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Abstract: In temperate forests, the roots of various tree species are colonized by ectomycorrhizal
fungi, which have a key role in the nitrogen nutrition of their hosts. However, not much is known
about the molecular mechanisms related to nitrogen metabolism in ectomycorrhizal plants. This
study aimed to evaluate the nitrogen metabolic response of oak plants when inoculated with the
ectomycorrhizal fungus Pisolithus tinctorius. The expression of candidate genes encoding proteins
involved in nitrogen uptake and assimilation was investigated in ectomycorrhizal roots. We found
that three oak ammonium transporters were over-expressed in root tissues after inoculation, while
the expression of amino acid transporters was not modified, suggesting that inorganic nitrogen
is the main form of nitrogen transferred by the symbiotic fungus into the roots of the host plant.
Analysis by heterologous complementation of a yeast mutant defective in ammonium uptake and
GFP subcellular protein localization clearly confirmed that two of these genes encode functional am-
monium transporters. Structural similarities between the proteins encoded by these ectomycorrhizal
upregulated ammonium transporters, and a well-characterized ammonium transporter from E. coli,
suggest a similar transport mechanism, involving deprotonation of NH4

+, followed by diffusion of
uncharged NH3 into the cytosol. This view is supported by the lack of induction of NH4

+ detoxifying
mechanisms, such as the GS/GOGAT pathway, in the oak mycorrhizal roots.

Keywords: mycorrhiza; nitrogen; ammonium transporter; ectomycorrhizal fungi; oak (cork oak)

1. Introduction

Mycorrhizal symbiosis is known to improve the nutrient status of host plants. Hyphae
from mycorrhizal fungi can very efficiently explore the rhizosphere, absorbing nutrients
which are then transferred to the plant partner in exchange for photosynthetic-derived
carbon compounds. Ectomycorrhiza is the dominant plant symbiotic interaction in temper-
ate forest ecosystems, where nitrogen (N) availability is one of the major factors limiting
plant growth [1]. This is usually the result of a reduced bacterial nitrification activity in
these regions and the sequestration of inorganic N to humic particles [2]. It is estimated
that 80–90% of trees in temperate and boreal forests form beneficial symbiotic relationships
with ectomycorrhizal (ECM) fungi [3], which drive soil processes such as nutrient cycling,
organic matter decomposition, soil aggregation, and carbon sequestration [4]. Several
studies have provided evidence that, in these ecosystems, most trees rely on their symbiotic
partners to acquire N (e.g., [5]). N is an essential nutrient for plant growth, being part of
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most organic macromolecules, such as proteins, nucleic acids, hormones, and vitamins. It
can occur in the soil either in inorganic form, nitrate (NO3

−) and ammonium (NH4
+), or as

organic compounds, such as amino acids. However, the inorganic forms are dominant in the
soil. Studies have shown that ECM fungi can metabolize both organic (such as amino acids)
and inorganic N forms (such as NH4

+ and NO3
−) [6]. Regarding inorganic N, these fungi

seem to preferentially use NH4
+, since NO3

− needs to be immediately reduced to NH4
+

after uptake, which increases the energetic costs for N assimilation [5]. Several ammonium
importers have been identified and characterized in several ECM fungal species [4].

According to current knowledge from arbuscular mycorrhizas, the extraradical mycelium
of mycorrhizal fungi can take up inorganic and organic N from the soil, which is then
assimilated by the GS/GOGAT pathway into amino acids, such as arginine [7,8]. Arginine is
then translocated to the symbiotic intraradical hyphae, where it is converted to NH4

+, which
is thought to be the main N form transferred by arbuscular mycorrhizal fungi to their host
plants [9,10]. Symbiotic N transfer by ECM fungi is less clear, but current knowledge points to
NH4

+ and/or amino acids as the main N forms involved [11,12]. The idea that amino acids
could constitute a potential N source delivered by ECM fungi is based on the fact that some
ECM fungi can upregulate their amino acid exporters in ECM root tips [13,14], as well as on
indirect evidence from 15N labeling experiments showing that labelled amino acids are found
in ECM plants following the application of labeled glycine to the humus layer [15]. However,
fungal N delivery as amino acids would result in a severe carbon loss by fungal hyphae [16]
and, since the pH of the apoplastic plant/fungus interface is rather low (3.1–4.0), a reduced
amino acid excretion ability of fungal hyphae would be expected [17].

Studies have shown that NH4
+ can be exported by intraradical hyphae during ar-

buscular mycorrhizal symbiosis [7]. Transfer of NH4
+ from the fungal hyphae into the

symbiotic interface is thought to be mediated by fungal plasma membrane transporters,
followed by uptake by plant ammonium transport proteins (AMT) localized at the root
cell plasma membrane [5]. The family of AMT proteins has been characterized mostly on
plants establishing arbuscular mycorrhizas, with several AMTs being highly expressed at
the root–fungus interface of mycorrhizas of Sorghum bicolor [18], Oryza sativa [19], Glycine
max [20], Lotus japonicus [21], and Medicago truncatula [22]. Some AMTs have been shown to
be specifically over-expressed in root cells containing arbuscules, suggesting a role in the
transport of fungal-derived NH4

+ into the root cell cytoplasm [20].
In Poplar and Pinus, ECM root colonization results in a significant induction of AMT

gene expression, suggesting that these transporters are also involved in the ECM incorpo-
ration of NH4

+ exported by the fungus into the root cells [17,23]. Due to their ecological
importance, there is a need to improve our understanding on the molecular mechanisms
driving nutrient exchange dynamics in the ECM roots of forest trees so that we can better
predict their role in tree adaptation to climate change scenarios. Overall, while the transport
of N from fungal to plant tissues is certainly an accepted process, neither the form of N
transported, nor the specific fungal or plant transport mechanisms are fully known [4]. In
the present study, the roots of cork oak (Quercus suber) plants inoculated with the ECM
fungus Pisolithus tinctorius were used as a model system to investigate the molecular basis
of N uptake and transfer in the ECM plant–fungus system. We focused on several oak genes
that may be involved in the transfer of organic and inorganic N forms from the fungus
to the host plant. In particular, we took advantage of the cork oak genome information
to identify genes encoding AMTs and transporters involved in root amino acid uptake
(such as lysine/histidine transporters and amino acid permeases) [24]. The transcript level
of these genes was evaluated in oak roots in the presence or absence of the ECM fungus
P. tinctorius in order to identify and functionally characterize specific AMTs and amino
acid transporters regulated by the ECM interaction and define their pattern of expression
during symbiosis.
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2. Results
2.1. P. tinctorius Root Colonization. Effect on Plant Growth and N Concentration

Root colonization of cork oak plants, 17 months after P. tinctorius inoculation, mea-
sured as % of root segments showing mycorrhizal root tips, was of about 40% (Table S1). N
concentration in leaves was significantly increased by the ECM symbiosis, P. tinctorius inoc-
ulation, resulting in 5.4% additional N in inoculated plants grown with no N fertilization
(Table S1). Despite this, P. tinctorius-inoculated young cork oak plants (21 months old) did
not show significant improvements in growth, measured as plant height and shoot and
root fresh weight, under our experimental conditions (Table S1).

2.2. Identification of Cork Oak Genes Involved in N Transport and Assimilation

The genome sequence of Q. suber, available at the NCBI database, was searched for
genes potentially involved in the uptake of inorganic (NH4

+) and organic (amino acids)
N forms. Twenty genes corresponding to AMTs were identified based on NCBI searches
using keyworks and similarity with protein sequences from Arabidopsis and Populus. Three
genes were discarded since the protein sequences had no significant similarity against
the typical ammonium transporter family domain (pfam00909) in Pfam. Another set of
seven genes was also discarded since its protein sequences showed similarity only to
AMTs from ascomycetes. In total, 10 genes encoding Q. suber AMTs were selected for
further analysis (Table S2). In addition, five genes were identified with high similarity
to membrane proteins described in other plants as involved in root amino acid uptake
from soil, including two amino acid permeases, two lysine histidine transporters, and
one proline transporter protein (Table S2). A search against the cork oak genome allowed
the identification of genes encoding proteins involved in the GS/GOGAT pathway for
NH4

+ assimilation, including two cytosolic isoforms of glutamine synthase (GS1 and
GS1.3, respectively), a chloroplastic GS isoform (GS2), a chloroplastic NADH-dependent
glutamate synthase (GOGAT) isoform (NADH-GOGAT), and the ferredoxin-dependent
amyloplastic (Fd-GOGAT) isoform (Table S2).

In silico analysis of the protein sequences (Table S2) shows that all the cork oak AMTs
contained the protein domains characteristic of AMT protein family (e.g., IPR001905).
Prediction analysis of amino acid sequences indicated they are membrane proteins, with
a signal peptide sequence and 11 transmembrane domains (except QsAMT1.1-like (b),
which has 9) with an extracellular N-terminus and a cytosolic C-terminus, like other plant
AMT members [25,26]. Regarding the putative amino acid transporters, all the cork-oak-
selected genes showed the conserved amino acid transporter transmembrane domain,
a signal peptide sequence, and 9–11 predicted transmembrane domains, indicating a
protein localization at the plasma membrane, consistent with their role in root amino acid
uptake from soil. Sequences of the proteins involved in the GS/GOGAT pathway showed
the glutamine synthase and glutamate synthase domains, respectively, and a globular
conformation with no transmembrane domains, characteristic of cytoplasmic proteins.

2.3. Impact of ECM Symbiosis on the Expression of Genes Involved in N Transport
and Assimilation

To evaluate the effect of ectomycorrhiza formation on the expression of cork oak
AMTs, amino acid importer genes, and genes involved in the GS/GOGAT cycle, specific
primer pairs were designed for qPCR analysis to compare P. tinctorius inoculated and
non-inoculated plants. Root samples from 21-month-old inoculated and non-inoculated
cork oak plants, collected at 17 months post-P. tinctorius inoculation, were used for analysis.
Leaves from each treatment were also analyzed to evaluate tissue specificity of gene
expression. The transcript levels of three AMT genes were below the detection limit under
our experimental conditions (QsAMT1.1-like (b), QsAMT3.1-like (b), and QsAMT3.3-like).

The remaining seven cork oak AMT genes were expressed in roots, with some also
being expressed in leaves but at lower levels, except for QsAMT1.1-like a, whose expression
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was similar to those observed in roots, as well as QsAMT3.3-like (a), which was more
expressed in leaves of non-inoculated plants (Figure 1).
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Figure 1. Quantification by qPCR of AMT gene expression in roots and leaves of P. tinctorius mycor-
rhizal (Myc) and non-mycorrhizal (non-Myc) cork oak plants. Values are the means of 3 replicates.
Error bars represent standard deviations. The cork oak elongation factor-1-alpha transcript was used
as reference. * Indicates significant differences between treatments at p-value < 0.05.

Ectomycorrhiza formation with P. tinctorius significantly increased the expression of
three cork oak AMTs in inoculated roots (QsAMT1.2-like, QsAMT3.2-like, and QsAMT3.3-like
(a)) compared with roots of the control treatment (Figure 1). However, the expression level
of one AMT, QsAMT1.3-like, was decreased in roots of ECM cork oak plants when compared
with non-inoculated roots (Figure 1). Regarding P. tinctorius’ effect on leaves, most AMTs
were not affected by the inoculation, except QsAMT3.3-like (a), which was downregulated
in inoculated vs. non-inoculated plants (Figure 1).

None of the five cork oak amino acid importers investigated were affected by the ECM
interaction with P. tinctorius at the transcript level (Figure S1). Among the five tested genes,
three had a higher expression level in root tissues relative to leaves (QsAAP3-like, QsLHT1-
like, and QsProT2), while two were more expressed in leaves (QsAAP6-like and QsLHT1).
Since several AMT genes were upregulated in ECM roots, we decided to investigate if
the GS/GOGAT pathway would be involved in the assimilation of NH4

+ provided by
the fungus. Most analyzed genes encoding proteins from the GS/GOGAT pathway were
not affected by ECM symbiosis, and only one gene was downregulated in ECM roots
(Figure S2). In our experimental conditions, it was not possible to detect transcripts of
QsGS1.3.

2.4. Phylogenetic Analysis of Cork Oak AMTs

In the phylogenetic analysis (Figure 2), four out of the ten cork oak AMT proteins
were found to be members of the AMT1 subfamily, while the other six were members of
the subfamily AMT2, distributed in two separate clusters, AMT2 and AMT3. No AMT4
members were found in the cork oak genome. The ECM upregulated cork oak AMTs are in
the same clusters as other previously characterized AMT, also over-expressed in several
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plants during mycorrhizal symbiosis with ectomycorrhizal and arbuscular mycorrhizal
fungi, such as SbAMT3.1 [18,27], OsAMT3.1 [27], PtrAMT 1.2 [10], GmAMT4.4, GmAMT1.4
and GmAMT3.1 [20], and PttAMT1.2 [17]. The upregulated QsAMT1.2-like is closely related
to the Populus trichocarpa and Populus tremula×tremuloides AMT1.2 genes, which are both
over-expressed during ECM symbiosis [10,17].

Plants 2023, 12, x FOR PEER REVIEW 5 of 16 
 

 

2.4. Phylogenetic Analysis of Cork Oak AMTs 
In the phylogenetic analysis (Figure 2), four out of the ten cork oak AMT proteins 

were found to be members of the AMT1 subfamily, while the other six were members of 
the subfamily AMT2, distributed in two separate clusters, AMT2 and AMT3. No AMT4 
members were found in the cork oak genome. The ECM upregulated cork oak AMTs are 
in the same clusters as other previously characterized AMT, also over-expressed in several 
plants during mycorrhizal symbiosis with ectomycorrhizal and arbuscular mycorrhizal 
fungi, such as SbAMT3.1 [18,27], OsAMT3.1 [27], PtrAMT 1.2 [10], GmAMT4.4, GmAMT1.4 
and GmAMT3.1 [20], and PttAMT1.2 [17]. The upregulated QsAMT1.2-like is closely re-
lated to the Populus trichocarpa and Populus tremula×tremuloides AMT1.2 genes, which are 
both over-expressed during ECM symbiosis [10,17]. 

 
Figure 2. Maximum-likelihood tree of the ammonium transporter (AMT) protein family. Bootstrap 
was performed using 1000 replicated tests. Species codes: Ec, Escherichia coli; Sb, Sorghum bicolor; At, 
Arabidopsis thaliana; Gm, Glycine max; Lj, Lotus japonicus; Os, Oryza sativa; Ptr, Populus trichocarpa; Qs, 

Figure 2. Maximum-likelihood tree of the ammonium transporter (AMT) protein family. Bootstrap
was performed using 1000 replicated tests. Species codes: Ec, Escherichia coli; Sb, Sorghum bicolor; At,
Arabidopsis thaliana; Gm, Glycine max; Lj, Lotus japonicus; Os, Oryza sativa; Ptr, Populus trichocarpa; Qs,
Quercus suber; Pt, Populus tremula. Mycorrhiza-inducible AMTs are in bold font. Quercus suber AMTs
are in blue font.

2.5. Heterologous Complementation of a Yeast Mutant Defective in NH4
+ Uptake

A yeast mutant complementation test was used to demonstrate the NH4
+ transport

function and to biochemically characterize the cork oak AMTs which were over-expressed
in P. tinctorius inoculated vs. non-inoculated roots (QsAMT1.2-like, QsAMT3.2-like, and
QsAMT3.3-like (a)). All three transporters were expressed through the yeast expression
vector pDR196 [28] in a mutant yeast strain, 31019b, which lacks the three endogenous
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NH4
+ transporter genes (MEP1, MEP2, and MEP3) and is unable to grow on medium

containing <3 mM NH4
+ as the sole N source [29]. QsAMT1.2-like and QsAMT3.2-like

were able to efficiently restore the NH4
+ uptake ability of the yeast mutant, promoting

growth of the yeast cells under low NH4
+ (1 mM and 2 mM NH4

+) concentration in the
growing media (Figure 3), demonstrating that they encode functional AMTs. QsAMT3.2-like
complemented more efficiently the mutant yeast phenotype, demonstrated by the better
growth of colonies at 1 mM and 2 mM NH4

+ as sole nitrogen source (Figure 3). In contrast,
QsAMT3.3-like (a) was unable to complement the NH4

+ transport deficiency of the 31019b
yeast strain, with no cell growth observed under low NH4

+ (Figure 3). This could be
related to ammonium toxicity when QsAMT3.3 was constitutively overexpressed in yeast,
as described by Hess and co-workers [30].
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Figure 3. Complementation of a yeast mutant defective in ammonium uptake by QsAMT1.2,
QsAMT3.2, and QsAMT3.3. This drop test shows the growth of the yeast strain 31019b, transformed
with various constructs, on minimal medium supplemented with various NH4

+ concentrations (1,
2 or 3 mM) as a sole nitrogen source. Quantity of yeast cells plated in each drop of 10 µL was
between 102–105. All strains were incubated for 5 d at 29 ◦C. SbAMT3.1 from Sorghum bicolor
was used as a control. pDR196 empty vector (control), mep1∆mep2∆mep3∆ + pDR196; QsAMT1.2,
mep1∆mep2∆mep3∆ + pDR196-QsAMT1.2; QsAMT3.2, mep1∆mep2∆mep3∆ + pDR196-QsAMT3.2;
QsAMT3.3, mep1∆mep2∆mep3∆ + pDR196-QsAMT3.3; SbAMT3.1, mep1∆mep2∆mep3∆ + pDR196-
SbAMT3.1∆.

Functional expression of QsAMT3.2 and QsAMT1.2 in the yeast triple mutant re-
vealed them to be a high-affinity transporter (HATS) with an apparent Km of 0.6 µM
(Figure S3) and a low-affinity transporter (LATS) with an apparent Km of 667 µM, respec-
tively (Figure S4). As for the drop test, we were unable to observe a stable methylamine
uptake for QsAMT3.3.

2.6. Subcellular Localization of Cork Oak AMTs

For the subcellular localization of the AMTs which were upregulated in P. tinctorius in-
oculated root tissues (QsAMT1.2-like, QsAMT3.2-like, and QsAMT3.3-like (a)), we transiently
expressed their coding sequences with the reporter gene GFP under the constitutive 35S pro-
moter. We used infiltrated epidermal leaves of Nicotiana benthamiana, considering the high
expression levels and easiness of procedure. Out of the three genes tested, we were unable
to express QsAMT3.3-like (a) under our experimental conditions, which could be related
to the lack of a cork-oak-specific factor(s) needed for the proper protein maturation and
transport into the plasma membrane in the N. benthamiana heterologous system. QsAMT1.2
was detected exclusively at the plasma membrane (Figure 4a–c), occasionally forming
patches and suggesting asymmetric ion transport; the 3D maximal intensity projection
picture (Figure 4a) further suggests that these channels span the plasma membrane. In con-
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trast, QsAMT3.2 displays a distinct pattern from QsAMT1.2, with well-distinguished and
stronger punctate patches (Figure 4d–f) but also a cytoplasmic reticulate-like distribution,
suggestive of protein transport through endoplasmic reticulum and Golgi.
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to 1/5 of the larger grid square). (b) Same projection as in (a), where it is possible to clearly see
that the QsAMT3.2 protein accumulates in specific spots in the plasma membrane, but it is also
found in the cytoplasm, displaying the reticular pattern typical of protein transport. The signal
is strong around the nucleus (scale bar: 10 µm correspond to 1/5 of the larger grid square). (c,d)
Single confocal layer showing a stronger signal in the plasma membrane (arrows) of QsAMT1.2 (c)
and QsAMT3.2 (d) (scale bar: 10 µm). (e) Orthogonal slide view of QsAMT1.2. Side and bottom
images correspond to the vertical and horizontal lines crossing the central image, respectively. These
side images are snapshots of what is being expressed in a precise point of the cell. In areas where
chloroplasts emit autofluorescence (magenta), the signal is not detected in the cytoplasmic vicinity of
the plastid, indicating that the tonoplast is not marked (arrow) (scale bar: 20 µm). (f) Same as in (e)
but for QsAMT3.2, where plasma membrane spots can be perfectly distinguished. Surrounding the
nucleus, we find some chloroplasts and cytoplasm marked by the reporter gene GFP (arrow) (Scale
bar: 20 µm).
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2.7. Homology Modeling of AMTs Upregulated in Cork Oak ECM Roots

To further characterize the three AMTs from cork oak over-expressed during symbiosis
with P. tinctorius (QsAMT1.2-like, QsAMT3.2-like, and QsAMT3.3-like (a)), we compared
their deduced protein structure with the X-ray structure of the bacterial homolog AmtB
from E. coli, which has been fully experimentally and computationally characterized [31].
Comparison between the upregulated cork oak AMTs and the E. coli AmtB shows an
average sequence similarity of about 30% (Table S3). The E. coli AmtB is an ion channel that
recruits NH4

+ at the periplasmic NH4
+ binding site, subsequently deprotonating NH4

+

before translocating neutral NH3 into the bacterial cell cytoplasm. Most of the amino acids
which have a key role in the transport of NH4

+ along the permeation pore of EcAmtB are
conserved in the cork oak AMTs which are upregulated by ECM symbiosis with P. tinctorius
(Table 1 and Figure S5).

Table 1. Amino acid residues forming the channel of the EcAmtB (template) and the mycorrhiza-
induced QsAMT1.2-like, QsAMT3.2-like, and QsAMT3.3-like (a). Different residues with respect to
the ones in EcAmtB are highlighted in red.

EcAmtB QsAMT1.2-like QsAMT3.2-like QsAMT3.3-like (a)

Met23 Ala61 Gln40 Gln41

His168 His211 His205 His201

His318 His378 His359 His355

Leu114 Ile147 Leu151 Leu147

Leu208 Leu256 Leu245 Leu241

Ile266 Leu327 Ile303 Met299

Phe107 Phe140 Phe144 Phe140

Phe215 Phe263 Phe252 Phe248

Ile28 Phe66 Leu45 Leu46

Ser219 Ser217 Asp256 Asp252

Trp148 Trp181 Trp185 Trp181

Trp212 Trp260 Trp249 Trp245

3. Discussion

It has been well established that ECM fungi play a key role in N nutrition of their
host trees that inhabit ecosystems characterized by relatively N poor soils. However, there
is little knowledge about the molecular events related to N metabolism in ECM plants.
Furthermore, the organic (amino acids)/inorganic (NH4

+) nature of the N molecules
transferred by ECM fungi into their host plants is still a topic of controversy.

Analysis of the cork oak genome identified the presence of ten AMTs, four in the
AMT1 subfamily and six in the AMT2 subfamily, which is composed of three clades, AMT2,
AMT3, and AMT4. Phylogenetic analysis revealed that the three cork oak AMT genes
upregulated in ECM roots belong to different AMT subfamilies and are closely related to
other AMTs over-expressed in arbuscular mycorrhizal and ECM plants, such as those in
the AMT3 cluster from the Poaceae plant family [27], or the AMT1 cluster from the woody
plant Populus [17]. One of the upregulated AMTs in cork oak (QsAMT1.2-like) is a member
of the AMT1 cluster, whose members are also over-expressed during the interaction of
tree species with ECM fungi, such as Populus (PtrAMT1.2/PttAMT1.2) [10,17] and Pinus
pinaster (PpAMT1.3) [23]. The fact that no members of the AMT1 subfamily have been
detected in arbuscular mycorrhizal roots might indicate a specific recruitment of the AMT1
subfamily for the transport of NH4

+ delivered by ECM fungi. These results suggest that
QsAMT1.2-like/PtrAMT1.2/PttAMT1.2/PpAMT1.3 are the orthologues most responsible
for NH4

+ uptake in ECM symbiosis. It has been proposed that the AMT1 subfamily is the
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most ancient one, having been separated from the AMT2 clade early during the evolution
of land plants, after their separation from algae [32].

The other upregulated AMTs from cork oak are members of the AMT3 subfamily, like
what is observed on several plant species colonized by arbuscular mycorrhizal fungus,
suggesting that AMT3 members correspond to AMTs activated in ECM and arbuscular
mycorrhizal roots. One notable exception is the lack of gene members of the AMT4 clade
in the genome of cork oak, in contrast with other dicots, such as soybean (6) and Populus
(4), suggesting a diversified organization of the AMT genes in the dicot plant group.
Several AMT4 subfamily members are among the AMTs which are over-expressed in
mycorrhizas of several plant species, such as sorghum [18], soybean [20], and rice [27].
However, in Populus, there are no indications of an over-expression of AMT4 members
during mycorrhiza formation [10], and in several species from the Poaceae family, loss of the
AMT4 gene function had no consequences on symbiotic N uptake, suggesting that AMT4
has acquired new functions [27].

In contrast with AMTs, root amino acid transporters were not upregulated by the cork
oak–P. tinctorius symbiosis, adding to the growing body of evidence that inorganic NH4

+,
and not organic N in the form of amino acids, could be the main N form delivered by ECM
fungi to their host plants. In our study, we focused on amino acid transporters known to
be active in roots. However, given the high number of members from this gene family in
plants, the transport of organic N by other amino acid transporters not analyzed in the
present study cannot be discarded. In addition, the amino acid transporters investigated
here could be regulated not at the transcription level but at some other different level such
as translationally, functionally or by their localization, making it impossible to detect any
changes in our experiment.

Delivery of fungal inorganic N into the plant roots is corroborated by the finding that
NH4

+ is excreted by fungal hyphae at intraradical arbuscules in the arbuscular mycor-
rhizal symbiosis [7], AMT proteins being highly expressed at the intraradical mycelium
of arbuscular mycorrhizal fungi [33]. Overall, our results suggest a complementary role
of these AMTs in the transport of NH4

+ exported by P. tinctorius into the cork oak roots,
like it has been proposed in other mycorrhizal plants, where higher expression of several
AMT genes has been detected in the roots of plants colonized by arbuscular mycorrhizal
fungi [19,20,27] and ECM fungi [17,23]. In accordance with other studies [10,18,27], most
cork oak AMTs were found to be root-specific, their levels in leaves being very low or even
undetectable. However, one AMT, QsAMT3.3 a, had high expression levels in the leaves of
non-inoculated plants. This indicates that this gene is mostly active in the shoot (leaves),
like some AMTs from other plants which are involved in the acquisition of ammonium from
roots [34]. The decreased expression of this AMT in the leaves of P. tinctorius inoculated
plants constitutes an indication that ECM fungi can systemically regulate the expression
of the N transport pathway. A lower expression could be indicative of a reduction in
NH4

+ unloading from the xylem at the leaves of P. tinctorius-inoculated plants. However,
additional work would be necessary to draw any further conclusions.

To confirm the function of the three upregulated AMTs as functional NH4
+ trans-

porters, we analyzed their ability to complement a yeast strain defective in NH4
+ transport.

The yeast mutant strain was transformed with the coding sequence of each AMT, which
was sufficient to confer the ability to grow under low NH4

+ concentration to two of the cork
oak AMTs, confirming that those are functionally involved in NH4

+ uptake. Among these,
QsAMT3.2-like showed a very efficient ability to complement the lack of NH4

+ transport
of the mutant yeast strain, like other AMT3 gene members from plant species, such as
sorghum and maize colonized by arbuscular mycorrhizal fungi [27], suggesting a high ac-
tivity of this AMT in the transport of NH4

+ from mycorrhizal symbiotic fungi. Furthermore,
the GFP subcellular localization of two mycorrhiza-activated AMTs in N. benthamiana epi-
dermal cells confirmed a plasma membrane localization, in agreement with their putative
function as root ion transporters.
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Comparison with AmtB from E. coli (EcAmtB) enabled us to obtain some insights
about the transport mechanism of the cork oak AMT proteins which are upregulated
by the ECM interaction with P. tinctorius. According to Wang et al. [35], the EcAmtB
protein is a membrane pore that deprotonates NH4

+ at the periplasmic binding side,
before translocating it as neutral NH3 to the cytoplasmic side. Our analysis shows that
key residues are conserved between EcAmtB and the cork oak AMTs. These include the
amino acids recruiting NH4

+ from the periplasmic space, those involved in receiving the
H+ resulting from NH4

+ deprotonation, and those involved in the stabilization of NH3
molecules through hydrogen bonding during transport in the permeation pore [31,35].
Some amino acid replacements relative to EcAmtB were detected, such as the residue
Ser219, which forms a hydrogen bond with NH4

+ and, in QsAMT3.2-like and QsAMT3.3-
like (a), is replaced by an aspartic acid (Asp). This replacement of a neutral serine to a
negatively charged aspartic acid was also detected in several plant species establishing
arbuscular mycorrhizas and could result in an increased NH4

+ binding affinity [27].
These results support a similar transport mechanism between the E. coli EcAmtB and

the cork oak AMTs suggested by our study and others [21,27], in which the NH4
+ delivered

by the fungus into the plant–fungus apoplastic interface would be deprotonated, being
then transported as neutral NH3 into the root cells cytoplasm. The uptake of the uncharged
molecule NH3 would prevent a toxic NH4

+ accumulation in the cytosol of root cells. This
agrees with our results, since no activation of NH4

+ detoxifying mechanisms, such as
the GS/GOGAT assimilatory pathway which incorporates NH4

+ into amino acids, was
observed in the P. tinctorius ECM cork oak roots under our conditions. The protons resulting
from NH4

+ deprotonation would remain in the plant–fungus interface, maintaining or even
reinforcing the acidic pH at that location, providing energy for H+-dependent transport
processes [21]. This mechanism is consistent with a role of NH4

+ as a major source of ECM
fungus-derived N, since a reduced amino acid excretion ability by fungal hyphae is expected
to occur at the low pH values of the apoplastic space at the plant–fungus interface [17].
This is further corroborated by the findings that, in soybean and sorghum, some arbuscular
mycorrhizal-induced AMTs are specifically expressed in root cells containing arbuscules,
where nutrients are released to the plant–fungus interface before being taken up by the
plant [18,20]. Studies on the arbuscular mycorrhizal fungus Rhizophagus irregularis have
shown that fungal AMT genes are highly expressed in the intraradical mycelium of fully
established symbiotic roots, pointing to a role of fungal AMTs as export carriers for NH4

+

from the arbuscules to the plant–fungus interface space [33,36]. However, since current
evidence suggests that AMTs are involved in the uptake of NH4

+, and that NH4
+ seems to

be the N form taken up by the plant at the symbiotic interface, expression of fungal AMTs
in the arbuscules indicates there might exist a competition between plant and fungus for
the N available at the plant–fungus interface [33].

In summary, our results indicate that NH4
+ is probably the main N form exported

by the ECM fungus P. tinctorius and taken up by the plant root cells during symbiosis.
Moreover, no experimental evidence was found for a role of amino acids in the transfer
and uptake of N in the ECM symbiotic roots. Our results on AMTs constitute a validation
of knowledge already acquired from a few ECM models studied so far [17,23], extending
data on root amino acid transport gene expression which, to our knowledge, was not
previously investigated in ectomycorrhizas. However, it must be noted that our strategy for
candidate gene selection might have missed other unexpected genes or genes not regulated
at the transcription level, such as those regulated post-translationally, which could also be
involved in the transport of N at the plant–fungus interface. Three AMTs were identified
in the cork oak roots which are potentially involved in the transfer of fungal-derived N.
Future studies should focus on the regulation of these cork oak AMTs, as well as on gene
expression profiling during the interaction with different ECM fungal species and under
more natural, e.g., field conditions.
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4. Materials and Methods
4.1. ECM Symbiosis Establishment and Plant Growth

P. tinctorius (strain Pt23) inoculum was produced in vitro (from monoxenic cultures
established in BAF medium containing 1% glucose) in a mixture of vermiculite and peat
irrigated with the same medium, under dark conditions, at 23 ◦C [37]. Q. suber seed
germination, plant growth, and P. tinctorius inoculation were performed as described
earlier [37]. Inoculated and non-inoculated plants (controls) were grown in a greenhouse
under a randomized block design, in 10 L pots with a two-week irrigation regime, and
with no fertilization applied [37]. Plants with fully established ECM roots (17 months after
P. tinctorius inoculation) were collected for analysis. Shoots and roots from 9 inoculated
and non-inoculated plants were measured and weighted for plant growth determination
(height and root/shoot fresh weight). The roots from 3 inoculated and non-inoculated
plants were cut into segments (1 cm) and observed under a stereoscopic microscope for
determining the average root colonization, calculated as the number of segments showing
mycorrhizas relative to the total number of segments analyzed (100). Significant differences
in plant biomass and root colonization among treatments were tested by Student’s t-test,
using the IBM SPSS statistics 26 (Chicago, IL, USA). Lateral roots containing mycorrhizas,
corresponding roots from non-inoculated plants, and leaves from inoculated and non-
inoculated plants were snap frozen in liquid nitrogen and stored at −80 ◦C.

4.2. Determination of N Concentration

Frozen leaf material from six different ECM and non-ECM plants was dried at 70 ◦C
for 72 h and grounded in a mill (Retsch, Haan, Germany) to a homogenous fine powder
for isotopic analysis. After grinding, samples were used for N percentage calculation,
according to [38], on a EuroEA 3000 Elemental Analyzer (EuroVector, Milan, Italy) with a
TDC detector at the Stable Isotopes and Instrumental Analysis Facility, Faculty of Sciences,
Lisbon University. N concentration was defined as % of dry weight. Significant differences
among treatments were tested by Student’s t-test, using the IBM SPSS statistics 26 (Chicago,
IL, USA).

4.3. Identification of Cork Oak Genes Involved in N Transport and Assimilation

Sequencing, assemblage, and annotation of the Q. suber genome were described by [39],
and all sequences are available at public databases, such as the NCBI. Putative Q. suber
genes involved in root amino acid transport, such as amino acid permeases (AAP) and
lysine/histidine transporters (LHTs), along with genes involved in NH4

+ transport (AMTs)
and N assimilation (GS/GOGAT pathway) [24], were identified by searching the NCBI
database (restricted to Q. suber) using keywords and protein sequences (blastp) from
Arabidopsis and Populus downloaded from TAIR [40] and Phytozome [41], respectively;
sequences with E-value < 10−6 and bit score > 50 were retained for further analysis. Addi-
tional confirmation of the putative Q. suber homologs that were detected was performed by
identification of the characteristic protein domains, such as the transmembrane amino acid
transporter (pfam01490) and the ammonium transporter family domain (pfam00909) in
Pfam [42], with protein sequences showing an E-value < 10−50 being retained for further
analysis. The selected cork oak genes were characterized based on the presence of signal
peptides and transmembrane helices with SignalP 6.0 [43] and DeepTMHMM [44]. The
subcellular location was predicted with TargetP 2.0 [45].

4.4. Phylogenetic Analysis of Q. suber AMT Gene Family

The amino acid sequences of the AMT family members from poplar, rice, sorghum,
soybean, tomato, Lotus japonicus, Populus tremula × tremuloides (all collected from Phy-
tozome version12), Arabidopsis (collected from TAIR), and the putative Q. suber AMTs
were aligned using ClustalW [46] using the following multiple alignment parameters: gap
opening penalty 15, gap extension penalty 0.3, and delay divergent sequences set to 25%;
the Gonnet series was selected as the protein weight matrix. Maximum-likelihood (ML)
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analyses were performed for the AMT family in a total of 74 protein sequences. Acces-
sion numbers of amino acid sequences are given in the Table S5. Protein sequences were
compiled and then aligned using the multiple sequence alignment tool MAFFT with an
auto-model strategy [47] and then trimmed using trimAl v1.4.1 using the automated1
method [48]. An ML analysis was performed using MEGA-X v10.1.7 [49,50] following best
model selection. The final tree was accessed using the LG substitution matrix model [51]
with GAMMA-based thorough optimization. A final GAMMA-based thorough optimiza-
tion of the best-scoring ML tree was performed. Bootstrapping was performed in the same
program using 1000 replicates. Trees were visualized using FigTree version 1.3.1 [52].

4.5. Gene Expression Analysis by qPCR

The roots/leaves from two independent plants were pooled together, constituting one
biological replicate. In total, three biological replicates from inoculated and non-inoculated
plants were used for the qPCR analysis. Each biological replicate was grounded to a fine
powder using liquid nitrogen. RNA was extracted using the method by [53]. Purified
RNA samples were treated with DNase (TURBO DNA-free kit, invitrogen, ThermoFisher
SCIENTIFIC, Cambridge, MA , USA) for genomic DNA removal, before cDNA synthesis
with reverse transcriptase (RevertAid H Minus Reverse Transcriptase, ThermoFisher SCI-
ENTIFIC) and oligo dT primer. qPCR was performed as described [54]. Briefly, primers for
the specific amplification of cork oak transcripts involved in N transport and assimilation
(AMTs, amino acid transporters, and GS/GOGAT pathway transcripts) were designed
using PrimerSelect (DNASTAR). Primer specificity was tested using Primer-BLAST [55].
Diluted cDNA samples were amplified using SYBR Green (2X SensiFast SYBR Hi-ROX Mix,
Bioline, London, UK) and the following thermal cycling conditions: initial denaturation
at 95◦ for 10 min, followed by 40 cycles at 95 ◦C for 15 s and 55–64 ◦C (depending on the
gene) for 30 s. Information on genes, primers, and qPCR amplification is shown in Table S4.
Melting curve analysis was used to identify non-specific PCR products (Figure S6). Target
gene expression values were normalized to the expression of the elongation factor-1α
gene (EF-1α) from Q. suber [54]. Quantification of transcript levels was calculated using the
Schmittgen and Livak method [56]. qPCR amplicons were sequenced by Sanger sequencing.
Significant differences among treatments were tested by Student’s t-test, using the IBM
SPSS statistics 26 (Chicago, IL, USA).

4.6. Isolation of ECM Over-Expressed Q. suber AMT Genes and Functional Expression in Yeast

The full-length cDNAs from QsAMT1.2-like, QsAMT3.2-like, and QsAMT3.3-like (a)
were obtained by PCR amplification of cDNA from ECM cork oak roots using the primers
described in Table S6 and the proofreading enzyme Phusion High-Fidelity DNA polymerase
(ThermoFisher SCIENTIFIC). PCR amplicons were subjected to agarose gel electrophoresis,
and DNA bands were excised from the gel and purified (QIAquick Gel Extraction Kit,
QIAGEN, Germantown, MD, USA). The purified DNAs were cloned into the pJET1.2/blunt
Cloning Vector using the CloneJET PCR Cloning Kit (Thermo-Fisher SCIENTIFIC). Plas-
mids were then inserted into One Shot TOP10 chemically competent E. coli (ThermoFisher
SCIENTIFIC). Following plating on LB agar medium supplemented with 100 µg/mL ampi-
cillin, positive colonies were used for plasmid DNA purification by miniprep (GeneJET
Plasmid Miniprep Kit, ThermoFisher SCIENTIFIC), and the constructs were verified by
Sanger sequencing. The full-length QsAMT1.2-like, QsAMT3.2-like, and QsAMT3.3-like (a)
cDNAs were subcloned into the yeast expression vector pDR196 using Gateway technology
(Invitrogen, ThermoFisher SCIENTIFIC), as described earlier [28]. The resulting plasmids
were called pDR196-QsAMT1.2-like, pDR196-QsAMT3.2-like, and pDR196-QsAMT3.3-like
(a). The yeast strain 31019b (MATa ura3 mep1∆ mep2∆::LEU2 mep3∆::KanMX2) [29] was
transformed with pDR196-QsAMT1.2-like, pDR196-QsAMT3.2-like or pDR196-QsAMT3.3-
like (a) according to Dohmen et al. [57]. As a positive control, we also similarly cloned and
transformed the low-affinity transporter SbAMT3;1 from Sorghum as described by Koegel
et al. [18]. The yest strain was also transformed with the empty pDR196 as a negative
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control. Transformants were selected on minimal YNB medium with amino acids as sole
nitrogen source (drop-out mix lacking uracil) and with 2% glucose as carbon source. For the
growth assays, yeast cells were grown on YNB without amino acids and with 2% glucose
as the carbon source (pH 6.1). To this medium, nitrogen sources were added as required
by the experiment. The nitrogen source used was (NH4)2SO4 at the specified concentra-
tions. Complementation experiments were repeated 3 times for each tested AMT gene.
Labeled N uptake studies were performed using [14C]-methylammonium (Amersham)
(see Methods S1). Michaelis–Menten and Lineweaver–Burk representations of the data
were used to determine apparent kinetics parameters (Km, Vm).

4.7. Subcellular Localization of Q. suber AMT Genes in N. benthamiana

The putative cork oak AMTs over-expressed in ECM root tissue were cloned using
the Gateway® technology (Invitrogen). To generate the pDONR221-QsAMT1.2, pDONR221-
QsAMT3.2, and pDONR221-QsAMT3.3 entry clones, the PCR fragments without the stop
codon were amplified from cork oak cDNA using primers with the attB sequences (Table
S6). To accomplish the binary vectors, pDONR221-QsAMT1.2, pDONR221-QsAMT3.2, and
pDONR221-QsAMT3.3 were combined with pGWB405 (Addgene) in a gateway LR reaction (In-
vitrogen) to generate 35S::QsAMT1.2::sGFP, 35S::QsAMT3.2::sGFP, and 35S::QsAMT3.3::sGFP
for subcellular localization. The GFP constructs were introduced in Agrobacterium tumefaciens
(strain GV3101), and transient expression was performed by leaf infiltration [58]. N. benthami-
ana plants were grown in a growth room with long-day conditions at 25 ± 1 ◦C. Transiently
transformed N. benthamiana were imaged two days after infiltration using a laser scanning
confocal microscope (LSCS, Leica SPE). For each experiment, at least three independent infil-
trations were performed. Two-channel image stacks were acquired sequentially on a Leica
SPE confocal microscope using LAS X software, with a 63×, 1.15 NA objective. Pixel size in
the XY obeyed the Nyquist sampling criterion. GFP detection was performed at 493–573 nm,
and autofluorescence detection was performed at 573–745 nm; both channels excited using
the 488 laser line.

4.8. Q. suber AMT Homology Modelling

To construct homology models for the AMTs upregulated in ECM roots (AMT1.2-like,
AMT3.2-like, and AMT3.3-like (a)), the SWISS-MODEL web server [59] was used. The
X-ray structure of EcAmtB (Pdb Id:1U7G) [31] was used as a template. The cork oak AMT
sequences were first aligned to that of EcAmtB using ClustalW [46].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12010010/s1, Table S1: Root colonization, N concentration,
and plant growth; Table S2: In silico characteristics of the protein sequences encoded by the putative
cork oak genes involved in NH4

+ transport, amino acid transport, and the GS/GOGAT pathway;
Table S3: Pairwise Sequence Identity (%) between the E. coli EcAmtB and the cork oak mycorrhiza-
induced AMTs (QsAMT1.2-like, QsAMT3.2-like, and QsAMT3.3-like (a)). Table S4: Information on
genes, primers, and qPCR amplification; Table S5: Accession numbers of amino acids sequences used
for the phylogenetical analysis of cork oak AMTs; Table S6: List of primers used for the isolation
of ECM over-expressed Q. suber AMT genes and for cloning by the gateway technology; Figure S1:
Quantification by qPCR of amino acid transporters gene expression in roots and leaves of P. tinctorius
ECM- and non-ECM cork oak plants; Figure S2: Quantification by qPCR of GS/GOGAT pathway
gene expression in roots and leaves of P. tinctorius ECM and non-ECM cork oak plants; Figure S3:
Biochemical characterization of QsAMT32; Figure S4: Biochemical characterization of QsAMT1.2;
Figure S5: Graphical representation of protein structure alignment by QMEAN obtained from SWISS-
MODEL Homology Modeling for AMT1.2-like (A), AMT3.2-like (B), and AMT3.3-like (C) using the
target-template modeling query and EcAmt (Pdb Id:1U7G) as template. Color progression illustrates
the highest probability of amino acid matching between sequences (orange as worst and purple as
best). Similar and different amino acid residues forming the channel of the EcAmtB (template) and
the ECM-induced QsAMT1.2-like, QsAMT3.2-like, and QsAMT3.3a-like are highlighted in black and
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Author Contributions: M.S. conceptualized and designed the experiment. M.S. performed the
mycorrhizal inoculation and collected the plant material. M.S., S.S., R.T. and P.-E.C. performed the
laboratory experiments; F.M. performed the phylogenetic and homology modeling analysis; J.F. and
D.W. performed the yeast functional complementation experiments; M.S. wrote the first draft of the
manuscript with the inputs of R.M. and P.-E.C. All authors reviewed the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Fundação para a Ciência e Tecnologia (FCT, Portugal)-
grants number DL57/2016/CP [12345/2018]/CT [2475] to M.S., DL57/2016/CP [12345/2018]/CT
[2477] to S.S., UIDB/04046/2020 and UIDP/04046/2020 to BioISI, UIDB/04129/2020 to LEAF,
UIDB/00329/2020 to cE3c, PTDC/ASP-AGR/0760/2020 to F.M. and PPBI-POCI-01-0145-FEDER-
022122 to the microscopy facility from the Faculty of Sciences, Lisbon University.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank Luis Marques from the Microscopy Facility of the Faculty
of Sciences, University of Lisbon, for his precious help with the pictures.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Smith, S.E.; Read, D. Mycorrhizal Symbiosis, 3rd ed.; Elsevier: Amsterdam, The Netherlands, 2008. [CrossRef]
2. Yu, Z.; Zhang, Q.; Kraus, T.E.C.; Dahlgren, R.A.; Anastasio, C.; Zasoski, R.J. Contribution of Amino Compounds to Dissolved

Organic Nitrogen in Forest Soils. Biogeochemistry 2002, 61, 173–198. [CrossRef]
3. Brundrett, M. Diversity and Classification of Mycorrhizal Associations. Biol. Rev. Camb. Philos. Soc. 2004, 79, 473–495. [CrossRef]

[PubMed]
4. Stuart, E.K.; Plett, K.L. Digging Deeper: In Search of the Mechanisms of Carbon and Nitrogen Exchange in Ectomycorrhizal

Symbioses. Front. Plant Sci. 2020, 10, 1658. [CrossRef]
5. Courty, P.E.; Smith, P.; Koegel, S.; Redecker, D.; Wipf, D. Inorganic Nitrogen Uptake and Transport in Beneficial Plant Root-Microbe

Interactions. CRC. Crit. Rev. Plant Sci. 2015, 34, 4–16. [CrossRef]
6. Finlay, R.D.; Frostegård, A.; Sonnerfeldt, A.-M. Utilization of Organic and Inorganic Nitrogen Sources by Ectomycorrhizal Fungi

in Pure Culture and in Symbiosis with Pinus Contorta Dougl. Ex Loud. New Phytol. 1992, 120, 105–115. [CrossRef]
7. Govindarajulu, M.; Pfeffer, P.E.; Jin, H.; Abubaker, J.; Douds, D.D.; Allen, J.W.; Bücking, H.; Lammers, P.J.; Shachar-Hill, Y.

Nitrogen Transfer in the Arbuscular Mycorrhizal Symbiosis. Nature 2005, 435, 819–823. [CrossRef]
8. Leigh, J.; Hodge, A.; Fitter, A.H. Arbuscular Mycorrhizal Fungi Can Transfer Substantial Amounts of Nitrogen to Their Host

Plant from Organic Material. New Phytol. 2009, 181, 199–207. [CrossRef]
9. Chalot, M.; Blaudez, D.; Brun, A. Ammonia: A Candidate for Nitrogen Transfer at the Mycorrhizal Interface. Trends Plant Sci.

2006, 11, 263–266. [CrossRef]
10. Couturier, J.; Montanini, B.; Martin, F.; Brun, A.; Blaudez, D.; Chalot, M. The Expanded Family of Ammonium Transporters in the

Perennial Poplar Plant. New Phytol. 2007, 174, 137–150. [CrossRef]
11. Müller, T.; Avolio, M.; Olivi, M.; Benjdia, M.; Rikirsch, E.; Kasaras, A.; Fitz, M.; Chalot, M.; Wipf, D. Nitrogen Transport in the

Ectomycorrhiza Association: The Hebeloma Cylindrosporum-Pinus Pinaster Model. Phytochemistry 2007, 68, 41–51. [CrossRef]
12. Müller, T.; Neuhäuser, B.; Ludewig, U.; Houdinet, G.; Zimmermann, S.D.; Courty, P.E.; Wipf, D. New Insights into HcPTR2A

and HcPTR2B, Two High-Affinity Peptide Transporters from the Ectomycorrhizal Model Fungus Hebeloma Cylindrosporum.
Mycorrhiza 2020, 30, 735–747. [CrossRef] [PubMed]

13. Larsen, P.E.; Sreedasyam, A.; Trivedi, G.; Podila, G.K.; Cseke, L.J.; Collart, F.R. Using next Generation Transcriptome Sequencing
to Predict an Ectomycorrhizal Metabolome. BMC Syst. Biol. 2011, 5, 70. [CrossRef] [PubMed]

14. Hortal, S.; Plett, K.L.; Plett, J.M.; Cresswell, T.; Johansen, M.; Pendall, E.; Anderson, I.C. Role of Plant-Fungal Nutrient Trading
and Host Control in Determining the Competitive Success of Ectomycorrhizal Fungi. ISME J. 2017, 11, 2666–2676. [CrossRef]
[PubMed]

15. Näsholm, T.; Ekblad, A.; Nordin, A.; Giesler, R.; Högberg, M.; Högberg, P. Boreal Forest Plants Take up Organic Nitrogen. Nature
1998, 392, 914–917. [CrossRef]

16. Nehls, U.; Plassard, C. Nitrogen and Phosphate Metabolism in Ectomycorrhizas. New Phytol. 2018, 220, 1047–1058. [CrossRef]
[PubMed]

17. Selle, A.; Willmann, M.; Grunze, N.; Geßler, A.; Weiß, M.; Nehls, U. The High-Affinity Poplar Ammonium Importer PttAMT1.2
and Its Role in Ectomycorrhizal Symbiosis. New Phytol. 2005, 168, 697–706. [CrossRef] [PubMed]

http://doi.org/10.1016/B978-0-12-370526-6.X5001-6
http://doi.org/10.1023/A:1020221528515
http://doi.org/10.1017/S1464793103006316
http://www.ncbi.nlm.nih.gov/pubmed/15366760
http://doi.org/10.3389/fpls.2019.01658
http://doi.org/10.1080/07352689.2014.897897
http://doi.org/10.1111/j.1469-8137.1992.tb01063.x
http://doi.org/10.1038/nature03610
http://doi.org/10.1111/j.1469-8137.2008.02630.x
http://doi.org/10.1016/j.tplants.2006.04.005
http://doi.org/10.1111/j.1469-8137.2007.01992.x
http://doi.org/10.1016/j.phytochem.2006.09.021
http://doi.org/10.1007/s00572-020-00983-7
http://www.ncbi.nlm.nih.gov/pubmed/32820366
http://doi.org/10.1186/1752-0509-5-70
http://www.ncbi.nlm.nih.gov/pubmed/21569493
http://doi.org/10.1038/ismej.2017.116
http://www.ncbi.nlm.nih.gov/pubmed/28731478
http://doi.org/10.1038/31921
http://doi.org/10.1111/nph.15257
http://www.ncbi.nlm.nih.gov/pubmed/29888395
http://doi.org/10.1111/j.1469-8137.2005.01535.x
http://www.ncbi.nlm.nih.gov/pubmed/16313651


Plants 2023, 12, 10 15 of 16

18. Koegel, S.; Ait Lahmidi, N.; Arnould, C.; Chatagnier, O.; Walder, F.; Ineichen, K.; Boller, T.; Wipf, D.; Wiemken, A.; Courty, P.E.
The Family of Ammonium Transporters (AMT) in Sorghum bicolor: Two AMT Members Are Induced Locally, but Not Systemically
in Roots Colonized by Arbuscular Mycorrhizal Fungi. New Phytol. 2013, 198, 853–865. [CrossRef] [PubMed]

19. Pérez-Tienda, J.; Corrêa, A.; Azcón-Aguilar, C.; Ferrol, N. Transcriptional Regulation of Host NH4
+ Transporters and GS/GOGAT

Pathway in Arbuscular Mycorrhizal Rice Roots. Plant Physiol. Biochem. 2014, 75, 1–8. [CrossRef]
20. Kobae, Y.; Tamura, Y.; Takai, S.; Banba, M.; Hata, S. Localized Expression of Arbuscular Mycorrhiza-Inducible Ammonium

Transporters in Soybean. Plant Cell Physiol. 2010, 51, 1411–1415. [CrossRef]
21. Guether, M.; Neuhäuser, B.; Balestrini, R.; Dynowski, M.; Ludewig, U.; Bonfante, P. A Mycorrhizal-Specific Ammonium

Transporter from Lotus japonicus Acquires Nitrogen Released by Arbuscular Mycorrhizal Fungi. Plant Physiol. 2009, 150, 73–83.
[CrossRef]

22. Breuillin-Sessoms, F.; Floss, D.S.; Karen Gomez, S.; Pumplin, N.; Ding, Y.; Levesque-Tremblay, V.; Noar, R.D.; Daniels, D.A.; Bravo,
A.; Eaglesham, J.B.; et al. Suppression of Arbuscule Degeneration in Medicago truncatula Phosphate Transporter4 Mutants Is
Dependent on the Ammonium Transporter 2 Family Protein AMT2;3. Plant Cell 2015, 27, 1352–1366. [CrossRef] [PubMed]

23. Castro-Rodríguez, V.; Assaf-Casals, I.; Pérez-Tienda, J.; Fan, X.; Avila, C.; Miller, A.; Cánovas, F.M. Deciphering the Molecular
Basis of Ammonium Uptake and Transport in Maritime Pine. Plant Cell Environ. 2016, 39, 1669–1682. [CrossRef] [PubMed]

24. Masclaux-Daubresse, C.; Daniel-Vedele, F.; Dechorgnat, J.; Chardon, F.; Gaufichon, L.; Suzuki, A. Nitrogen Uptake, Assimilation
and Remobilization in Plants: Challenges for Sustainable and Productive Agriculture. Ann. Bot. 2010, 105, 1141–1157. [CrossRef]
[PubMed]

25. Marini, A.-M.; Springael, J.-Y.; Frommer, W.B.; Andre, B. Cross-Talk between Ammonium Transporters in Yeast and Interference
by the Soybean SAT1 Protein. Mol. Microbiol. 2000, 35, 378–385. [CrossRef]

26. Thomas, G.H.; Mullins, J.G.L.; Merrick, M. Membrane Topology of the Mep/Amt Family of Ammonium Transporters. Mol.
Microbiol. 2000, 37, 331–344. [CrossRef] [PubMed]

27. Koegel, S.; Mieulet, D.; Baday, S.; Chatagnier, O.; Lehmann, M.F.; Wiemken, A.; Boller, T.; Wipf, D.; Bernèche, S.; Guider-
doni, E.; et al. Phylogenetic, Structural, and Functional Characterization of AMT3;1, an Ammonium Transporter Induced by
Mycorrhization among Model Grasses. Mycorrhiza 2017, 27, 695–708. [CrossRef]

28. Wipf, D.; Benjdia, M.; Rikirsch, E.; Zimmermann, S.; Tegeder, M.; Frommer, W.B. An Expression CDNA Library for Suppression
Cloning in Yeast Mutants, Complementation of a Yeast His4 Mutant, and EST Analysis from the Symbiotic Basidiomycete
Hebeloma Cylindrosporum. Genome 2003, 46, 177–181. [CrossRef]

29. Marini, A.-M.; Soussi-Boudekou, S.; Vissers, S.; Andre, B. A Family of Ammonium Transporters in Saccharomyces Cerevisiae.
Mol. Cell. Biol. 1997, 17, 4282–4293. [CrossRef]

30. Hess, D.C.; Lu, W.; Rabinowitz, J.D.; Botstein, D. Ammonium Toxicity and Potassium Limitation in Yeast. PLoS Biol. 2006, 4,
2012–2023. [CrossRef]

31. Khademi, S.; O’connell, J., III; Remis, J.; Robles-Colmenares, Y.; Miercke, L.J.W.; Stroud, R.M. Mechanism of Ammonia Transport
by Amt/MEP/Rh: Structure of AmtB at 1.35 Å. New Ser. 2004, 305, 1587–1594. [CrossRef]

32. von Wittgenstein, N.J.; Le, C.H.; Hawkins, B.J.; Ehlting, J. Evolutionary Classification of Ammonium, Nitrate, and Peptide
Transporters in Land Plants. BMC Evol. Biol. 2014, 14, 11. [CrossRef] [PubMed]

33. Calabrese, S.; Pérez-Tienda, J.; Ellerbeck, M.; Arnould, C.; Chatagnier, O.; Boller, T.; Schüßler, A.; Brachmann, A.; Wipf, D.; Ferrol,
N.; et al. GintAMT3-a Low-Affinity Ammonium Transporter of the Arbuscular Mycorrhizal Rhizophagus Irregularis. Front. Plant
Sci. 2016, 7, 679. [CrossRef] [PubMed]

34. Bajgain, P.; Russell, B.; Mohammadi, M. Phylogenetic Analyses and In-Seedling Expression of Ammonium and Nitrate Trans-
porters in Wheat. Sci. Rep. 2018, 8, 7082. [CrossRef] [PubMed]

35. Wang, S.; Orabi, E.A.; Baday, S.; Bernèche, S.; Lamoureux, G. Ammonium Transporters Achieve Charge Transfer by Fragmenting
Their Substrate. J. Am. Chem. Soc. 2012, 134, 10419–10427. [CrossRef] [PubMed]

36. López-Pedrosa, A.; González-Guerrero, M.; Valderas, A.; Azcón-Aguilar, C.; Ferrol, N. GintAMT1 Encodes a Functional High-
Affinity Ammonium Transporter That Is Expressed in the Extraradical Mycelium of Glomus Intraradices. Fungal Genet. Biol. 2006,
43, 102–110. [CrossRef]

37. Sebastiana, M.; da Silva, A.B.; Matos, A.R.; Alcântara, A.; Silvestre, S.; Malhó, R. Ectomycorrhizal Inoculation with Pisolithus
tinctorius Reduces Stress Induced by Drought in Cork Oak. Mycorrhiza 2018, 28, 247–258. [CrossRef]

38. Rodrigues, C.I.; Maia, R.; Máguas, C. Comparing Total Nitrogen And Crude Protein Content Of Green Coffee Beans (Coffea Spp.)
From Different Geographical Origins. Coffe Sci. 2010, 5, 197–205.

39. Ramos, A.M.; Usié, A.; Barbosa, P.; Barros, P.M.; Capote, T.; Chaves, I.; Simões, F.; Abreu, I.; Carrasquinho, I.; Faro, C.; et al. The
Draft Genome Sequence of Cork Oak. Sci. Data 2018, 5, 180069. [CrossRef]

40. The Arabidopsis Information Resource. Available online: https://www.arabidopsis.org/ (accessed on 20 March 2021).
41. The Pant Genomics Resource. Available online: https://phytozome-next.jgi.doe.gov/ (accessed on 20 March 2021).
42. Pfam. Available online: https://pfam.xfam.org/ (accessed on 15 May 2021).
43. SignalP. Available online: https://services.healthtech.dtu.dk/service.php?SignalP (accessed on 15 May 2021).
44. DeepTMHMM. Available online: https://dtu.biolib.com/DeepTMHMM/ (accessed on 15 May 2021).
45. TargetP. Available online: https://services.healthtech.dtu.dk/service.php?TargetP-2.0 (accessed on 15 May 2021).

http://doi.org/10.1111/nph.12199
http://www.ncbi.nlm.nih.gov/pubmed/23461653
http://doi.org/10.1016/j.plaphy.2013.11.029
http://doi.org/10.1093/pcp/pcq099
http://doi.org/10.1104/pp.109.136390
http://doi.org/10.1105/tpc.114.131144
http://www.ncbi.nlm.nih.gov/pubmed/25841038
http://doi.org/10.1111/pce.12692
http://www.ncbi.nlm.nih.gov/pubmed/26662862
http://doi.org/10.1093/aob/mcq028
http://www.ncbi.nlm.nih.gov/pubmed/20299346
http://doi.org/10.1046/j.1365-2958.2000.01704.x
http://doi.org/10.1046/j.1365-2958.2000.01994.x
http://www.ncbi.nlm.nih.gov/pubmed/10931328
http://doi.org/10.1007/s00572-017-0786-8
http://doi.org/10.1139/g02-121
http://doi.org/10.1128/MCB.17.8.4282
http://doi.org/10.1371/journal.pbio.0040351
http://doi.org/10.1126/science.1101952
http://doi.org/10.1186/1471-2148-14-11
http://www.ncbi.nlm.nih.gov/pubmed/24438197
http://doi.org/10.3389/fpls.2016.00679
http://www.ncbi.nlm.nih.gov/pubmed/27252708
http://doi.org/10.1038/s41598-018-25430-8
http://www.ncbi.nlm.nih.gov/pubmed/29728590
http://doi.org/10.1021/ja300129x
http://www.ncbi.nlm.nih.gov/pubmed/22631217
http://doi.org/10.1016/j.fgb.2005.10.005
http://doi.org/10.1007/s00572-018-0823-2
http://doi.org/10.1038/sdata.2018.69
https://www.arabidopsis.org/
https://phytozome-next.jgi.doe.gov/
https://pfam.xfam.org/
https://services.healthtech.dtu.dk/service.php?SignalP
https://dtu.biolib.com/DeepTMHMM/
https://services.healthtech.dtu.dk/service.php?TargetP-2.0


Plants 2023, 12, 10 16 of 16

46. Multiple Sequence Alignment by CLUSTALW. Available online: https://www.genome.jp/tools-bin/clustalw (accessed on 10
December 2021).

47. Katoh, K.; Rozewicki, J.; Yamada, K.D. MAFFT Online Service: Multiple Sequence Alignment, Interactive Sequence Choice and
Visualization. Brief. Bioinform. 2018, 20, 1160–1166. [CrossRef]

48. Capella-Gutiérrez, S.; Silla-Martínez, J.M.; Gabaldón, T. TrimAl: A Tool for Automated Alignment Trimming in Large-Scale
Phylogenetic Analyses. Bioinformatics 2009, 25, 1972–1973. [CrossRef]

49. Tamura, K.; Dudley, J.; Nei, M.; Kumar, S. MEGA4: Molecular Evolutionary Genetics Analysis (MEGA) Software Version 4.0. Mol.
Biol. Evol. 2007, 24, 1596–1599. [CrossRef] [PubMed]

50. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef]

51. Le, S.Q.; Gascuel, O. An Improved General Amino Acid Replacement Matrix. Mol. Biol. Evol. 2008, 25, 1307–1320. [CrossRef]
[PubMed]

52. FigTree. Available online: http://tree.bio.ed.ac.uk/software/figtree/ (accessed on 28 November 2022).
53. Wan, C.Y.; Wilkins, T.A. A Modified Hot Borate Method Significantly Enhances the Yield of High-Quality RNA from Cotton

(Gossypium Hirsutum L.). Anal. Biochem. 1994, 223, 7–12. [CrossRef] [PubMed]
54. Sebastiana, M.; Duarte, B.; Monteiro, F.; Malhó, R.; Caçador, I.; Matos, A.R. The Leaf Lipid Composition of Ectomycorrhizal Oak

Plants Shows a Drought-Tolerance Signature. Plant Physiol. Biochem. 2019, 144, 157–165. [CrossRef] [PubMed]
55. Primer-BLAST. Available online: https://www.ncbi.nlm.nih.gov/tools/primer-blast/ (accessed on 5 November 2021).
56. Schmittgen, T.D.; Livak, K.J. Analyzing Real-Time PCR Data by the Comparative CT Method. Nat. Protoc. 2008, 3, 1101–1108.

[CrossRef] [PubMed]
57. Dohmen, R.J.; Strasser, A.W.M.; Höner, C.B.; Hollenberg, C.P. An Efficient Transformation Procedure Enabling Long-Term Storage

of Competent Cells of Various Yeast Genera. Yeast 1991, 7, 691–692. [CrossRef]
58. Sparkes, I.A.; Runions, J.; Kearns, A.; Hawes, C. Rapid, Transient Expression of Fluorescent Fusion Proteins in Tobacco Plants and

Generation of Stably Transformed Plants. Nat. Protoc. 2006, 1, 2019–2025. [CrossRef]
59. SWISS-MODEL. Available online: https://swissmodel.expasy.org/ (accessed on 12 February 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://www.genome.jp/tools-bin/clustalw
http://doi.org/10.1093/bib/bbx108
http://doi.org/10.1093/bioinformatics/btp348
http://doi.org/10.1093/molbev/msm092
http://www.ncbi.nlm.nih.gov/pubmed/17488738
http://doi.org/10.1093/molbev/msy096
http://doi.org/10.1093/molbev/msn067
http://www.ncbi.nlm.nih.gov/pubmed/18367465
http://tree.bio.ed.ac.uk/software/figtree/
http://doi.org/10.1006/abio.1994.1538
http://www.ncbi.nlm.nih.gov/pubmed/7535022
http://doi.org/10.1016/j.plaphy.2019.09.032
http://www.ncbi.nlm.nih.gov/pubmed/31568958
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://doi.org/10.1038/nprot.2008.73
http://www.ncbi.nlm.nih.gov/pubmed/18546601
http://doi.org/10.1002/yea.320070704
http://doi.org/10.1038/nprot.2006.286
https://swissmodel.expasy.org/

	Introduction 
	Results 
	P. tinctorius Root Colonization. Effect on Plant Growth and N Concentration 
	Identification of Cork Oak Genes Involved in N Transport and Assimilation 
	Impact of ECM Symbiosis on the Expression of Genes Involved in N Transport and Assimilation 
	Phylogenetic Analysis of Cork Oak AMTs 
	Heterologous Complementation of a Yeast Mutant Defective in NH4+ Uptake 
	Subcellular Localization of Cork Oak AMTs 
	Homology Modeling of AMTs Upregulated in Cork Oak ECM Roots 

	Discussion 
	Materials and Methods 
	ECM Symbiosis Establishment and Plant Growth 
	Determination of N Concentration 
	Identification of Cork Oak Genes Involved in N Transport and Assimilation 
	Phylogenetic Analysis of Q. suber AMT Gene Family 
	Gene Expression Analysis by qPCR 
	Isolation of ECM Over-Expressed Q. suber AMT Genes and Functional Expression in Yeast 
	Subcellular Localization of Q. suber AMT Genes in N. benthamiana 
	Q. suber AMT Homology Modelling 

	References

