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Is a mixture of arbuscular mycorrhizal fungi better for plant growth
than single-species inoculants?
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Abstract
Inoculation of arbuscular mycorrhizal fungi (AMF) as plant growth promoters has mostly been conducted using single-species
inoculum. In this study, we investigatedwhether co-inoculation of different native AMF species induced an improvement of plant
growth in an ultramafic soil. We analyzed the effects of six species of AMF from a New Caledonian ultramafic soil on plant
growth and nutrition, using mono-inoculations and mixtures comprising different numbers of AMF species, in a greenhouse
experiment. The endemicMetrosideros laurifoliawas used as a host plant. Our results suggest that, when the plant faced multiple
abiotic stress factors (nutrient deficiencies and high concentrations of different heavy metals), co-inoculation of AMF belonging
to different families was more efficient than mono-inoculation in improving biomass, mineral nutrition, Ca/Mg ratio, and
tolerance to heavy metals of plants in ultramafic soil. This performance suggested functional complementarity between distantly
related AMF. Our findings will have important implications for restoration ecology and mycorrhizal biotechnology applied to
ultramafic soils.
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Introduction

Arbuscular mycorrhizal fungi (AMF) are obligate symbionts
having a huge potential to produce biostimulants for plants
(Berruti et al. 2016). AMF improve plant growth by different
mechanisms, including increased mineral nutrition (Hawkins

et al. 2000; Smith and Read 2008; Feddermann et al. 2010),
enhanced defense against pathogens and insects (Pozo and
Azcón-Aguilar 2007; St-Arnaud and Vujanovic 2007;
Shrivastava et al. 2015), and increased abiotic stress tolerance
(Ruiz-Lozano and Aroca 2010; Bárzana et al. 2012; Augé
et al. 2015; Ferrol et al. 2016). However, the effects of AMF
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on plant growth are highly variable within fungal taxa, as well
as plant taxa (Koch et al. 2017) and it is still unclear how
variation in plant responsiveness to mycorrhizal colonization
is regulated (van der Heijden et al. 2015). In natural environ-
ments, each single plant can host a large diversity of AMF
species in its root system (Vandenkoornhuyse et al. 2007;
Kiers et al. 2011). One of the main challenges in AMF re-
search is to understand how taxonomic diversity of AMF is
related to their efficiency to promote plant growth and ability
to withstand stresses. The answer to this question is essential
for effective inoculum production for large-scale use of AMF
in agronomic and environmental contexts.

A recent meta-analysis review suggests that the effect of
AMF taxa diversity on plant performance depends on taxo-
nomic resolution (Yang et al. 2016). Plant performance was
positively correlated with AMF family richness, but no signif-
icant correlation was found for fungal species richness.
However, as stressed by these authors, very few studies com-
pared the effects of monocultures and polycultures of AMF on
the same plant species (Maherali and Klironomos 2007; Kiers
et al. 2011; Thonar et al. 2014; Gosling et al. 2016). Maherali
and Klironomos (2007), working on Plantago lanceolata,
demonstrated that plant performance was increased by AMF
family richness but not by species richness within a single
family. To explain these findings, they hypothesized that com-
petition and functional conservatism within AMF families
limits the positive additive effects of the different closely re-
lated AMF species on plant performance. Otherwise, func-
tional differentiation among AMF families allows comple-
mentarity of their effects on the plant. This hypothesis was
supported by other studies showing that different families
have different functional capacities (Thonar et al. 2014;
Yang et al. 2016). Finally, Yang et al. (2016) concluded that
conservation of AMF communities is essential to maintain a
full complement of ecosystem functions and requires the
presence of diverse families and not simply diverse species
of the same family. This diversity may be of key importance
for ecosystem health and productivity under various
environmental perturbations to which AMF families may
respond differently. Indeed, a study by Gosling et al. (2016)
showed that co-inoculation of AMF species belonging to dif-
ferent families did not induce more beneficial effects on plant
performance when the host plant was exposed to a single
stress, because only some of these species are able to relieve
this stress. Those authors concluded that the failure to show a
benefit from high AMF diversity in their study and other stud-
ies may be the result of experimental conditions, with the
benefits of AMF diversity only becoming apparent when the
host plant faced multiple stress factors. All these studies taken
together suggest that in environments facing different stress
factors, inoculation with several species from different fami-
lies of AMF may be essential, but the different AMF species
may need to be compatible with each other and therefore

native from the same ecosystem (Berruti et al. 2016; Gosling
et al. 2016; Koch et al. 2017).

In New Caledonia, serpentine ecosystems which have de-
veloped over ultramafic rocks (peridotites, serpentinites) cov-
er one third of the surface area of the main island called
Grande Terre. The uniqueness of these ecosystems, where
plant endemism reaches 82%, is not only due to their geo-
graphic isolation but also to the adaptation to strong edaphic
constraints (Jaffré and L’Huillier 2010a) with multiple stress
factors. The ultramafic soils present three main constraints to
plant growth (Brooks 1987; Kazakou et al. 2008). The first
major constraint is the limitation of nutrients in these soils, due
to a low level of organic matter, but also to parent material
often deficient in K and P inducing a very low growth rate of
plants. A second constraint is the very low (< 1) Ca/Mg ratio,
which can lead to Ca deficiency in plants. The last important
constraint concerns high concentrations of the heavy metals
Ni, Co, Cr, and Mn which can be phytotoxic (Brooks 1987;
Jaffré and L’Huillier 2010b). To avoid metal toxicity in metal
rich substrates, plants generally reduce their translocation to
aerial parts (Baker 1987; Kazakou et al. 2008). This fact can
be expressed in the Btranslocation factor^ (Singh et al. 2010;
Wang et al. 2014), which is the ratio of the aerial concentration
to the root concentration of the metal. Finally, these multiple
stress conditions may be a good model system to study syn-
ergistic effects of AMF diversity.

The stripping of large areas, for the purpose of nickel min-
ing, endangers New Caledonian ultramafic ecosystems.
Ecological restoration of degraded mine sites is therefore a
major concern in New Caledonia. Improvement of currently
used techniques for revegetation (Luçon et al. 1997) requires a
good understanding of the role of mycorrhizal associations
involved in ultramafic soils (Graham 2009; Amir et al.
2013). Previous studies on New Caledonian ultramafic ma-
quis (shrublands) have highlighted that nearly all plant species
are arbuscular mycorrhizal (Amir et al. 1997; Perrier et al.
2006; Amir and Ducousso 2010) , including Ni-
hyperaccumulating plants (Amir et al. 2008) and species of
Cyperaceae, a family generally considered as non-
mycorrhizal (Perrier et al. 2006; Lagrange et al. 2011;
Lagrange et al. 2013). Arbuscular mycorrhizal fungi isolates
from ultramafic soils have been found to be highly tolerant to
Ni and clearly more tolerant to this metal than non-native
isolates (Amir et al. 2008). In these conditions, native AMF
can have great importance for plant nutrition and adaptation to
ultramafic constraints (Orłowska et al. 2011; Amir et al. 2013;
Doubková et al. 2013). Therefore, native AMF are potentially
a good target to be used as plant growth promoters for eco-
logical restoration of mine-degraded areas (Orłowska et al.
2005; Berruti et al. 2016).

Recently, six AMF isolates from New Caledonian ultra-
mafic soil, including five new species, were described:
Acaulospora saccata, A. fragilissima, Pervetustus simplex,
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Rhizophagus neocaledonicus, Scutellospora ovalis
(Błaszkowski et al. 2017; Crossay et al. 2018), and
Claroideoglomus etunicatum isolate nc (Crossay et al. 2017;
Crossay 2018). In the present study, we tested the effect of
different combined inoculations of six isolates of these native
AMF species, belonging to five different families, on growth
and adaptation of Metrosideros laurifolia, an endemic small
tree (Myrtaceae) used in restoration programs. We aimed to
investigate the following questions: (i) are combinations of
different taxa more efficient than individual ones in improving
plant adaptation to the three physico-chemical stress factors
(low major nutrients, low Ca/Mg ratio, and high levels of
heavy metals)? (ii) in the presence of AMF combinations,
what synergistic effects or what complementation of capaci-
ties can explain the observed improvement of plant growth
and adaptation to ultramafic soil?

Materials and methods

We tested the variations of plant growth and adaptation to
ultramafic soils induced by different combinations of AMF
taxa in a glasshouse using six AMF species and one host plant
species. The experiment was conducted between January and
September 2017.

AMF isolates

The six tested isolates belonging to six different species
are affiliated to three orders (Diversisporales, Glomerales,
and Paraglomerales), five families (Acaulosporaceae,
Gigasporaceae, Glomeraceae, Claroideoglomeraceae, and
Pervertustaceae), and five genera. Two species belong to
the genus Acaulospora (A. saccata, A. fragilissima); the
other species belong to the genera Scutellospora
(S . ova l i s ) , Rhizophagus (R. neoca ledon icus ) ,
Claroideoglomus (C. etunicatum nc), and Pervetustus
(Pervetustus simplex nc). The origin and taxonomic de-
scription and affiliation of each isolate have been de-
scribed in detail (Błaszkowski et al. 2017; Crossay et al.
2017; Crossay et al. 2018; Crossay 2018); all these AMF
were isolated from rhizospheric soil in tropical ultramafic
maquis in New Caledonia (Plum area: 22° 16′ S, 166° 38′
E). Inoculum of each isolate was obtained from LIVE
(Laboratoire Insulaire du Vivant et de l’Environnement)
and was grown using the Bcone-tainer technique^ (Koske
and Gemma 1997; https://invam.wvu.edu/methods/
cultures/single-species-cultures) as described by Crossay
et al. (2018). Inocula consisted of ultramafic soil of
single-species cultures with Sorghum vulgare containing
spores and root fragments. The substrate of each pure
culture was verified for the presence of viable AMF
spores of the correct morphotype.

Host plant

The host plant species was a woody Myrtaceae endemic to
New Caledonia and frequently used in ecological restoration
programs:Metrosideros laurifolia. The seeds ofMetrosideros
laurifolia collected from a few adjacent trees in an ultramafic
area were provided by SIRAS Pacifique, Noumea. They were
surface-disinfected in a 1.25% solution of sodium hypochlo-
rite (12° chlorometric) for 15 min and then rinsed with dis-
tilled water in sterilized Petri dishes. The seeds were subse-
quently sown in sterilized vermiculite (autoclaved for 60 min;
at 120 °C) before transfer to experimental pots.

Substrate

The soil used in greenhouse experiments is a colluvial lateritic
soil (ferralsol) with the following characteristics: coarse sand,
39.4%; fine sand, 22.1%; silt-clay, 37.2%; pH H20, 5.9; pH
KCl, 5.6; total C, 42.1 g kg−1; total N, 2.2 g kg−1; total P,
147 mg kg−1; available P (Mehlich), 3 mg kg−1; total Ca,
1.06 g kg−1; total Mg, 5.08 g kg−1; Ca/Mg, 0.207; total Ni,
4.78 g kg−1; DTPA extractable Ni, 91.4 mg kg−1; DTPA ex-
tractable Co, 71.0 mg kg−1; DTPA extractable Cr,
0.5 mg kg−1; DTPA extractable Mn, 864.8 mg kg−1. This soil
was sampled in New Caledonian ultramafic maquis in Plum
area (22° 16′ S, 166° 38′ E). As plant growth in this pure
ultramafic soil was very slow, a mixture of 80% ultramafic
soil and 20% commercial compost (v/v) was used. The com-
position of the commercial compost was as follows: N,
1.7 mg g−1; Ptotal, 150 mg kg−1; POlsen, 7 mg kg−1; K,
139 mg kg−1 (Terreau universel, Agrofino, France). This sub-
strate was autoclaved three times at 120 °C for 1 h, with an
interval of 24 h, to eliminate microorganisms.

Inoculation procedures and growth conditions

Plants were inoculated separately during their transfer to the
pots. Inoculum of each AMF isolate consisted of 20 g of
mixture of rhizosphere soil containing homogenized spores,
mycelium, and colonized small root fragments (six treatments,
one for each AMF isolate). Six different fungal mixtures were
also prepared by combining equal weights of 2, 3, 4, 5, or 6
pure AMF inocula, so that each mixture inoculum consisted
finally of 20 g of soil. All treatments are presented in Table 1.
Fungal species mixes formulations were chosen according to
the following considerations: (i) the technical difficulty that
would have been involved in testing all possible mixes; (ii) a
previous experiment on Sorgho in ultramafic soil that showed
the best plant growth promotion using Rhizophagus
neocaledonicus, thus we chose to use R. neocaledonicus in
all mixes to find the best mixes for plant growth promotion;
(iii) we know that Claroideoglomus etunicatum and
Scutellospora ovalis are present in many ultramafic sites in
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New Caledonia; we chose to use them in combination with
R. neocaledonicus for mixes with two species; (iv) we know
that Acaulospora species are less tolerant to ultramafic soil
than Glomeraceae; we chose to use them only in three mixes.
Ten replicate pots for each AMF isolate and for each combi-
nation and ten non-mycorrhizal controls were set up, for a
total of 130 pots.

The pots were filled using 0.85 kg of the autoclaved sub-
strate. The mycorrhizal inocula (20 g) were spread as a layer
on the surface of the soil in the pots and covered with a thin
layer of the substrate. Each pot also received 2 ml of a micro-
bial filtrate, which was obtained from a mixture of 20 g of all
different AMF inocula used in the experiment, suspended in
2 l of sterile water and passed through a 20-μm mesh
(Mardhiah et al. 2016). Two-month-old AMF-free plantlets
of M. laurifolia were removed from the vermiculite and
planted singly in every experimental pot. The cultures were
kept in a greenhouse (temperature, 21–24 °C; relative humid-
ity, 70%) for 8 months and irrigated manually with water
every 2 days.

Harvesting procedures

For each plant, the height of the main stem was periodically
measured, from the soil level to the tip of the stem. After
8 months, the plants were harvested. The period of 8 months
was necessary to obtain sufficient mycorrhizal colonization,
but waiting longer would have constrained root growth in
faster-growing treatments. Roots were removed from the soil
by washing, and shoots and roots separated. Approximately
300 mg per plant of fresh roots was retained for quantification
of colonization and approximately 50 mg of fresh roots of
each plant were pooled per treatment, frozen in liquid

nitrogen, and stored at − 80 °C for molecular analyses. The
rest of plant tissues were weighed, dried at 60 °C for 74 h and
re-weighed.

Quantification of AMF root colonization

A subsample of fresh roots was stained using trypan blue
according to the method of Phillips and Hayman (1970) mod-
ified by BŁaszkowski et al. (2006): tissue acidification was
performed using 20% hydrochloric acid instead of 1%, and
trypan blue concentration was 0.1% instead of 0.05%. AMF
colonization of 30 root fragments (approximately 1-cm length
for each fragment) per pot was quantified using the method of
estimation of mycorrhizal colonization according to Trouvelot
et al. (1986), under a compound microscope (Olympus BX
50, × 200 magnification). The 10 pots of each treatment were
analyzed. The intensity of arbuscular mycorrhizal coloniza-
tion, i.e., mycorrhizal density (M %), was determined using

the formula: M (%) =
95n5 + 70n4 + 30n3 +5n2 +n1

total number of root fragments

where n5 is the number of root fragments with more than 90%
colonization, n4 between 90 and 50% colonization, n3 be-
tween 50 and 10% colonization, n2 between 10 and 1% col-
onization, n1 less than 1% colonization. We present only my-
corrhizal intensity because all values of mycorrhizal frequen-
cy reached 100% or were close to 100%.

AMF spore extraction and quantification

A subsample of substrate from each pot was air-dried to quan-
tify spore abundance of each species. Spores were extracted by
wet sieving and sucrose density gradient centrifugation, using a
modified method from Daniels and Skipper (1982). For each
pot culture, 10 g of dried substrate was wet sieved, and then the
harvested material was suspended in 20 mL of water in a
50-mL Falcon tube. A 25-mL sucrose solution (70% v/w) was
injected to the bottom of the tube, forming a stepped density
gradient that was centrifuged at 900g for 3 min. Spores of AMF
were collected from the interface with the sucrose solution,
washed with tap water on a 36-μm sieve for 2 min, and trans-
ferred to a 50-mL Falcon tube with 10 mL of water. Finally, the
Falcon tube was vortexed and 10 successive aliquots of 100 μL
were immediately transferred to Petri dishes for spore counting
and identification under a stereomicroscope. Spore numbers
were estimated per gram of soil for each pot.

Identification of AMF using molecular markers

The partial 18S-5.8S-partial 28 S region of nuclear rRNA or
the partial 28 S region of each species were obtained from
Genbank under accession numbers: KY362431, KY362432,
KY362433; KY362428, KY362429, KY362430; KY927386,

Table 1 Composition of each inoculum

Treatments Species

Aca frag Acaulospora fragilissima

Aca sac Acaulospora saccata

Cla etu Claroideoglomus etunicatum

Per sim Pervetustus simplex

Rhi neo Rhizophagus neocaledonicus

Scu ova Scutellospora ovalis

Mix 1 R. neocaledonicus, C. etunicatum

Mix 2 R. neocaledonicus, S. ovalis

Mix 3 P. simplex, R. neocaledonicus, S. ovalis

Mix 4 R. neocaledonicus, C. etunicatum, P. simplex,
A. fragilissima

Mix 5 R. neocaledonicus, C. etunicatum, P. simplex,
A. saccata, S. ovalis

Mix 6 R. neocaledonicus, C. etunicatum, P. simplex,
A. fragilissima, A. saccata, S. ovalis
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KY927387; KY934450, KY934451, KY934452; KY362436,
KY362437, KY362438; KY362434, KY362435 (Crossay
et al. 2017, 2018). Sequences were aligned using MAFFT 7
(http://mafft.cbrc.jp/alignement/server; Katoh and Standley
2013) to design primer pairs to specifically amplify each
species of AMF. This approach was used only to evaluate
the presence or absence of each fungus species in roots.

DNA extracts from spores of each species were used to
cross check that the specific primers only amplified the
targeted species. One to three spores of each species from
the single-species cultures on S. vulgare were crushed using
a pipette tip in a 1.5 Eppendorf tube containing 10 μl of ultra-
pure water, and 2 μl was used for polymerase chain reaction
(PCR). A DNA fragment of around 1545 bp, covering partial
SSU, the whole ITS and the variable D1 and D2 regions of the
LSU, was amplified using the AMF-specific primers devel-
oped by Krüger et al. (2009). In the first round of PCR, the
primers SSUmAf and LSUmAr were used. In the second,
nested round of PCR, the specific primers (Table S1) were
used with 1 μl of the first PCR round product as a template.
The PCR mix included 0.4 U of AmpliTaq® 360 DNA poly-
merase (Applied Biosystems), 1X AmpliTaq® 360 PCR buff-
er (Applied Biosystems), 0.2 mM of each dNTP, 0.4 μM of
each primer, and 1 μl of the template in a final volume of
25 μl. The cycling parameters for the first PCR were 3 min
at 98 °C followed by 35 cycles of 10 s at 98 °C, 30 s at 60 °C,
and 1 min at 72 °C. The program was concluded by a final
extension phase of 10 min at 72 °C. The cycling parameters
for the second PCRwere 3 min at 98 °C followed by 35 cycles
of 30 s at 95 °C, 20 s at 60 °C, and 40 s at 72 °C. The program
was concluded by a final extension phase of 7 min at 72 °C.
The amplified DNA fragments were visualized on a 1% (w/v)
agarose gel in TBE buffer to ensure that the specific primers
amplify only the target species.

DNA extraction of root samples (100 mg) was performed
using the FastDNA® Spin Kit for plant (MP Biomedicals,
Solon, OH) according to the manufacturer’s instructions.
The primers were used in a nested polymerase chain reaction
(PCR). The first PCR was performed as explained above
using primers SSUmAf and LSUmAr and the second PCR
was performed as explained above with species specific
primers (Table S1). The amplified DNA fragments were visu-
alized on a 1% (w/v) agarose gel in TBE buffer.

When a weak amplification or no amplification was obtain-
ed, we performed a third nested PCR (Jansa et al. 2003). In
this case, the primers SSUmAf and LSUmAr and SSUmCf
and LSUmBr were used for the first and the second PCR
respectively. For the second, nested round of PCR, the primers
SSUmCf and LSUmBr were used with 1 μl of the first PCR
round product as a template. The PCR mix included 0.4 U of
AmpliTaq® 360 DNA polymerase (Applied Biosystems), 1X
AmpliTaq® 360 PCR buffer (Applied Biosystems), 0.2 mM
of each dNTP, 0.4 μMof each primer, and 1 μl of the template

in a final volume of 25 μl. The cycling parameters for the
second PCR were the same as in the first PCR (see above)
except for annealing temperature (63 °C). The second PCR
product (1 μL) was used as template for the third reaction
using specific primers (Table S1). PCR conditions are similar
to those described above.

Mineral analyses of plants

Aliquots of dried plant tissues (shoot or root) were collected
for mineral analyses, which were performed by ICP-OES as
reported in Perrier et al. (2006) and by CHN, mass spectrom-
etry using an Integra2 spectrometer (Sercon Instruments,
www.sercongroup.com) linked to a Sercon elemental
analyzer. All elements analyses (Ca, Mg, K, P, Na, Co, Cr,
Fe, Mn, Ni, N, C) were performed by the Laboratoire des
Moyens Analytiques (LAMA), Centre IRD de Nouméa,
New Caledonia. Phosphorus, potassium, and nitrogen
content were calculated by the following formulae: P, K, or
N content = P, K, or N concentration × dry matter weight. The
concentrations of each metal element in the shoots and the
roots were used to calculate the translocation factor (TF),
defined as the ratio of metal concentration in shoots to that
in roots. The value of TF is < 1 when the metal transfer to
aerial parts is reduced.

Statistical analysis

All statistical analyses were performed using R software ver-
sion 3.3.1 (R Core Team 2018) (version 1.2-4, available at
http://CRAN.R-project.org/package=agricolae). Plant height
data (Table S2) were analyzed using the parametric tests:
one-way ANOVA with 13 levels and a repeated measures
ANOVA (Fig. S1), followed by Tukey’s HSD post hoc test.
For all other data, assumptions were not fulfilled using ad hoc
tests even after Box-Cox data transformation (Shapiro and
Kolmogorov-Smirnov goodness-of-fit tests for normality
and Levene’s homogeneity of variances test); therefore, we
used nonparametric statistical methods (Kruskal-Wallis test).
If significant effects were detected, Mann-Whitney post hoc
tests were used.

Hierarchical clustering on principal components (HCPC)
from principal component analysis (PCA) usingWard’s meth-
od were carried out to describe the relationships between the
different inoculation treatments and the measured variables
(biomass, mycorrhizal colonization, sporulation, root and
shoot element concentrations, etc.). The convex hull of the
set of points defined in each cluster by the HCPC method
was displayed on the first two principal components
(Gordon 1999; Jolliffe 2002; Husson et al. 2017). The objec-
tive was to estimate the values of the biomass shoot variable
on the basis of selected principal components of the explana-
tory variables: mycorrhizal variables (root colonization and
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sporulation), plant nutrition (main elements), and heavy metal
translocation. The position of the tested AMF treatments on
the abscissa was then determined by the result of these explan-
atory variables.

The combination of principal component analysis and
quantile regression is a robust alternative method of
extracting important variables (in the form of compo-
nents) from a large set of variables available in a data
set. As multicollinearity has an effect on the least squares
estimates in a multiple linear regression model, principal
component regression was used. Principal component re-
gression is a regression method based on principal com-
ponent analysis leading to dimensionality reduction, mit-
igating overfitting and avoiding multicollinearity among
predictors. As least squared regression is also sensitive to
outliers, we propose a robust principal component regres-
sion method based on the quantile regression method
(Durrieu and Briollais 2009; Briollais and Durrieu
2014; Durrieu and Briollais 2017; Koenker et al. 2017).
Here, we consider the regression median which is known
to be much more efficient than the least squares estima-
tor in a linear regression model with a non-Gaussian
error term. The computations were performed using the
BFactoMineR,^ Bfactoextra,^ and Bquantreg^ R packages.

Results

Plant growth and mycorrhizal colonization

Summarized plant growth data are presented in Fig. 1. Full
data are accessible in Electronic Supplementary Material
(ESM) Tables S2 and S3 and Figs. S1 and S2. When compar-
ing all treatments together to the control, the biomass of
M. laurifolia was significantly enhanced at the end of the
experiment (p < 0.05). Shoot dry weight was increased 4.9-
fold (A. saccata) to 21.6-fold (Mix 5). Treatments using
A. fragilissima and S. ovalis were not significantly different
from the control. Root dry weight was significantly increased
3 times (S. ovalis) to 11.9 times (Mix 5), except for plants
inoculated with A. fragilissima. The highest biomasses were
obtained using AMF Mix 5 and Mix 6, containing the largest
diversity. However, Mix 6 performed significantly less than
Mix 5 on root biomass. The general AMF effect on plant
height (Table S2) was significant 120 days after inoculation
(p < 0.05). All AMF-inoculated plants were significantly
higher than controls from 186 days to the end of experiment.

Mycorrhizal frequency, intensity, and percentage of
arbuscules were analyzed. Results of mycorrhizal intensity are
provided in Fig. 2. Full data are accessible in Table S4. All plants

Fig. 1 Metrosideros laurifolia (a)
control versus treatment Mix 5
(representing the extremes) after
8 months of growth on ultramafic
substrate. b Dry weight of shoot
and root, respectively. Bars
represent means, and error bars
represent standard error of means
(n = 10 except for control
treatment n = 9). Means followed
by the same letter above columns
do not differ significantly by the
Mann-Whitney post hoc test (p ≤
0.05)
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except controls were colonized by AMF; weak colonization was
found for the two Acaulospora species and S. ovalis.
Mycorrhizal colonization was superior to 80% for all AMF
mixes and for mono-inoculation using R. neocaledonicus.
Arbuscules were clearly visible and well-developed in all AMF
treatments with arbuscular colonization values higher than 70%
within infected areas for A. saccata, R. neocaledonicus, and all
AMF mixes.

Spores of all species inoculated alone or combined were re-
covered and counted after plant growth (Table 2). Rhizophagus
neocaledonicus producedmore spores than other species with an

average of 23.5 ± 4 spores g−1 of dry soil. Themaximum number
of sporeswas obtained for theAMF treatmentMix 2with 79.2 ±
19 spores g−1 of dry soil (74.5 ± 18.1 spores of
R. neocaledonicus and 4.7 ± 0.7 spores of S. ovalis).

Primers developed for the molecular species detection were
validated on pure spore DNA extracts of all species, except for
S. ovaliswhich failed to be amplified with its specific primers. In
mono-inoculation, all species were detected by PCR in roots of
M. laurifolia except for plants inoculated with S. ovalis (Table 2).
Curiously, in two fungal treatments (mixes 3 and 6), S. ovaliswas
detected in roots with primers which failed to amplify DNA from

Fig. 2 Mycorrhizal colonization
(intensity of mycorrhization) for
each fungal treatment after
8 months of growth in ultramafic
substrate. Bars represent means,
and error bars represent standard
error of means (n = 10 except for
control n = 9). Means followed by
the same letter above columns do
not differ significantly by Mann-
Whitney post hoc test (p ≤ 0.05)

Table 2 AMF spore production in substrate (spore number in 1 g of substrate) and detection of AMF in roots by PCR for each fungal treatment. Gray
shading indicates inoculation with the indicated species

Species A. fragilissima A. saccata C. etunicatum nc P. simplex nc R. neocaledonicus S. ovalis 

Treatment No. spores
2
 PCR

1
 

No. 

spores
2
 

PCR
1
 No. spores

2
 PCR

1
 

No. 

spores
2
 

PCR
1
 No. spores

2
 PCR

1
 

No. 

spores
2
 

PCR
1
 

Control 0 b - 0 d - 0 e - 0 d - 0 d - 0 e - 

Aca fra 8.1±2.9 a + 0 d - 0 e - 0 d - 0 d - 0 e - 

Aca sac 0 b - 11±0.9 a + 0 e - 0 d - 0 d - 0 e - 

Cla etu 0 b - 0 d - 14.2±3.3 b + 0 d - 0 d - 0 e - 

Per sim 0 b - 0 d - 0 e - 6±0.6 ab + 0 d - 0 e - 

Rhi neo 0 b - 0 d - 0 e - 0 d - 23.5±4 b + 0 e - 

Scu ova 0 b - 0 d - 0 e - 0 d - 0 d - 3.5±0.4 b - 

Mix 1 0 b - 0 d - 28.3±2.8 a + 0 d - 25.5±2.5 b + 0 e - 

Mix 2 0 b - 0 d - 0 e - 0 d - 74.5±18.1 a + 4.7±0.7 a - 

Mix 3 0 b - 0 d - 0 e - 6.4±1.3 b + 37±6.7 ab + 3.6±0.3 ab + 

Mix 4 4.7±0.5 a - 0 d - 4.7±0.6 d + 2.8±0.2 c - 12.1±0.6 c - 0 e - 

Mix 5 0 b - 2.3±0.2 c + 8.6±0.7 c + 8.4±1 a + 29.2±5.3 b - 2±0.1 d - 

Mix 6 3.9±0.3 a + 4.4±0.4 b + 17.5±3.02 b + 5.2±0.5 b + 24.5±3.1 b + 2.5±0.2 c + 
1 Positive detections by PCR were labeled by B+,^ negative detections were labeled by B-^
2 Average number of spores produced and standard error of the means (n = 10 except for control treatment n = 9). For each column, means followed by
the same letter do not differ significantly by the Mann-Whitney post hoc test (p ≤ 0.05)
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spores. In plants inoculated with Mix 1, the two species
C. etunicatum and R. neocaledonicus were detected. For Mix
2, only R. neocaledonicus was detected in roots. For Mix 3 and
Mix 6, all species were detected.OnlyC. etunicatumwas detect-
ed in roots of plants inoculated with Mix 4 and only A. saccata
and C. etunicatum and P. simplex were detected for Mix 5.

Plant mineral nutrition analyses

The major elements needed for plant nutrition (i.e., P, K, N)
were analyzed in shoots and roots of inoculated and control
plants of M. laurifolia. AMF treatments differently affected
major element concentrations in shoots and roots tissues
(Fig. 3; Table S5). Interestingly, phosphorus concentration
(Fig. 3a) was enhanced in shoot tissues exclusively by AMF
mixes 1, 2, 3, 5, 6 (by 23% to 37%) and not by inoculation

using any single species. A significant reduction of P concen-
tration in root tissues (49 to 58%) was observed for
A. fragilissima, A. saccata, C. etunicatum, and Mix 4. For
the remaining treatments, P concentration was not significant-
ly different when compared with controls. Potassium concen-
tration in shoots (Fig. 3b) was significantly enhanced (20 to
27%) by all AMF mixes and by mono-inoculation using
A. saccata and R. neocaledonicus. In root tissues, K concen-
tration was increased (18 to 32%) for all AMF mixes except
Mix 4. For the other treatments, K concentration in root tissues
was not significantly different when compared with controls.
Nitrogen concentration in shoot tissues (Fig. 3c) was generally
reduced by AMF inoculation (16 to 40% less). This reduction
was significant for R. neocaledonicus and mixes 2, 3, 4, 5, and
6. N concentration was also lower in root tissues (19 to 34%
less) for A. saccata and all mixes.

Fig. 3 Major element (P, K, N)
concentration in plant shoots and
roots ofM. laurifolia expressed as
mg kg−1 or g kg−1 of dry weight
tissue; and major element (P, K,
N) content in the whole plant dry
weight tissue expressed as mg
plant−1. a Phosphorus, b
potassium, c nitrogen, d N, P, K
content. Bars represent means and
error bars represent standard error
of means (n = 5). Means followed
by the same letter above columns
do not differ significantly by the
Mann-Whitney post hoc test (p ≤
0.05)
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Phosphorus, potassium, and nitrogen total contents
per plant were significantly higher than control in all
inoculated treatments, except for plants inoculated with
A. fragilissima, A. saccata, and S. ovalis, with greatest
improvements for AMF mixes (Fig. 3d).

A significant increase of the Ca/Mg ratio (29 to 35%) was
induced by all AMF mixes and mono-inoculation with
P. simplex in shoot tissues of M. laurifolia (Fig. 4). In root
tissues Ca/Mg ratio was enhanced by 35 to 43% in the pres-
ence of P. simplex, C. etunicatum, and mixes 2, 3, and 4. For
the other treatments, the Ca/Mg ratio was not significantly
different when compared with controls.

Heavy metal translocation

Five metals, present at high concentrations in ultramafic soils
(Fe, Mn, Ni, Cr, and Co), were analyzed in shoots and roots of
plants. The translocation factors (TF) are presented in Table 3,
while full data are reported in Table S6. Metal accumulation
was higher in roots than in shoots, but a significant decrease of
most heavy metal concentrations was observed in shoots for
inoculated plants (p < 0.05).

Iron concentration in shoots ranges from 545 to
2232 mg kg−1; root concentration of this metal was a lot
higher than in shoots (11,708 to 33,571 mg kg−1). The trans-
location factor is in the range of 0.02 to 0.1. Seven treatments
showed a significantly reduced TF value: A. fragilissima,
R. neocaledonicus, and all AMF mixes except Mix 4.
Manganese concentration in plant organs was different de-
pending on AMF treatment (from 611 to 2224 mg kg−1 in
shoots and from 1027 to 2642 mg kg−1 in roots). Five AMF
treatments did not have any significant effect on the Mn TF
value: A. fragilissima, R. neocaledonicus, Mix 1, Mix 5, and
Mix 6. The other treatments significantly increased the TF
value of this metal (from 0.69 for the control to a maximum
of 1.53 for A. saccata). Nickel concentration in shoots (19.8 to
79.4 mg kg−1) is lower than in roots (333 to 790 mg kg−1).
Nickel TF values were reduced in plants inoculated with
R. neocaledonicus, Mix 1 and Mix 5. The other treatments
did not significantly affect Ni translocation. Chromium was
accumulated in roots (284 to 1124 mg kg−1); generally, less
than 20% was translocated to shoots. Two AMF treatments
reduced its TF value three to four times: R. neocaledonicus
andMix 1. Mix 3 andMix 4 significantly increased this value.
Cobalt concentration in plant organs was lower than the other
metals (2.6 to 13.0 mg kg−1 in shoots and 71.5 to
171.7 mg kg−1 in roots). AMF inoculation generally decreased
the TF value of this metal: for example, Mix 5 reduced it more
than six times. Only A. saccata, S. ovalis, and Mix 4 did not
significantly reduce Co translocation.

Global statistical analyses

Significant total correlations between analyzed variables were
obtained (Table 4). Mycorrhizal variables (intensity of
mycorrhization, percentage of arbuscules, and spore produc-
tion) showed a significantly positive correlation with dry root
and shoot biomass, P concentration in shoot, K concentration
in shoot, and Ca/Mg ratio in shoot. These mycorrhizal param-
eters had a significantly negative correlation with Mg concen-
tration in shoot. Intensity of mycorrhization was negatively
correlated with the tested metal concentrations in shoots ex-
cept for Cr. P values were generally very low, particularly for
mycorrhizal intensity.

Two clusters were clearly differentiated by hierarchical
classification on principal component projections (Fig. 5).
Cluster 1 was composed by control, C. etunicatum, S. ovalis,
P. simplex, A. saccata, A. fragilissima, and Mix 4 treatments.
This cluster was characterized by a lower biomass, higher N,
Mg, andMn concentrations in roots and shoots, higher Co, Fe,
and Ni concentrations in shoots, when compared with the
second cluster. Cluster 2 was represented by Mix 1, Mix 2,
Mix 3, Mix 5, and Mix 6 treatments. This cluster was charac-
terized by a higher biomass, a higher mycorrhizal intensity, a
greater arbuscule abundance in the root system, a higher Ca/

Fig. 4 Calcium/magnesium (Ca/Mg) ratio in plant shoots and roots of
M. laurifolia. Bars represent means and error bars represent standard error
of means (n = 5). Means followed by the same letter above columns do
not differ significantly by the Mann-Whitney post hoc test (p ≤ 0.05)
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Mg ratio in roots and shoots, and higher P, K, and Ca concen-
trations in root and shoot tissues. The R. neocaledonicus treat-
ment was recovered between clusters 1 and 2. The results also
indicated that the different AMF species are scattered in the
first cluster and showed different abilities. For example,
P. simplex andC. etunicatumwere more efficient in increasing
the plant Ca/Mg ratio (Fig. 4);A. saccatawas more efficient in
K absorption (Fig. 3); R. neocaledonicus was efficient in the
reduction of heavy metal translocation (Table 3) and in K
absorption (Fig. 3); A. fragilissima, situated high in the axis
2 of the PCA induced high Mg levels in roots and shoots and
reduction of iron and cobalt translocation (see also Table 3).

We propose a global model using robust principal com-
ponent regression to predict plant biomass as a function of

mycorrhizal and nutritional variables considering the two
first principal components of the explanatory variables.
The scatterplot representation of plant biomass observa-
tion against model prediction (Fig. 6) revealed that the
proposed model is satisfactory and significant. The pre-
diction is highly significant (R2 = 0.90, p < 0.00001) since
all the points are closely dispersed around the first
bisector. This means that the performance of the symbio-
sis (in terms of biomass increase) was correctly modeled
as a function of the different AMF properties, in relation
to the absorption of major elements, Ca/Mg ratio and
heavy metal absorption. The abscissa values which repre-
sent the results of these explanatory variables were signif-
icant ly higher for Mix 5 and 6 and lowest for

Table 3 Metal translocation factors (TF) (ratio of metal concentration in shoots to roots)

Treatment TF iron TF manganese TF nickel TF chromium TF cobalt

Control 0.1 ± 0.04 a 0.69 ± 0.03 e 0.14 ± 0.06 abc 0.12 ± 0.05 bcd 0.13 ± 0.04 a

Aca fra 0.04 ± 0.01 bcd 0.75 ± 0.23 de 0.09 ± 0.05 cdef 0.06 ± 0.02 cde 0.05 ± 0.01 cd

Aca sac 0.06 ± 0.01 ab 1.53 ± 0.2 a 0.22 ± 0.06 ab 0.19 ± 0.05 ab 0.08 ± 0.01 ab

Cla etu 0.06 ± 0.01 ab 1.07 ± 0.14 bcd 0.09 ± 0.02 abc 0.09 ± 0.02 bcde 0.06 ± 0.01 bc

Per sim 0.05 ± 0.01 abc 1.17 ± 0.13 abc 0.09 ± 0.02 bcd 0.09 ± 0.02 cde 0.05 ± 0.01 cd

Rhi neo 0.02 ± 0.004 d 0.92 ± 0.12 cde 0.04 ± 0.01 ef 0.03 ± 0.01 e 0.03 ± 0.01 de

Scu ova 0.09 ± 0.01 a 1.45 ± 0.14 a 0.17 ± 0.02 a 0.19 ± 0.05 ab 0.1 ± 0.01 a

Mix 1 0.02 ± 0.01 d 0.6 ± 0.06 e 0.03 ± 0.01 f 0.04 ± 0.01 e 0.03 ± 0.01 e

Mix 2 0.04 ± 0.01 bcd 1.17 ± 0.14 abc 0.08 ± 0.02 cde 0.08 ± 0.02 cde 0.05 ± 0.01 cd

Mix 3 0.04 ± 0.004 bcd 1.15 ± 0.05 abc 0.1 ± 0.02 abc 0.26 ± 0.03 a 0.05 ± 0.003 c

Mix 4 0.07 ± 0.02 abc 1.37 ± 0.12 ab 0.18 ± 0.09 abc 0.34 ± 0.07 a 0.07 ± 0.01 abc

Mix 5 0.02 ± 0.01 d 0.9 ± 0.06 cde 0.04 ± 0.01 def 0.13 ± 0.04 bc 0.02 ± 0.004 e

Mix 6 0.03 ± 0.003 cd 0.73 ± 0.12 e 0.09 ± 0.01 cd 0.18 ± 0.03 ab 0.03 ± 0.003 de

Means and standard error of means (n = 5) are presented. Metal translocation factors significantly different than controls are in italics. For each column,
means followed by the same letter do not differ significantly by the Mann-Whitney post hoc test (p ≤ 0.05)

Table 4 Total correlations (Pearson correlation coefficient) between mycorrhizal parameters and plant growth and plant nutrition parameters

Intensity mycorrhization Percentage of arbuscules No spores

r p r p r p

Dry roots biomass 0.585 0.000001 0.307 0.017998 0.544 0.000008

Dry shoot biomass 0.777 < 0.000001 0.414 0.001099 0.757 < 0.000001

P concentration in shoot 0.747 < 0.000001 0.539 0.00001 0.761 < 0.000001

K concentration in shoot 0.566 0.000003 0.557 0.000004 0.563 0.000003

Mg concentration in shoot − 0.573 0.000002 − 0.266 0.04144 − 0.551 0.000006

Ca/Mg in shoot 0.577 0.000001 0.462 0.00023 0.637 < 0.000001

Ni concentration in shoot − 0.352 0.006167 − 0.137 0.299458 − 0.234 0.07441

Fe concentration in shoot − 0.445 0.000412 − 0.178 0.178046 − 0.412 0.001169

Co concentration in shoot − 0.686 < 0.000001 − 0.325 0.011968 − 0.643 < 0.000001

Mn concentration in shoot − 0.454 0.000305 − 0.231 0.078343 − 0.438 0.000519

Cr concentration in shoot 0.106 0.423007 0.148 0.263451 0.115 0.385924

Multiple regression analysis was also done and did not reveal significant additive effects
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A. fragilissima and the non-inoculated treatment which
had the value 0. The model confirmed clearly that AMF
co-inoculations induce better plant performance than
single-species inocula, especially when the number of

AMF species is high (Mix 5 and 6). Differences appeared
also between AMF isolates.

Discussion

This study is one of the first to analyze in detail synergistic
effects of AMF species on plant growth and mineral nutrition,
suggesting fungal functional complementarity. That we used a
highly mycorrhiza-dependent host plant with native fungal
isolates in an ultramafic soil with multiple stress factors may
have contributed to the strong synergistic effects we observed
and sets our study apart from others. As reported by Gosling
et al. (2016), the benefits of AMF diversity may be non-
apparent in single stress factor environments. We found that
combined inoculation of AMF species belonging to different
families: (i) improved plant growth more than mono-inocula-
tion, (ii) enhancedmineral nutrition of the plant, (iii) improved
the Ca/Mg ratio, and (iv) limited metal translocation to shoots.

AMF mono-inoculation versus co-inoculation

The highest increase of biomass obtained here using the en-
demic plant species M. laurifolia inoculated with five AMF
isolates is substantial (total biomass 18 times higher than con-
trol). In comparison, Amir et al. (2019) tested a mix of three
AMF isolates with the same plant species, in a field experi-
ment in ultramafic soil and reported biomass four times higher
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Fig. 5 Hierarchical clustering on principal components (HCPC) from
principal components analysis (PCA): the convex hull of the set of points
defined in each cluster is shown in panel Ba.^ In panel Bb,^ the PCA
projections of the variables with the correlation circle are displayed.
The filled circles and triangles correspond to the PCA individual value
projections in cluster 1 and in cluster 2, respectively. The symbols with
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intensity of mycorrhization (I Myco), arbuscule abundance in roots sys-
tem (Arb), total sporulation (Nb Spores), major element concentration in
shoot (e.g., N_S) and roots (e.g., N_R) (N, P, K, Ca, Mg, Ca/Mg), and
metal concentration in shoot (e.g., Co_F) and roots (e.g., Co_R) (Co, Cr,
Fe, Mn, Ni)

Fig. 6 Representation of observed total plant biomass (g) values vs.
model-predicted values: the circles and blue squares are the individual
and mean values for each treatment respectively, and the first bisector line
is shown in the graph. The model predicts the values of plant biomass as
the additive effect of all the tested variables (mycorrhizal parameters,
absorption of main elements, Ca/Mg ratio and heavy metal absorption),
for each treatment (AMF inoculations)
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than control plants. Orłowska et al. (2011), using an ultramafic
soil in South Africa, showed that the Ni-hyperaccumulating
plant Berkheya coddii produced six to 12 times more biomass
than control plants when inoculated with AMF. AMF inocu-
lation of Knautia arvensis in an ultramafic soil in the
Czech Republic resulted in a doubled plant dry weight
(Doubková et al. 2013).

Our results are in accordance with those reported by
Maherali and Klironomos (2007): these authors tested AMF
co-inoculations of four to eight species belonging to one, two
or three different families and showed that mixes containing
three families were most efficient. Yang et al. (2016) reported
a meta-analysis review of this topic, pointing out the same
conclusion concerning the better performance of AMF mixes
with high family richness. In our experiment, when two spe-
cies of the same genus (Acaulospora) were used (Mix 6), the
biomass value was reduced when compared with the same
inoculation treatment with only one species of Acaulospora
(Mix 5). A functional redundancy between close species, in-
ducing competition, could explain this lower efficiency, as
already reported by other authors (Thonar et al. 2014;
Gosling et al. 2016; Yang et al. 2016).

A significant difference between the tested AMF species
and co-inoculations for the ability to colonize root systems
was obtained, confirming the conclusions of other studies
(Hart and Reader 2002; Maherali and Klironomos 2007;
Bennett and Bever 2009). The highest values of root coloni-
zation were recovered with R. neocaledonicus and mixed
AMF species. The two species of Acaulospora spp. and
S. ovalis were characterized by weak root colonization and
this seemed to be related to their low efficiency in plant
growth promotion. This conclusion is reinforced by the highly
significant positive correlation obtained between plant bio-
mass and mycorrhizal colonization.

In each fungal treatment, spores of the inoculated specieswere
found at the end of the experiment, showing that all inoculated
AMF species had grown and achieved their life cycle. Our mo-
lecular approach allowed the detection of each species ofAMF in
mono-inoculation except for S. ovalis. In pots with AMF mixes,
not all inoculated species were always recovered in roots, sug-
gesting interactions such as competition among the different spe-
cies. This competition could have resulted in sparse colonization
by the less-competitive species rendering them undetectable by
PCR (Sutlovic et al. 2008; Opel et al. 2010).

Mineral nutrition and synergistic effects of AMF
isolates

Shoot and root phosphorus concentrations were not improved
by any of the six AMF isolates in mono-inoculation, but shoot
P concentration was significantly increased by five of the six
tested mixes indicating synergistic or additive effects on plant
P absorption. Jansa et al. (2007) and Thonar et al. (2014)

equally found that combined inocula exclusively improved P
concentration in tissues of Allium porrum and Medicago
truncatula, respectively. All AMF mixes and two mono-
inoculations increased shoot potassium concentration, where-
as only five mixes enhanced root concentration of this ele-
ment. Amir et al. (2019) reported an increase of K concentra-
tion in M. laurifolia plants inoculated using a mix of three
AMF isolates in a field experiment in an ultramafic area.
Porras-Soriano et al. (2009) also showed an increase of K
concentration in olive trees inoculated using C. claroideum,
F. mosseae, and R. intraradices, under high salt conditions.

Treatments with the highest biomass (Mix 5 and 6) showed
the most significant reduction of N tissue concentration when
compared with controls. Wu et al. (2017) observed the same
effect and concluded that inoculation of plants with AMF im-
proved photosynthesis and that AMF effect was mostly deter-
mined by the relative allocation of nitrogen to photosynthesis and
not by the leaf nitrogen concentration. However, we can also
explain these results by the greater dilution of N in a larger
volume of tissues due to the high increase of biomass. Indeed,
total N content of the plant was clearly improved by AMF inoc-
ulation for nine of the 12 tested treatments. This increase of
mineral content by AMF-inoculated plants was generally clear
for the three tested major elements.

The low Ca/Mg ratio is an important limiting factor in ultra-
mafic soils because of the competition between Mg and Ca in
plant nutrition (Jaffré and L’Huillier 2010b). AsMg is always in
excess in these soils and tends to reduce Ca absorption, the high
values of this ratio particularly in aerial parts are better for plant
health and growth. Generally, Ca/Mg values range between 1
and 7 in New Caledonian woody plants (Jaffré and L’Huillier
2010b). Our results showed that this ratio was improved prin-
cipally by AMF mixes, particularly in relation to a reduction of
Mg assimilation. The increase of Ca/Mg ratio by AMF inocu-
lation in ultramafic soils was reported recently (Amir et al.
2019). A significant positive correlation between mycorrhizal
colonization and Ca/Mg ratio of Knautia arvensis plants in
different ultramafic and non-ultramafic areas was previously
reported by Doubková et al. (2011).

All these results clearly demonstrate that a mix of different
AMF isolates, belonging to different families, stimulated the
mineral nutrition and improved the Ca/Mg ratio of
M. laurifolia more than each isolate taken separately.

Heavy metal translocation

In this study, we found that ultramafic AMF isolates reduced
plant metal translocation in ultramafic soil conditions which
may reduce metal toxicity as shown byAmir et al. (2013). The
mechanisms involved in metal homeostasis and detoxification
of heavy metals by AMF are described in detail by Ferrol et al.
(2016). Heavymetal tolerance can be due to several processes:
(i) binding mechanisms on external mycelium and spores, (ii)
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chelating heavy metal in cytosol, (iii) sequestration in the fun-
gal vacuole, and (iv) reduction of metal accumulation by ac-
tivation of specific transport. Our results argue in favor of the
hypothesis that AMF regulates metals in the rhizosphere and
diminishes metal translocation to the shoot: metals were gen-
erally drastically reduced in plant shoots and increased in
roots. Manganese was found to be accumulated in shoot
tissues of M. laurifolia approximately at the same level as in
roots and AMF inoculation either did not have any reducing
effect on its translocation or increased it. This probably means
that Mn is not toxic for this plant at the levels observed in our
experiment. Indeed, these levels are in accordance with those
reported by Wulff et al. (2010) for this species under natural
conditions. In summary, AMF mixes and R. neocaledonicus
treatments were generally the most efficient to reduce metal
concentrations in shoot tissues.

Multivariate analysis and synergistic effects of AMF
isolates

The multivariate analyses clearly confirmed that AMF mixes,
particularly those with the highest family diversity, were the
most efficient for plant growth and adaptation. It was also rel-
atively clear that the AMF species tested showed different abil-
ities (mycorrhizal colonization, increase of plant mineral ele-
ment content, improvement of plant Ca/Mg ratio, and/or reduc-
tion of heavy metal translocation) as already reported in a liter-
ature meta-analysis (Yang et al. 2016). These authors highlight-
ed that Glomeraceae were more efficient for improved nutrient
content and fungal pathogen inhibition, Gigasporaceae for
growth under heavy metal stress and Claroideoglomeraceae
for nematode impact reduction. Our results are not in accor-
dance with some of these assertions, as R. neocaledonicus
(Glomeraceae) was not more efficient than the other taxa for
P and N content and S. ovalis (Gigasporaceae) did not show a
better performance than the other AMF species for the reduc-
tion of heavy metal translocation.

The principal component regression model (Fig. 6) showed
that the combination of the contributions of these different abil-
ities (explanatory variables), in relation to mycorrhizal coloniza-
tion, mineral nutrition, and heavymetal translocation, allowed us
to predict accurately andwith a very high correlation the biomass
production of the plant host under multistress conditions (ultra-
mafic soil). This model clearly shows that AMF mixes are more
efficient than AMF single isolates although there is no simple
correlation between species number and efficiency. This model
showed that these explanatory variables are important as a whole
and act with complementarity to produce the biomass increase
and that the AMF treatments which were efficient for different
variables composed the best treatments.

Very few studies have reported synergistic effects of differ-
ent AMF taxa (Maherali and Klironomos 2007; Powell et al.
2009; Yang et al. 2016). The latter have linked these effects to

the functional complementarity among phylogenetically distant
taxa. This functional complementary was also clear in our re-
sults and might have the same significance even if we did not
perform the corresponding control comprising several AMF
isolates belonging to one family. As stressed by some authors
(Powell et al. 2009; Gosling et al. 2016; Yang et al. 2016), the
use of closely related AMF taxa can induce functional redun-
dancy which can limit the synergistic effects of AMF.

All these results suggest that when a plant faces multiple
stress factors, the use of an AMFmix containing different taxa
is more efficient than mono-inoculation to improve biomass,
mineral nutrition, Ca/Mg ratio, and tolerance to heavy metals
of plants in ultramafic soil. Our results support the hypothesis
that there is a positive correlation between AMF family diver-
sity and enhancement of plants growth (Hart and Reader
2002; Maherali and Klironomos 2007; Yang et al. 2016).
These results also clearly underline the importance of mycor-
rhizal symbiosis diversity in multistress environments. AMF
symbiosis can have a substantial effect on plant growth and
adaptation when combined native AMF taxa were inoculated
to a native plant species, and this opens a new perspective for
the use of AMF for ecological restoration of ultramafic soils.
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