene’s test, respectively. The data were then analyzed using a two-way ANOVA to test the treatment
(ECM inoculation, Al treatment, and ECM inoculation × Al treatment) effects on the plant biomass
production, accumulation and translocation to aboveground portions of P, Ca, Mg, and Al. Significant
differences among treatments were compared with Fisher’s LSD test at p < 0.05. The relationships
between the biomass production and accumulations of P, Ca, Mg, and Al were assessed by linear
regression analyses. Graphs were produced using GraphPad Prism version 5.01 (GraphPad Software,
Inc., San Diego, CA, USA).

3. Results

3.1. Biomass of P. massoniana Seedlings

The biomass production in 16-week-old P. massoniana seedlings was similar between the two Al
treatments, and was significantly higher in +ECM seedlings than in –ECM counterparts (p < 0.05, Table 1
and Figure 1). In addition, there was a significant interaction for the biomass production between the
Al treatments and ECM inoculations (p < 0.05). In the −Al treatment, the biomass production increased
more (~74%) in both the L. bicolor 270 and L. bicolor S238N inoculations than in the L. bicolor S238A
inoculation (49%). On the contrary, the increase of plant biomass in the +Al treatment was higher
(69%) under the L. bicolor S238A inoculation than under both the L. bicolor 270 and L. bicolor S238N
inoculations (26% and 37%, respectively). In addition, the biomass production in the +Al treatment
was significantly higher than in the −Al treatment for the L. bicolor S238A-inoculated seedlings, but
was lower for both the L. bicolor 270 and L. bicolor S238N-inoculated seedlings.Forests 2019, 10, x FOR PEER REVIEW 5 of 14 
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Figure 1. Biomass production in 16-week-old Pinus massoniana Lamb. seedlings grown in an acidic
yellow soil in response to Al treatment. “−Al” and “+Al” indicated that seedlings were watered once
weekly with Hoagland solution (pH 3.8) containing 0.0 mM Al3+ or 1.0 mM Al3+, respectively. Data
(means ± SD, n = 3) followed by different uppercase or lowercase letters indicate significant differences
between Al treatments or between ectomycorrhizal treatments compared with Fisher’s LSD test at
p < 0.05 level.
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Table 1. Two-way ANOVA results for plant biomass production, accumulation and translocation factor
of P, Ca, Mg, and Al in 16-week-old Pinus massoniana Lamb. seedlings grown in an acidic yellow soil,
subjected to ectomycorrhizal inoculation and Al treatment.

Variable Source Sum of Squares df Mean Square F p

Biomass production
ECM inoculation 95480.89 3 31826.96 129.49 *** 0.000

Al treatment 194.37 1 194.37 0.791 ns 0.387
ECM inoculation ×

Al treatment 30019.84 3 10006.62 40.71 *** 0.000

P accumulation

ECM inoculation 0.12 3 0.04 130.80 *** 0.000
Al treatment 0.05 1 0.05 149.42 *** 0.000

ECM inoculation ×
Al treatment 0.04 3 0.01 42.78 *** 0.000

Ca accumulation

ECM inoculation 2.15 3 0.72 70.69 *** 0.000
Al treatment 0.00 1 0.00 0.11 ns 0.750

ECM inoculation ×
Al treatment 0.49 3 0.16 16.00 *** 0.000

Mg accumulation
ECM inoculation 0.20 3 0.07 209.85 *** 0.000

Al treatment 0.01 1 0.01 26.37 *** 0.000
ECM inoculation ×

Al treatment 0.07 3 0.02 76.22 *** 0.000

Shoot/root ratio

ECM inoculation 6.85 3 2.28 5.36 ** 0.010
Al treatment 2.43 1 2.43 5.71 * 0.030

ECM inoculation ×
Al treatment 22.29 3 7.43 17.45 *** 0.000

P translocation
factor

ECM inoculation 92.22 3 30.74 107.04 *** 0.000
Al treatment 7.98 1 7.98 27.77 *** 0.000

ECM inoculation ×
Al treatment 27.32 3 9.11 37.71 *** 0.000

Ca translocation
factor

ECM inoculation 21.57 3 7.19 7.50 ** 0.007
Al treatment 35.68 1 35.68 28.30 *** 0.000

ECM inoculation ×
Al treatment 34.60 3 11.53 9.15 *** 0.001

Mg translocation
factor

ECM inoculation 278.60 3 92.87 16.49 *** 0.000
Al treatment 356.25 1 356.25 63.25 *** 0.000

ECM inoculation ×
Al treatment 350.64 3 116.88 20.75 *** 0.000

Al translocation
factor

ECM inoculation 0.46 3 0.15 10.98 *** 0.000
Al treatment 1.19 1 1.19 84.42 *** 0.000

ECM inoculation ×
Al treatment 1.30 3 0.43 30.76 *** 0.000

***, **, *, and ns indicate significant differences at p < 0.001, p < 0.01, p < 0.05, and no significance.
ECM, ectomycorrhizal.

3.2. Accumulation of P, Ca, Mg, and Al in P. massoniana Seedlings

The +Al treatment significantly increased the accumulation of P, Mg, and Al in 16-week-old P.
massoniana seedlings by 27%, 8%, and 11%, respectively, compared to the −Al treatment (p < 0.05,
Table 1 and Figure 2), but had no significant effects on the Ca accumulation (p > 0.05). The accumulations
of P, Ca, Mg, and Al were significantly higher in the ECM seedlings than in the –ECM counterparts
(p < 0.05). Meanwhile, a significant interaction was observed between the Al treatments and ECM
inoculations on the accumulations of P, Ca, Mg, and Al (p < 0.05).
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Figure 2. Accumulation of P (a), Ca (b), Mg (c), and Al (d) in 16-week-old Pinus massoniana Lamb.
seedlings grown in an acidic yellow soil in the absence (−Al) or the presence (+Al) of 1.0 mM Al3+.
Data (means ± SD, n = 3) followed by different uppercase or lowercase letters indicate significant
differences between Al treatments or between ectomycorrhizal treatments compared with Fisher’s LSD
test at p < 0.05 level.

In the −Al treatment, both the L. bicolor 270 and L. bicolor S238N inoculations had significantly
higher increase (107% and 129%, respectively) on the P accumulation than the L. bicolor S238A
inoculation (59%), compared to the –ECM inoculation (p < 0.05, Figure 2a). On the contrary, in the
+Al treatment the L. bicolor S238A inoculation had higher increase (67%) than both the L. bicolor
270 and L. bicolor S238N inoculations (44% and 37%, respectively). The P accumulation in the +Al
treatment was significantly higher than in the −Al treatment for the same ECM inoculated seedlings;
the L. bicolor S238N-inoculated seedlings were the exception, in which no significant difference was
observed between the two Al treatments.

In the −Al treatment, the Ca accumulation had no obvious differences among three of these ECM
seedlings, but was ~88% higher in the ECM than in the –ECM seedlings (p < 0.05, Figure 2b). On the
contrary, compared to the –ECM inoculation in the +Al treatment, the Ca accumulation increased

Compared to the –ECM inoculation, both the L. bicolor 270 and L. bicolor S238N inoculations
had significantly higher increases (~86%) in Mg accumulation compared to the L. bicolor S238A
inoculation (56%) in the −Al treatment, and significantly lower increase (27% and 43%, respectively)
than the L. bicolor S238A inoculation (80%) in the +Al treatment (p < 0.05, Figure 2c). The Mg
accumulation in the +Al treatment was significantly higher than in the −Al treatment for the L. bicolor
S238A-inoculated seedlings, but was lower for the L. bicolor 270-inoculated seedlings. There were no
significant differences in the L. bicolor S238N-inoculated seedlings between the two Al treatments.

The effect of ECM inoculations on the Al accumulation varied in response to the Al treatment.
In the −Al treatment, the Al accumulation in the ECM seedlings was significantly higher than in
the –ECM seedlings, following a higher increase (~144%) in both the L. bicolor 270 and L. bicolor
S238N-inoculated seedlings than in the L. bicolor S238A-inoculated seedlings (101%). Conversely, the
Al accumulation in the +Al treatment was not affected under both the L. bicolor 270 and L. bicolor
S238A inoculations, whilst was significantly decreased by 22% under the L. bicolor S238N inoculation,
compared to the –ECM inoculation (p < 0.05, Figure 2d). The Al accumulation in the +Al treatment was
significantly higher than in the −Al treatment for the L. bicolor S238A-inoculated seedlings, but was
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significantly lower for the L. bicolor S238N-inoculated seedlings. There were no significant differences
in Al accumulation in the L. bicolor 270-inoculated seedlings between the two Al treatments.

3.3. Shoot/Root Biomass Ratio in P. massoniana Seedlings

The shoot/root ratios in 16-week-old P. massoniana seedlings significantly increased in both the
Al treatments and the ECM inoculations (p < 0.05, Table 1 and Figure 3). In addition, there was a
significant interaction between the Al treatments and ECM inoculations (p < 0.05). No significant
differences were observed between the +ECM and the –ECM seedlings in the −Al treatment, although
the shoot/root ratio was significantly higher in the L. bicolor 270-inoculated than in the L. bicolor
S238A-inoculated seedlings. Conversely, the ECM inoculation had an evident improvement on the
shoot/root ratio in the +Al treatment, with a higher increase (69%) in L. bicolor S238A-inoculated
seedlings than in both the L. bicolor 270 and L. bicolor S238N-inoculated seedlings (24% and 39%,
respectively). The shoot/root ratio was significantly higher in the +Al treatment than in the −Al
treatment for the L. bicolor S238A-inoculated seedlings, while was similar for both the L. bicolor S238N
and L. bicolor 270-inoculated seedlings.Forests 2019, 10, x FOR PEER REVIEW 7 of 14 
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3.4. Translocation of P, Ca, Mg, and Al in P. massoniana Seedlings

Translocation factors of P, Ca, Mg, and Al in 16-week-old P. massoniana seedlings were significantly
higher in the +Al treatment than in the −Al treatment (p < 0.05, Table 1 and Figure 4). In general, the
ECM inoculations significantly increased the translocation factors of P, Ca, and Mg, but decreased
the Al translocation factor, compared to the –ECM inoculation (p < 0.05), with an exception of Ca
translocation factor under L. bicolor S238A, Mg translocation factor under L. bicolor S238N, and
Al translocation factor under both the L. bicolor S238A and L. bicolor 270. In addition, significant
interactions existed between the Al treatments and ECM inoculations (p < 0.05).
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Figure 4. Translocation factors for P (a), Ca (b), Mg (c), and Al (d) in 16-week-old Pinus massoniana Lamb.
seedlings grown in an acidic yellow soil with (+Al) or without (−Al) added Al. Data (means ± SD,
n = 3) followed by different uppercase or lowercase letters indicate significant differences between Al
treatments or between ectomycorrhizal treatments compared with Fisher’s LSD test at p < 0.05 level.

The P translocation factors were not obviously different among the three ECM seedlings in the
−Al treatment, but were significantly ~92% higher in the ECM compared to the –ECM seedlings
(p < 0.05, Figure 4a). Conversely, the P translocation factors were significantly higher in the L. bicolor
S238A-inoculated seedlings than in the both L. bicolor 270 and L. bicolor S238N-inoculated seedlings
in the +Al treatment, with the increase of 248%, 137%, and 89%, respectively, compared to the –ECM
seedlings. The P translocation factors were significantly higher in the +Al treatment than in the −Al
treatment for both the L. bicolor S238A and L. bicolor S238N-inoculated seedlings, but was similar for
the L. bicolor 270-inoculated seedlings.

No significant differences in the Ca translocation factor were observed among the three ECM
seedlings and between the ECM and the –ECM seedlings in the −Al treatment. But in the +Al
treatment, the ECM inoculation significantly increased the Ca translocation factor compared to the
–ECM seedlings and the L. bicolor 270-inoculated seedlings has a significantly higher Ca translocation
factor than the L. bicolor S238A-inoculated seedlings (p < 0.05, Figure 4b). The Ca translocation
factor was significantly higher in the +Al treatment than in the −Al treatment for the three classes of
ECM-inoculated seedlings.

There were no significant differences in the Mg translocation factor among the three ECM seedlings
and between the +ECM and –ECM seedlings in the−Al treatment. However, the Mg translocation factor
significantly increased in both L. bicolor S238A and L. bicolor 270 inoculations and ranked in the order
L. bicolor S238A > L. bicolor 270 in the +Al treatment (p < 0.05, Figure 4c). The Mg translocation factor
was significantly higher in the +Al treatment than in the −Al control for both the L. bicolor 270 and
L. bicolor S238A-inoculated seedlings, but was similar for the L. bicolor S238N-inoculated seedlings.

The +ECM seedlings had significantly lower Al translocation factors than the –ECM seedlings in
the −Al treatment, with significantly higher Al translocation factor in the L. bicolor S238A- than in the
L. bicolor S238N-inoculated seedlings (p < 0.05, Figure 4d). On the contrary, compared to the –ECM
seedlings, the Al translocation factors significantly increased in both the L. bicolor 270 and L. bicolor
S238A inoculations in the +Al treatment and ranked in the order L. bicolor 270 > L. bicolor S238A. The
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L. bicolor S238N inoculation had no obvious effects on the Al translocation factor in the +Al treatment.
The Al translocation factors were significantly higher in the +Al treatment than in the −Al treatment
for the pine seedlings inoculated with all three strains of L. bicolor (highest under L. bicolor 270).

3.5. Contributions of P, Ca, Mg, and Al to the Growth in P. massoniana Seedlings

Plant biomass production was significantly positively correlated with the accumulations of P, Ca,
Mg, and Al in 16-week-old P. massoniana seedlings in the −Al treatment (R2 = 0.99, p < 0.05, Table 2)
and also in the +Al treatment (R2 = 0.99, p < 0.05). With an order Mg (β = 0.61) > P (β = 0.24) > Ca
(β = 0.17), the accumulations of P, Ca, and Mg were significant for plant biomass production in the +Al
treatment (p < 0.05). In contrast, neither of the accumulations of P, Ca nor Mg were significant for the
biomass production in the −Al treatment (p > 0.05).

Table 2. Relationships between biomass production and accumulations of P, Ca, Mg, and Al in
16-week-old Pinus massoniana Lamb. seedlings grown in an acidic yellow soil with (+Al) or without
(−Al) Al treatment (n = 12).

Al Treatment Model B β t (7) p R2 F p

−Al (Constant) 65.03 3.40 * 0.011 0.99 176.51 *** 0.000
P accumulation 228.28 0.27 2.07 ns 0.078

Ca accumulation 37.89 0.17 1.34 ns 0.223
Mg accumulation 271.84 0.38 1.77 ns 0.120
Al accumulation 158.87 0.19 0.99 ns 0.356

+Al (Constant) −5.60 −0.39 ns 0.709 0.99 714.86 *** 0.000
P accumulation 234.74 0.24 4.46 ** 0.003

Ca accumulation 35.31 0.17 3.58 ** 0.009
Mg accumulation 399.33 0.61 7.54 *** 0.000
Al accumulation 89.52 0.05 2.32 ns 0.054

***, **, *, and ns indicate significant differences at p < 0.001, p < 0.01, p < 0.05, and no significance. B, unstandardized
coefficients. β, standardized coefficients.

4. Discussion

4.1. Aluminum Resistance and Biomass Production in ECM P. massoniana Seedlings

In this study, all three ECM isolates showed a remarkable ability to improve the growth and Al
tolerance of 16-week-old P. massoniana seedlings grown in an acidic yellow soil in the field, even under
+Al treatment (Figure 1), which verified that ECM inoculation could improve Al resistance in its host.
Similar results were observed for other ECM fungi, including Pisolithus tinctorius and Paxillus involutus,
which could improve the Al tolerance of their host plants Eucalyptus [8], Pinus densiflora [9], Populus
deltoides [11], and Picea abies [10]. Moreover, Al tolerance conferred by ECM inoculation differed among
the ECM isolates, and L. bicolor S238A demonstrated the best Al resistance in P. massoniana seedlings
(Figure 1). Seedlings inoculated with L. bicolor S238A were Al resistant, while both L. bicolor 270-
and L. bicolor S238N-inoculated seedlings were Al sensitive, although Gu and Huang [20] reported
that three of these L. bicolor isolates (270, S238A and S238N) in vitro were sensitive to 1.0 mM Al
treatment, and that L. bicolor S238A was the most susceptible isolate. Thompson and Medve [24] found
that the responses of three Pisolithus tinctorius isolates to Al in vitro were not consistent with field
observations, while Egerton-Warburton [8] observed an agreement between the in vitro Al tolerance of
three Pisolithus ecotypes and their performance in symbiosis with Eucalyptus in an acidic mine soil.
These results suggested that Al resistance in ECM plants was affected by numerous factors, including
ECM fungus species or isolates, host plant species, and growth conditions. Bucking et al. [25] suggested
that ectomycorrhizae could alter the function of both the host and fungus, while Costa et al. [26]
found that the growth of Eucalyptus urophylla benefited from an association with Pisolithus sp. Our
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results indicated that the symbiosis benefited the growth and function of both L. bicolor S238A and
P. massoniana seedlings, but the underlying mechanisms need further study.

All three of these L. bicolor isolates significantly improved the shoot/root ratios of P. massoniana
seedlings in the +Al treatment, but generally not in the −Al treatment (Figure 3), which indicated
that ECM inoculations facilitated aboveground biomass production. In general, the Al-tolerant ECM
seedlings (L. bicolor S238A-inoculated) had a significantly higher aboveground biomass production
than did the Al-sensitive ECM seedlings (L. bicolor 270- and L. bicolor S238N-inoculated) in the +Al
treatment (Figure 3). Schier and McQuattie [27] found that shoot growth, but not root growth, was
significantly improved in Pisolithus tinctorius-inoculated Pinus strobus seedlings grown in sand across
0–100mg L−1Al concentrations (pH 3.8), while Huang and Lapeyrie [28] observed that L. bicolor S238N
had no evident effects on the shoot/root ratio of Pseudotsuga menziesii seedlings in the −Al treatment.
Results from the present study agreed with these results of the previous studies. According to Shinde
et al. [22], the shoot/root ratio could be used to evaluate the capacity of a plant to allocate carbon
between roots and shoot. In their experiment, Populus tremuloides seedlings inoculated with L. bicolor
S238N allocated less C to the shoots, while more C was allocated to the roots grown under P limitation.
The results of the present study did not agree with their results since ECM inoculation allocated more
C to the shoots in the +Al treatment (Figure 3). Choi et al. [29] and Makita et al. [30] have suggested
that C allocated to the belowground parts under P limitation is for hyphal growth, fungal respiration,
and other fungal metabolic demands, which could greatly increase the nutrient capturing capability of
the plant [31]. Although ~20% of the carbon assimilated by the plant was consumed by the fungal
symbiont [32], ECM fungi associations might prevent the formation of root hairs and thus inhibit root
growth [33–35]. This might result in relatively lower C in the belowground parts, and thus more C was
allocated aboveground [36].

4.2. Accumulation and Translocation of P, Ca, and Mg in ECM P. massoniana Seedlings

Our experiments showed that L. bicolor-inoculated P. massoniana seedlings accumulated more P, Ca,
and Mg when grown in in an acidic yellow soil whether or not they were treated with Al (Figure 2a–c),
and the accumulations of Mg, P, and Ca contributed positively to plant biomass production (Table 2).
Furthermore, the Al-tolerant ECM seedlings took up more P, Ca, and Mg from the soil than the
Al-sensitive ECM seedlings did in the +Al treatment (Figure 2a–c). Various ECM fungi, such as
Pisolithus ecotypes, Pisolithus tinctorius, Laccaria bicolor, and Paxillus involutus could improve plant P
concentrations [8,37,38]. Considering plant Ca and Mg uptake, the role of ECM fungi differed with
respect to fungal species or ecotypes, host plant species, and growth conditions. For example, an
Al-tolerant Pisolithus inoculum, Paxillus involutus, and Pisolithus tinctorius (strain Pt KACC) improved
Ca and Mg concentration in Eucalyptus growing in acidic mine spoil [8], Populus deltoides in Melin’s
liquid medium containing Al [11], and Populus growing in mine tailings [38]. However, Scholl et
al. [6] found that ECM colonization had no significant effects on concentrations of Ca and Mg in
Pinus sylvestris seedlings grown in a semi-hydroponic system with or without Al treatment, and there
was even less Ca in ECM Pinus sylvestris seedlings cultured in perlite [39]. Both Smits et al. [40] and
Remiszewski et al. [15] suggested that ECM fungi increased rock weathering and mineral decomposition
and thus released more elemental nutrients (Ca, Mg, and P) into the soil. Gu et al. [41] found that
L. bicolor-inoculated P. massoniana seedlings mobilized more inorganic P (Fe-P, Ca-P, and Al-P) than
did the –ECM seedlings grown in an acidic yellow soil. In our study, the increased accumulation of P,
Ca, and Mg in ECM seedlings (Figure 2a–c) demonstrated that ECM fungi could facilitate nutrient
release from the soil. The decreased rhizosphere soil pH (Table S1) in the +Al treatment indicated that
L. bicolor inoculation might stimulate proton secretion from ECM-inoculated seedlings, thus facilitating
the release of nutrients such as P, Ca, and Mg. In addition, the decreased available P, exchangeable
Ca, and exchangeable Mg (Table S1) in rhizosphere soils in the +Al treatment suggested that ECM
inoculation facilitated the uptake of available nutrients by plants. However, additional work is needed
to understand how ECM inoculation mediates the movement of nutrients from the soil to the plant.
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Results from our study showed that ECM inoculation facilitated P translocation, reduced Al
translocation, and had no significant effects on Ca and Mg translocation from the roots to the shoot in
the −Al treatment (Figure 4a–c). Moreover, there were higher translocation factors for P, Ca, and Mg in
the ECM seedlings under +Al than under −Al treatment (Figure 4a–c). Laccaria bicolor S238A showed
the most promising contribution to translocation of P and Mg in P. massoniana seedlings in the +Al
treatment. Numerous studies had shown that ECM fungi caused plants to take up more nutrients
and Al [20,42,43]. Increased P and Al uptake also occurred in Pisolithus tinctorius-colonized seedlings
of Pinus strobus [27] and Hebeloma crustuliniforme-colonized Picea abies seedlings [44]. In this study,
L. bicolor inoculation improved the accumulation of P, Ca, Mg, and Al in P. massoniana seedlings in the
−Al treatment (Figure 2a–d). Aluminum may combine with PO4

3−, HPO4
2−, H2PO4

- to form insoluble
AlPO4 not only in the soil solution but also in the root apoplast [2,4]. Also, Al3+ could replace Ca2+

and Mg2+ in the root cortex and compete for their binding sites on the membrane [5]. Thus, Al might
prevent P, Ca, and Mg from being transported upward to the aboveground parts of the plant [37].
However, our findings suggested that the transport route for P, Ca, and Mg might differ from that of Al
in the ECM seedlings, or that the ECM seedlings had more specific P transporters [18,37], and that ECM
inoculation ameliorated the negative effects of Al toxicity on nutrient transportation in P. massoniana
seedlings and improved the transport of P, Ca, and Mg in seedlings even in the +Al treatment.

4.3. Accumulation and Translocation of Al in ECM P. massoniana Seedlings

Ectomycorrhizae could ameliorate metal toxicity, partly because these fungi could prevent plants
from absorbing metals from the soil [8,11,45,46]. Results from our study provided partial support for
this statement (Figure 2d). Only L. bicolor S238N decreased Al uptake, whilst both L. bicolor 270 and
L. bicolor S238A had no significant effects on plant Al accumulation in the +Al treatment. In contrast,
all three isolates improved Al accumulation in the −Al treatment (Figure 2d). These results suggested
that inoculation with L. bicolor S238N could reduce Al uptake and thus improved Al tolerance in
the host in the +Al treatment. Tang et al. [47] found that inoculation with Cenococcum geophilum,
Pisolithus tinctorius, Laccaria laccata, or Hebeloma vinosophyllus accelerated the absorption of metals
(Cu and Cd) by Pinus thunbergii. Schier et al. [27], Tang et al. [47] and Aguirre et al. [48] considered
that ectomycorrhizae could ameliorate metal toxicity, which mainly resulted from enhanced nutrient
uptake and growth promotion, rather than a decrease in metal ion uptake. Based on seedling growth
(Figure 1) and accumulation of P, Ca, and Mg in seedlings (Figure 2a–c), both L. bicolor S238A and
L. bicolor 270 might use a similar pathway to increase nutrient uptake but not decrease Al uptake, thus
improving Al tolerance in P. massoniana seedlings. In addition, we found that L. bicolor S238N could
decrease Al uptake in the +Al treatment and enhance nutrient uptake.

Previous studies suggested that ECM plants could prevent upward transport of metals, thus
ameliorating metal toxicity [49,50]. Our experimental data (Figure 4d) supported this in P. massoniana
seedlings grown in the −Al treatment. All three of these ECM isolates decreased the translocation
of Al from roots to the shoot in the −Al treatment (Figure 4d). Moyer-Henry et al. [51] observed
that large amounts of Al accumulated at the fungal mantle, in areas with the Hartig net, and inside
hyphae of Pisolithus tinctorius colonizing Pinus taeda seedlings. Vaario et al. [52] found that mushrooms
of Tricholoma matsutake, and ECM fungus, were enriched in Al. Pisolithus tinctorius increased Cu
accumulation in Pinus tabulaeformis and the majority of the Cu remained in the roots [53]. These
results indicated that ECM fungi might limit Al3+ movement toward the inner root tissues and then
inhibit Al3+ translocation to the shoot. Gu et al. [54] demonstrated that Al was mainly distributed
in the roots, while this study found a decreased Al in the shoots of ECM P. massoniana seedlings in
the −Al treatment (Figure 4d). Nevertheless, the Al translocation factor increased in seedlings that
were inoculated with both L. bicolor 270 and L. bicolor S238A in the +Al treatment (Figure 4d). Similar
results were found as a high root-to-shoot translocation rate for both Zn and Mn in metal-tolerant birch
growing in heavy-metal polluted soils [50]. According to Liu and Liu [55], P. massoniana is a moderately
Al-resistant plant and can be stimulated by <0.15 mM Al; L. bicolor inoculation may improve its capacity
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to adapt to higher concentrations of Al in the soil, or increase the threshold of active Al that the host is
able to tolerate [51]. Nevertheless, further field-based studies are needed to determine the mechanisms
that control Al transport in ECM seedlings under Al stress.

5. Conclusions

The three tested ECM isolates (L. bicolor 270, L. bicolor S238A and L. bicolor S238N), particularly
L. bicolor S238A, improved Al tolerance in 16-week-old P. massoniana seedlings in the field in response
to Al exposure. All three of these ECM isolates were Al-sensitive in vitro, but L. bicolor S238A became
Al resistant when associated with P. massoniana seedlings. The ECM inoculation improved seedling
growth and the accumulation of P, Ca, and Mg. Furthermore, the ECM fungi facilitated the translocation
of P, Ca, and Mg to the aboveground parts of the seedlings in the +Al treatment, particularly when
the seedlings had been inoculated with L. bicolor S238A. In addition, only L. bicolor S238N reduced
Al accumulation, while both L. bicolor 270 and L. bicolor S238A increased Al translocation. Therefore,
the ECM inoculation improved Al tolerance of P. massoniana seedlings in the field in response to Al
exposure mainly by increasing nutrient uptake, and particularly by facilitating nutrient translocation
to the aboveground parts of the plant rather than by decreasing the uptake and/or translocation of Al.
Further research should focus on the transport processes and transporters of nutrients and Al from the
soil to the plant or in ECM seedlings exposed to Al in the field.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/12/1153/s1,
Table S1: Rhizosphere soil pH, available P, exchangeable Ca, exchangeable Mg, and exchangeable Al of 16-week-old
Pinus massoniana seedlings grown in acidic yellow soil with (+Al) or without (−Al) Al treatment.
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