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17.1 Introduction

Mycorrhizal symbiosis between plant roots and soil fungi are widely spread in
terrestrial ecosystems, from forests, grasslands, and croplands to even deserts
(Brundrett 2009; Smith and Read 2008). In this mutualistic symbiosis, the fungi
trade nutrients, e.g., N and P, for carbon from photosynthesis of plants (Smith and
Read 2008). Annually, plants might allocate ~4–20% photosynthates to their asso-
ciated mycorrhizal fungi (Eissenstat et al. 1993). In the past decades, four major
types of mycorrhizal associations were described based on their structure and
functions, including arbuscular mycorrhiza (AM), ectomycorrhiza (EM), orchid
mycorrhiza, and ericoid mycorrhiza (van der Heijden et al. 2015). Both AM and
EM fungi live inside the root cortex and their hyphae function and live in the soil.
However, the hyphae of AM fungi can penetrate the epidermal and cortical cell walls
and form dichotomously branched arbuscules in such types of root cells (possibly the
exchanging site between C and nutrients), while the mycelium of EM fungi do not
penetrate into their host’s root cells but form Hartig net between epidermal and
cortical root cells (Smith and Read 2008). Orchid mycorrhizas are only formed
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between roots in the plant family Orchidaceae and various basidiomycete fungi,
while ericoid mycorrhizas are the symbiotic relationship between members of the
plant family Ericaceae and several lineages of soil fungi (McCormick et al. 2012;
Selosse et al. 2007). It is estimated that ~74% of land plants form arbuscular
mycorrhizas with Glomeromycotan fungi, ~2% of land plants form ectomycorrhizas,
and ~9% of land plants form orchid mycorrhizal associations, but only ~1% plants
form ericoid mycorrhizas (Brundrett 2009).

The mycelia of arbuscular mycorrhizal fungi grow from plant roots to explore and
exploit soil volume for nutrients, which are subsequently delivered to their host
plants (van der Heijden et al. 2015). Mycorrhizal fungi are estimated to be respon-
sible for a large contribution to nitrogen (N) and phosphorus (P) uptake of plant
requirements in the natural ecosystems (Hobbie and Hobbie 2006; van der Heijden
et al. 2006a, b), as up to 90% of P is delivered from AM hyphae/pathway to plants
(Jakobsen et al. 1992; van der Heijden et al. 1998b). AM-mediated N uptake,
however, is still unresolved. Several studies reported that AM fungi had no effect
on plant N adsorption (van der Heijden et al. 2006a, b; Reynolds et al. 2005), while
other studies found that AM fungi could facilitate N acquisition of plants under some
conditions (Thirkell et al. 2016; Yang et al. 2017). Importantly, AM fungi can only
adsorb and transfer inorganic forms of nutrients, e.g., ammonium, nitrates, and
phosphates (van der Heijden et al. 2015). AM fungi cannot directly acquire nutrients
from organic matter but must go through priming of other microbes for organic
matter decomposition (Cheng et al. 2012; Hodge et al. 2001). However, EM excrete
a wide range of extracellular enzymes to degrade organic matter and thus directly
forage N (Tunlid et al. 2016). EM fungi may be responsible for up to ~80% of all N
acquired by plants in boreal and temperate forests (Hobbie and Hobbie 2006;
MacFall et al. 1992).

In this chapter, we only focus on AM fungi based on the following considerations
that (1) we have already known that EM fungi are highly sensitive to nutrients
(Ekblad et al. 2016; Pritchard et al. 2014; Ulm et al. 2017); (2) EM fungi are
saprotrophic and can mobilize nutrients through decomposing organic matter
(Koide et al. 2011); and (3) there are many known but varying results about AM
fungi responses to nutrients.

17.2 Pathways of Mycorrhizal Nutrient Acquisition,
Conversion, and Transfer

Mycorrhizal-mediated nutrient uptake has been gradually deciphered with the devel-
opment of molecular tools. AM fungi-mediated facilitation of P uptake may be
achieved through the following pathways. First, a large fraction of P is fixed in
organic forms or metal complexes in soils (Javot et al. 2007), and AM colonization
could induce the secretion of organic acids, e.g., oxalate or citric acids from roots
(Koide and Kabir 2000; Zhang et al. 2016). AM fungi may also be able to prime

430 H. Yang et al.



P-solubilizing bacteria to release phosphatase (Zhang et al. 2014a). Soil organic P is
hydrolyzed into phosphate through the abovementioned processes. The inorganic
phosphate (Pi) is subsequently transferred into AM hyphae through P transporters
(e.g., GvPT and GiPT), which are anchored in fungal mycelia membrane and then
polymerized into poly-P by a series of polymerases (Harrison and Vanbuuren 1995;
Maldonado-Mendoza et al. 2001). Poly-P is subsequently transported to the symbi-
otic interface, arbuscules depolarized into monomer Pi by alkaline phosphatase (Zhu
et al. 2007), and finally translocated into plant root cells through phosphorus trans-
porters (e.g., StPT5, LePT3, OsPT11, and MtPT4) (Harrison et al. 2002; Nagy et al.
2005; Paszkowski et al. 2002; Xu et al. 2007).

Mycorrhizal-mediated N adsorption occurs through several potential mechanisms
as follows. AM fungi cannot directly decompose organic matter for N but can recruit
other decomposing soil microbes through releasing small organic molecules (Cheng
et al. 2012). The released inorganic N (e.g. NH4

+ or NO3
�) or minor amounts of

organic N (e.g., amino acid) will be subsequently sensed and transferred into
mycorrhizal hyphae through high-affinity transporters for NO3

�, NH4
+, or amino

acids (e.g., GintAMT1 or GiNT for AM fungi and HcGAP1 for EM fungi) (Lopez-
Pedrosa et al. 2006; Muller et al. 2007; Tian et al. 2010). When nitrate is transported
into AM hyphae, it will be transformed into ammonia by nitrate reductase and nitrite
reductase (Guescini et al. 2007; Kaldorf et al. 1998). Ammonia from nitrate or
directly adsorbing from soils will be transformed into arginine by GS/GOGAT
enzymes in the external hyphae (Tian et al. 2010). Arginine is subsequently
translocated to the internal hyphae and then broken down as ornithine and ammonia
in arbuscules (Govindarajulu et al. 2005). Ammonia is finally transported into root
cells through ammonia channels (e.g., AMT) (Fochi et al. 2017; Guether et al. 2009;
Koegel et al. 2013).

17.3 Why Are We Interested in Impacts of Nutrient
Enrichment on Mycorrhizas?

One main function for mycorrhizal symbiosis is facilitating nutrient uptake (e.g., P
and N) for host plants under nutrient deficiency conditions. However, researchers are
also interested in the impacts of nutrient enrichment on mycorrhizas. Increased
chemical fertilizer applications are one of the core results of the Green Revolution
and has contributed to increase yields of crops worldwide (Tilman et al. 2002). Since
1960, global application of N fertilizers has increased sevenfold, and P fertilizer
applications increased 3.5-fold in 1995 (Tilman et al. 2002). Applications of both N
and P fertilizers have been predicted to increase another threefold by 2050 (Tilman
et al. 2001). However, further increased fertilizer applications are not likely to be as
effective at increasing yields, and use efficiency of fertilizers declines at higher
levels of addition (Tilman et al. 2002). The use efficiency of crops is estimated at
only 30–50% for N fertilizers and ~45% for P fertilizers in modern intensive
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agricultural systems (Smil 1999, 2003). Therefore, excessive applications of chem-
ical fertilizers may lead to N and P enrichment in agriculture, thereby negatively
impacting mycorrhizas and their functioning.

Extensive fertilization is unsustainable for agricultural production from both
economic and environmental perspectives. As mentioned above, the nutrient use
efficiency is very low (<50%) for current crops around the world (Smil 1999, 2003).
Greater than 50% of chemical fertilizers applied are not utilized by crops (Ju et al.
2009), which can accumulate in soils or lost in the environment. Such high losses of
nutrients can cause severe environmental consequences, particularly for water con-
tamination (e.g., eutrophication in lakes or bays and excessive nitrate concentration
in drinking water), and cause great economic burdens for farmers (Monteagudo et al.
2012; Withers et al. 2014). Therefore, improvements in nutrient use efficiency can
make crop production more sustainable, especially through tapping the potential of
AM mycorrhizal symbiosis (Gosling et al. 2006).

Other human activities, such as utilization of fossil fuels for industrial production
and transportation and burning of crop residues, have also greatly increased biolog-
ically reactive N entering into the atmosphere (Galloway et al. 2008; Huang et al.
2002; Zhang et al. 2014b). In particular, these activities increase the atmospheric
levels of reactive nitrogen by a rate of ~25 Tg N year�1 from 1995 to 2005, which
are subsequently deposited into plants and soils (Cofala et al. 2007; Galloway et al.
2008). High N deposition can result in drastic changes in ecosystems structure and
functioning, altering plant community composition and reducing plant diversity
(Bobbink et al. 2010; Schlesinger 2009).

17.4 Experimental Results of Nutrient Enrichment
on Mycorrhizas

According to the predictions of the functional equilibrium model, carbon allocation
to AM structures will be reduced when soils are sufficiently fertilized, because
mycorrhizal delivery of soil resources is no longer a value to host plants (Johnson
et al. 2003). In the past decades, a series of studies have been conducted to test how
nutrient enrichment affects mycorrhiza in different ecosystems. Overall, nutrient
enrichment is shown to be negative for mycorrhiza formation as has been synthe-
sized in the case of N and P fertilization, leading to significant decreases in
mycorrhizal abundance (Treseder 2004).

17.4.1 Forest and Shrubland Ecosystems

N and P additions can suppress arbuscular mycorrhizas in forest and shrub systems.
Camenzind et al. (2014) reported that additions of N and P fertilizers significantly
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reduced AM fungal root colonization in a Graffenrieda emarginata-dominated
tropical montane forest. AM fungal root colonization, hyphal biomass, storage,
and lipid storage structures also declined in response to N addition with 30 kg ha�1

year�1 in a northern hardwood forest (van Diepen et al. 2007). Interestingly, AM
fungal abundance was increased by 1.56-fold with P addition of 10 kg ha�1 year�1

but decreased by 27.45% due to N addition of 50 kg ha�1 year�1 at the elevation of
2000 m in a tropical montane forest, which might be caused by N/P co-limitation in
this site (Camenzind et al. 2016). Nitrogen amendment (60 kg N ha�1 year�1) was
found to significantly reduce AM fungal spore density and root colonization in a
coastal sage scrub ecosystem (Egerton-Warburton and Allen 2000).

17.4.2 Grassland Ecosystems

Nutrient enrichment effects onmycorrhiza have been extensively studied in grassland
ecosystems, especially for N. For example, Antoninka et al. (2011) reported that
7-year N additions (40 kg ha�1 year�1) reduced AM fungal spore abundance but did
not affect the spore volume and hyphal density in a grassland ecosystem. In a semiarid
grassland ecosystem, it was further found that N amendments (100 kg ha�1 year�1)
significantly reduced dominant AM fungal species (Glomus intraradices and
G. fasciculatum) (Porras-Alfaro et al. 2007). Saito et al. (2011) found that N additions
(20 mg kg�1 soil) increased AM fungal sporulation for highly mycorrhizal-
responsive plant species but inhibited it for less mycorrhizal-responsive plant species.
In a semiarid steppe ecosystem, Kim et al. (2015) found that AM extraradical hyphal
density was significantly decreased by N additions (100 kg ha�1 year�1). However,
mycorrhizal inhibition by nitrogen enrichment might also be dependent on phospho-
rus availability. For example, Johnson et al. (2003) found that N enrichment (100–
170 kg ha�1 year�1) strongly decreased AM fungal structures (vesicles and coils)
under the lowest soil N:P conditions but increased AM fungal structures under the
highest soil N:P conditions from a wide range of grasslands. Johnson et al. (2003)
found extraradical mycorrhizal structures (hyphae and spores) to be more responsive
to N (100–170 kg ha�1 year�1) than P enrichment (10–200 kg ha�1 year�1). In a
temperate steppe ecosystem, 6-year P fertilization (50 kg ha�1 year�1) but not N
(100 kg ha�1 year�1) additions decreased AM fungal root colonization and
extraradical hyphal density in Artemisia frigida-, Stipa krylovii-, and Cleistogenes
squarrosa-dominated plant community (Chen et al. 2014). Nitrogen enrichment was
also found to decrease mycorrhizal colonization under extraordinarily P-rich soils
(120 g kg�1) (Blanke et al. 2005). Thus, soil stoichiometry between N and Pmight be
an important determinant for mycorrhizal response to nutrient enrichment.
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17.4.3 Agroecosystems

A large quantity of studies showed that increasing N or P availability could reduce
crop responses to AM fungi. For example, Azcón et al. (2003) reported that high N
and P availability in the soil reduced macro- and micronutrients in mycorrhizal
lettuce (with a rate of 9 mM vs. 1 mM for N and 0.5 mM vs. 0.1 mM for P).
Al-Karaki and Clark (1999) reported that high P level (1.6 m mol kg�1) significantly
decreased seed dry weight and seed P content by AM fungi when compared to no P
addition. At high N or P conditions, crops might reduce C allocation to their
associated AM fungal symbionts and thus decreasing mycorrhizal abundance
(Nagy et al. 2009). For example, an application of 90 kg N ha�1 year�1 as
ammonium nitrate reduced AM fungal spore density in the rhizosphere of Zea
mays and Medicago sativa in a Mediterranean agroecosystem (Avio et al. 2013).
Wang et al. (2017) found that increasing P inputs to a level of 75–100 kg ha�1 year�1

significantly reduced AM colonization of Z. mays in an experimental field (a plot
size of 35 m2). Kahiluoto et al. (2001) reported that 20 years of P fertilization
(45 kg ha�1 year�1) significantly reduced mycorrhizal root colonization and spore
density of Linum usitatissimum L., Trifolium pratense L., and Hordeum vulgare L.,
respectively. However, it is very likely that more complicated factors might impact
AM response to nutrient enrichment, such as the background soil nutrient availabil-
ity (N or P limited when added), the fertilizer type (organic or mineral), the species
diversity of AM fungi inoculated, as well as the host crop varieties. All of these
might change the outcome of fertilizer enrichment on AM fungi. For example,
Gryndler et al. (2006) found that mineral fertilization showed reversed effects on
AM fungal external biomass when compared with manure application. Some other
studies also reported that modern wheat cultivar was shown to be less dependent and
responsive to AM fungi than their ancestors (Hetrick et al. 1993; Zhu et al. 2001).

17.5 Potential Mechanisms that Underlie Mycorrhizal
Responses to Nutrient Enrichment

Mycorrhizal responses to nutrient enrichment conforms to the predictions of func-
tional equilibrium model that high nutrient availability might reduce carbon alloca-
tion from plants to AM fungi, which thus declines the fungal abundance (van Diepen
et al. 2007). However, the underlying mechanisms are still not well-known, partic-
ularly about how plants precisely control carbon allocation to different AM fungal
species. Here, we will discuss some conceptual models and the underlying molecular
mechanisms.
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17.5.1 Plant Control of C Allocation to AMF: Conceptual
Models

A long-standing controversy is that how plants may control their AM fungal partners
as well as how to maintain fair trade for resources (e.g., N and P) between both
partners (Kiers and van der Heijden 2006). In a split root experiment, Bever et al.
(2009) demonstrated that plant could prefer to allocate carbon to more beneficial AM
symbionts. However, they did not provide evidence to explain how plants achieved
such goals. Based on results from more precisely controlled experiments (including
isotope-labeling and triple split-plate system), Kiers et al. (2011) proposed a recip-
rocal reward model for stabilizing cooperation between mycorrhizal partners
(Fig.17.1) in which plants can detect, discriminate, and reward the best fungal
partners with more carbohydrates, and in turn their fungal partners enforce mutual
cooperation by increasing nutrient transfer only to those roots providing more
carbohydrates.

Mycorrhizal symbiosis is primarily asymmetric, namely, most plants can com-
plete their life cycle without mycorrhizal fungi but the fungi cannot (Werner and
Kiers 2015). So, there might be an active pathway for which plants need to evaluate
how to allocate carbon to AM fungi (Nagy et al. 2009). Fellbaum et al. (2012) further
provided experimental evidence supporting such predictions that carbon flux was an
activator of mycorrhizal pathway for nitrogen. Mycorrhizal-mediated nitrogen trans-
fer would be triggered only when carbon was delivered by plants across the
mycorrhizal interface. This finding suggests that plants may actively control carbon
allocation or at least play a role in the initial priming for carbon consumption. Host
plants may be capable of evaluating nutrient requirements and decide to whether
activate the mycorrhizal pathway. When nutrients are limited and the mycorrhizal
pathway is required, more photosynthesis-fixed carbon will be allocated to mycor-
rhizal interface than to root cells, thus stimulating mycorrhizal nutrient uptake

AMF

C
N/P C

N/P

Less cooperative Cooperative

Host Plant

AMF AMF

Fig. 17.1 Conceptual
model of reciprocal reward
strategy for mycorrhizal
symbiosis (modified
according to Kiers et al.
2011). The black arrows
represent the carbon/nutrient
flow between host and less
beneficial AMF, while the
gray arrows stand for the
more beneficial interactions
between AMF and their
hosts
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through exploring more extensive soil volumes. When nutrients are sufficient,
carbon allocation to mycorrhizas might be reduced and thus reducing AM
abundance.

The root system and its associated mycorrhizal fungi are two key components in
nutrient adsorption for plants (Smith and Read 2008). However, both root turnover
and mycorrhizal proliferation are carbon-consuming processes, with an estimated
~30–50% of photosynthesized carbon allocated to root systems in forests and even
more in grasses (Gill and Jackson 2000), and mycorrhizal carbon may account for
~20% of total net primary production (van der Heijden et al. 2008). Thus, how plants
balance root development and mycorrhizal proliferation is a central question in root
biology. Koide (2000) proposed a functional complementarity model in which AM
fungi possess functions that complement those of roots. This model described that
root hairs and fine roots were capable of adsorbing nutrients from soils close to the
root surface (direct nutrient uptake pathway), while mycorrhizal fungi could trans-
port nutrients from beyond the reach of root systems (in direct nutrient uptake
pathway). Based on this model, we further constructed a conceptual model and
argue that host plants could trade off carbon allocation between fine root develop-
ment and mycorrhizal formation, but this trade-off depends on nutrient availability
(Fig.17.2; also see Unger et al. 2016).

Under nutrient-sufficient conditions, nutrients are available for fine roots, and
nutrient requirements for plant growth can be easily satisfied with root nutrient
uptake. Thus C allocation is only needed to sustain fine root turnover. However,
when availability of nutrients close to fine roots is low, such as with P, plants have to
take up two possible strategies: one is to elongate fine roots, and the other is to

C
N/P C N/P

Nutrient sufficiency

Host Plant

Root AMF

Nutrient deficiency

Trade-off

Direct pathway Indirect pathway

Fig. 17.2 Conceptual model of nutrient uptake pathways
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activate the mycorrhizal pathway. Here, a trade-off might occur for plants. If the
plant invests C in fine roots but not receiving as much nutrients back as investing the
same C in mycorrhizas, then the selection might be for C allocation to mycorrhizas.

17.6 Molecular Evidence of Mycorrhizal Responses
to Nutrient Enrichments

Nitrogen and phosphorus are indispensable macroelements for plant growth. For
mycorrhizal plants, a crucial process is that how both partners sense the availability
of nutrients surrounding root hairs or fungal hyphae in the soil. Generally, two types
of proteins anchored in cell membrane are functioned as nutrient sensors and trans-
porters in plant root or fungal mycelium (Amtmann et al. 2006; Scheible and Rojas-
Triana 2015). However, some proteins exhibited a dual role of sensing and
transporting for nutrients, which is named as transceptor (transporter–receptor)
(Scheible and Rojas-Triana 2015).

For host plants, Pi transporters have been identified in different plant species, all
of which belong to PHT gene family, e.g., OsPht1;1~OsPht1;13 and OsPht2;1 in
Oryza sativa L., TaPht1;1~TaPht1;11 in Triticum aestivum L., and GmPht1;1~
GmPht1;14 in Glycine max (Linn.) Merr. (Goff et al. 2002; Qin et al. 2012; Teng
et al. 2017). However, Pi sensors/transceptors have not yet been reported or identi-
fied in plants, despite evidence provided for Pi sensing in root tips (Scheible and
Rojas-Triana 2015; Svistoonoff et al. 2007). For plant-sensing ammonium (NH4

+),
an ammonium transceptorAM1;1 was identified in Arabidopsis thaliana (Lanquar
et al. 2009). The activation of AM1;1 requires effective interactions between a
trimmer of subunits. Conformational change accompanies ammonium transport
with AM1;1 transceptor. The allosteric regulation is mediated by a cytosolic
C-terminal trans-activation domain, which carries a conserved Thr (T460) in a
critical position. Phosphorylation of T460 can lead to inactivation of the trimmeric
complex, but this process is dependent on NH4

+ concentrations. Higher NH4
+

concentrations can trigger phosphorylation of T460 in AM1,1, which functions to
prevent ammonium from accumulating at toxic levels in root cells. NO3 sensors have
also been found in plant root cells, e.g., NTR1,1 (Munos et al. 2004). NTR1,1 is a
transporting transceptor, which is not only a NO3

� sensing receptor but also can
transport NO3

� and facilitate the uptake of auxin (Krouk et al. 2010).
For mycorrhizal fungal partners, some high-affinity phosphate transporters have

been identified, e.g., GiPT, GvPT, and GmosPT (Benedetto et al. 2005; Harrison and
Vanbuuren 1995; Maldonado-Mendoza et al. 2001). However, how AM fungi sense
P and whether these phosphate transporters act as sensors remain unclear in the past
decades. Recently, researchers found that such transporters resemble Pho84 from
yeast, which might have a dual role of sensing and transporting for phosphate
(Tisserant et al. 2012). Xie et al. (2016) confirmed such predictions and found that
GigmPT functions as a transceptor in Gigaspora margarita, which can activate the
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phosphate-signaling pathway and protein kinase A (PKA) signaling cascade.
GigmPT showed similar DNA sequences and protein structure with Pho84 sensor
in yeast (Popova et al. 2010), and the potential mechanisms might be as follows:
GigmPT is induced under Pi-deficient conditions; however, when Pi becomes
available, Pi transport will cause conformational changes of this protein and acti-
vates PKA, which, in turn, might phosphorylate GigmPT. Phosphorylated GigmPT
will be ubiquitinated and finally degraded. Mycorrhizal fungi also facilitate N
uptake, and some N transporters have been identified, e.g., GintAMT1, GiNT, and
HcGAP1 (Lopez-Pedrosa et al. 2006; Muller et al. 2007; Tian et al. 2010). However,
how AM fungi sense N signal is still not well characterized. In yeast, Mep2 protein
has been found to function as an ammonium sensor under ammonium-limiting
conditions (Lorenz and Heitman 1998). Javelle et al. (2003) argued that high-
affinity ammonium transporters from AM fungi could act in a similar manner as
yeast to sense N availability in the soil environment.

17.7 Responses of the Mycorrhizal Fungal Community
to Nutrient Enrichment

The mycorrhizal community structure (e.g., diversity and composition) may deter-
mine a series of cascading functions of plant systems. For example, AM fungal
diversity might mitigate plant–plant competition, promote plant diversity, reduce
ecosystem variability, and increase productivity (van der Heijden et al. 1998b; Wagg
et al. 2011). Thus, such importance of mycorrhizal functioning has attracted
researchers to decipher how nutrient enrichment affects AM fungal community
structure in the past decades. To date, many studies have described AM community
responses to various nutrient inputs across many ecosystems and attempted to
decipher the underlying mechanisms as described below.

17.7.1 Forests and Shrublands

In a northern hardwood forest, a 12-year continuous N additions (NaNO3 with a rate
of 30 kg ha�1 year�1) significantly altered the AMF community composition, but the
AMF diversity was unaffected (van Diepen et al. 2011). In a coastal sage scrub
ecosystem, N enrichment (60 kg ha�1 year�1) was shown to shift AMF composition
through a displacement of Gigasporaceae by Glomeraceae, which thus led to a
reduction in species richness and diversity (Egerton-Warburton and Allen 2000). In
a tropical montane forest, AMF species richness was significantly reduced by N
(50 kg ha�1 year�1) and P (10 kg ha�1 year�1) additions as well as their combina-
tions, mainly through replacing rare AM fungal species (Camenzind et al. 2014).
More importantly, this study further elucidated that Diversiporales richness was
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mainly reduced by N amendment while Glomerales was more sensitive to P
additions after 2 years.

17.7.2 Grasslands

Positive, neutral, and negative effects have all been reported for responses of AMF
community to N and P enrichment in grassland ecosystems, but the outcome or
direction of the response depends on the beginning nutrient availability/limitation
and the specific nutrient. For the positive response, Kim et al. (2015) reported that N
additions (100 kg ha�1 year�1) significantly increased AMF diversity but not species
richness, as well as altered species composition through shifts in plant community in
a semiarid steppe ecosystem. Xiang et al. (2016) additionally reported positive
responses of AMF species richness and phylogenetic diversity to N and P additions
in the nutrient-limited Qinghai–Tibet Plateau alpine grasslands. Porras-Alfaro et al.
(2007) also found that N amendments decreased dominant AMF species, but may
have reduced suppression to subdominant or rare species, and thus increased total
diversity in semiarid grassland. For negative effects, Chen et al. (2014) found that N
fertilization (100 kg ha�1 year�1) in a temperate steppe ecosystem significantly
reduced AM fungal species richness, but did not affect the diversity, while P
fertilization (50 kg ha�1 year�1) had no effect on either of two parameters, leading
to alterations of AMF community composition by N, but not by P fertilization. From
a cross-site grassland experiment, Egerton-Warburton et al. (2007) found that N
fertilization (>100 kg ha�1 year�1) reduced AM fungal species richness and diver-
sity namely because the abundance of Glomeraceae was higher in P-rich soils while
there was more Gigasporaceae abundant species in P-poor soils. However,
Antoninka et al. (2011) found that long-term N fertilization (40 kg ha�1 year�1)
did not affect AMF spore species richness in a grassland ecosystem. Such large
variation might determine by the background N or P availability; thus the baseline
value of nutrient is necessary for explaining the response of AM fungal community
to nutrient enrichment.

17.7.3 Agroecosystems

A 55-year experiment in Skåne, Sweden, with continuous N�P full-factorial treat-
ments showed that N fertilization altered AM fungal species composition and reduced
diversity, but P fertilization showed no effect in a crop rotation of spring barley
(Hordeum vulgare L.)–white mustard (Sinapis alba L.) or spring oilseed rape (Bras-
sica napus L.)–winter wheat (Triticum aestivum L.)–sugar beet (Beta vulgaris L.)
(Williams et al. 2017). N fertilization increased the abundance of Funneliformis sp.1
and Rhizophagus irregularis sp.2 but decreased the abundance of Claroideoglomus
sp.3, C. glomus sp.5 and Funneliformis mosseae (Williams et al. 2017). A 90-year
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experiment with continuous N and P fertilizer treatments since 1914 at Hokkaido
University (Sapporo, Japan) showed that both P (100 kg ha�1 year�1) and N
(100 kg ha�1 year�1) fertilization altered AM fungal composition and reduced
diversity, but P fertilization led to a larger reduction in the AM fungal diversity
than N fertilization (Cheng et al. 2013). A 21-year experiment in a wheat (Triticum
aestivum L)–maize (Zea mays L.) rotation system showed that long-term balanced
NP fertilization decreasedAM fungal species richness and diversity, as well as altered
community composition by increasingGlomeraceae species but reducing the number
of the dominant Gigasporaceae species (Lin et al. 2012). Thus, continuous fertiliza-
tion might provide a selective pressure to AM fungal species, and the N- or
P-tolerating ones will be maintained, but others might be discarded in the cropping
systems.

17.8 Responses of Mycorrhizal Functioning to Nutrient
Enrichment

Nutrient enrichment exerts profound effects on the intra- and extraradical abun-
dance, diversity, and species composition of AM fungi. Such changes in mycorrhi-
zas might first induce plant responses at individual levels, e.g., stress tolerance, and
then cause cascading ecosystem responses, such as changes to plant productivity and
diversity, soil aggregation, and carbon storage.

Nutrient enrichment may decrease the stress tolerance effects on individual hosts
mediated by AM fungi. For some abiotic stresses, such as drought, salt, or heavy
metal, mycorrhizal colonization might activate genes responsible for such tolerance,
i.e., aquaporins, proline, or metallothionein (Reddy et al. 2016; Ruiz-Lozano et al.
2006). For some biotic stresses, mycorrhizal colonization might induce systematic
resistance in host plants, such as releasing volatiles to repel insect herbivores
(Bennett and Bever 2009), activating chitinase expression to inhibit nematode
growth (Li et al. 2006), or upregulating pathogenesis-related genes (Campos-
Soriano et al. 2012). In addition, competitive inhibition for carbon resource or
colonization site is another mechanism for mycorrhizal-mediated resistance to biotic
stresses (Borowicz 2001). However, as shown in some cases, increased nutrient
inputs can reduce mycorrhizal root colonization, which may weaken the induction
and activation of systematic resistance or tolerance toward stresses under nutrient-
rich conditions.

Shifts in the mycorrhizal fungal community in response to nutrient enrichment
can also lead to changes in plant community. Plant species has been shown to differ
in their responsiveness to AM fungi, and different fungal species have distinct
effects on plant growth variables (van der Heijden et al. 1998a, 2006a, b). Thus,
shifts in mycorrhizal species composition might potentially drive changes in plant
community composition through modifying plant competition. For example, distinct
competitive outcome was shown between mycorrhizal and non-mycorrhizal plants

440 H. Yang et al.



when inoculated with Gigaspora margarita and Glomus intraradices (Facelli et al.
2010). Mycorrhizal fungi markedly increased competitiveness of a pioneer tree
(Rhus chinensis) on a late-pioneer (Celtis sinensis) or mid-successional tree
(Cinnamomum camphora), but the competitive strength was dependent on fungal
identity (Shi et al. 2016). Mycorrhizal fungal identity was shown to have a large
impact on competitive interactions between a grass and a legume by favoring the
latter (Wagg et al. 2011). These experiments implied that nutrient enrichment-
induced community shifts in mycorrhizal fungi might contribute to plant–plant
interactions and subsequently regulate plant community structure and functions.

Reduction in mycorrhizas as a result of nutrient enrichment may negatively affect
soil structure and reduce soil carbon storage. Mycorrhizal fungal hyphae can excrete
a long carbon chain glycoprotein, glomalin, which can promote adhesion of
microaggregates (Rillig et al. 2015). At the same time, AM fungal extraradical
hyphae can also enmesh microaggregates into macroaggregates (Peng et al. 2013).
Additionally, glomalin has been shown to be difficult to degrade in soils, and thus
glomalin-C would be sequestrated in the soils for a long time (Wilson et al. 2009).
Mycorrhizal-mediated soil aggregation might also provide physical protection for
organic carbon from microbial decomposition (Rillig 2004).

17.9 What Controls Mycorrhizal Community Composition
in Roots and Soils?

Changes in AM fungal composition can be explained through responses to nutrient
enrichment of both partners. Here, we proposed two models: a plant-centric model
and a fungal-centric model.

17.9.1 Plant-Centric Model

This model predicts that N or P enrichment first induces shifts in plant community
composition and subsequently drives changes in their associated mycorrhizal fungal
community. Many studies have shown that nutrient enrichment, in particular N, can
significantly alter plant community composition and reduced plant diversity
(Bobbink et al. 2010; Clark and Tilman 2008; Stevens et al. 2004). However, host
preference has also been shown for mycorrhizal fungi to some extent. For example,
distinctive mycorrhizal species composition was found to be among co-existing
trees, forbs, or grasses, respectively (Husband et al. 2002; Vandenkoornhuyse
et al. 2002, 2003). Plant composition was also shown to greatly affect mycorrhizal
fungal diversity and led to distinct community composition (Johnson et al. 2004).
Thus, alteration in plant composition induced by nutrient enrichment might drive
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changes in mycorrhizal fungal community because of the asymmetric nature of
mycorrhiza, which we define as driving effect.

17.9.2 Fungal-Centric Model

This model can be derived by two hypotheses. One is that nutrient enrichment
promotes AM fungal competition for plant photosynthate (here we defined it as
competitive effect); the other is that different mycorrhizal fungal species have
different sensitivities and uptake capacity for different nutrients (here we define it
as selective effect). For the competitive effect, plants might reduce carbon allocation
to their selective AM fungi because nutrient enrichment decreases the value of
mycorrhiza for nutrient uptake (Johnson et al. 2003). Consequently, if host carbon
becomes a scarce resource for AM fungi, competitive exclusion might reduce or
eliminate rare species but maintain dominant ones (Knegt et al. 2016). Such com-
petitive exclusion for carbon could lead to reduced AM fungal species richness and
diversity over time (Liu et al. 2015). For the selective effect, experimental evidence
has shown that Diversiporales is sensitive to N enrichment but tolerant to P, while
Glomerales is sensitive to P but not to N (Lin et al. 2012; Williams et al. 2017). Thus,
nutrient enrichment might select some N- or P-loving mycorrhizal fungal species
and exclude some sensitive taxa, the idea which is especially supported by farm-
lands, e.g., dominance and persistence of some specific AM fungal species in high N
or P availability (Cheng et al. 2013; Lin et al. 2012).

17.10 Future Directions

While a number of studies have examined mycorrhizal responses to nutrient enrich-
ment in various settings, significant knowledge gaps still persist. This limits our
capacity to predict the impact of nutrient inputs on mycorrhizas and potentially to
manage nutrient inputs to maximize mycorrhizal benefits to plants. First, it is still
unclear whether there are some unifying mechanisms/patterns that underlie
arbuscular mycorrhizal responses to nutrient enrichment, including C and nutrient
trade-offs, thresholds, and molecular controlling mechanisms. Secondly, although
increasing experimental evidence has shown that nutrient enrichment alters AM
fungal community composition (Kim et al. 2015; van Diepen et al. 2011; Williams
et al. 2017), much less is known about the identity of fungal species under impact.
There is limited evidence showing that Glomerales taxa are sensitive to P but not to
N additions, while Diversisporales seemed to be the opposite. Yet, many questions
remain: Does this represent a general pattern? What about other AM taxa responses?
Third, AM fungal diversity showed positive, neutral, or negative responses to
nutrient enrichment. We do not know what factors lead to such variations and how
initial soil conditions contribute to this variability. Fourth, many previous studies so
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far have focused on additions of single nutrient with one high rate. This raises
questions to whether there is a nutrient threshold for mycorrhizal responses. If yes,
does the threshold vary with the fungal species or taxa? Experiments that examine
mycorrhizal responses across a gradient nutrient input are needed in the future,
especially in field conditions and under different N and P limitations. Moreover,
how AM fungal response to one nutrient depends on the availability of other
nutrients warrants further study. These knowledge gaps highlight the need for
factorial experiments. Lastly, how other environmental factors, such as water avail-
ability and temperature, may modulate arbuscular mycorrhizal responses to nutrient
enrichment requires examination. This knowledge is essential for us to understand
mycorrhizal functions in a globe with multifaceted changes.
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