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cycle-related genes and secreted protein genes
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Abstract The development of arbuscular mycorrhiza (AM) is
strongly suppressed under high-phosphate (Pi) conditions. To
investigate AM fungal responses during the suppression of
AM by high Pi, we performed an RNA-seq analysis of
Rhizophagus irregularis colonizing Lotus japonicus roots at
different levels of Pi (20, 100, 300, and 500 uM). AM fungal
colonization decreased markedly under high-Pi conditions. In
total, 163 fungal genes were differentially expressed among
the four Pi treatments. Among these genes, a cell cycle-
regulatory gene, cyclin-dependent kinase CDK1/, and several
DNA replication- and mitosis-related genes were repressed
under high-Pi conditions. More than 20 genes encoding se-
creted proteins were also downregulated by high-Pi condi-
tions, including the strigolactone-induced putative secreted
protein 1 gene that enhances AM fungal colonization. In con-
trast, the expression of genes related to aerobic respiration and
transport in R. irregularis were largely unaffected. Our data
suggest that high Pi suppresses the expression of genes asso-
ciated with fungal cell cycle progression or that encode secret-
ed proteins that may be required for intercellular hyphal
growth and arbuscule formation. However, high Pi has little
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effect on the transcriptional regulation of the primary metab-
olism or transport in preformed fungal structures.
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Introduction

Plant—arbuscular mycorrhizal (AM) symbioses are
established through molecular and genetic collaborations
between plants and AM fungi. The development of AM
symbioses is strongly affected by the external environment,
and inorganic phosphate (Pi) is one of the most significant
environmental factors involved (Gu et al. 2011; Carbonnel
and Gutjahr 2014). Under low-Pi conditions, AM fungi can
colonize plant roots and form arbuscules in the cortical
cells, thus, enhancing Pi uptake by AM fungal hyphae for
the host plant. In contrast, it has long been known that AM
development is repressed by a high-Pi supply (Baylis 1967;
Mosse 1973; Breuillin et al. 2010; Balzergue et al. 2011; Gu
etal. 2011; Carbonnel and Gutjahr 2014; Kobae et al. 2016).

Under low-Pi conditions, the exudation of strigolactones
from plant roots into the rhizosphere is enhanced (Yoneyama
et al. 2007) and promotes hyphal branching and the metabolic
activity of AM fungi in the soil (Akiyama and Hayashi 2006;
Besserer et al. 2006; Besserer et al. 2008). AM fungi form
hyphopodia on the surfaces of root epidermal cells and enter
these cells through a pre-penetration apparatus, a tunnel-like
structure derived from the host plant (Genre et al. 2005). After
the hyphae penetrate the epidermal cells, AM fungi extend
their hyphae into the intercellular space of the cortex and form
arbuscules in the inner cortical root cells. In legume plants, the
activation of the common symbiosis signaling pathway is es-
sential for symbiosis with AM fungi as well as rhizobia
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(Kistner and Parniske 2002; Pamiske 2008; Oldroyd 2013). The
host plants perceive the lipochitooligosaccharides and
chitooligosaccharides produced by AM fungi (Maillet et al.
2011; Genre et al. 2013). This activates the common symbiosis
signaling pathway, which then induces calcium spiking in the root
epidermal cells (Sun et al. 2015). The expression of many genes
required for AM development is induced downstream from the
common symbiosis signaling pathway (Pimprikar et al. 2016).

High Pi suppresses AM development in its early and late
stages. In pea roots, the formation of hyphopodia by AM fungi
is arrested by treatment with high Pi, suggesting that suppres-
sion occurs at a very early stage of AM development
(Balzergue et al. 2011). In some cases, AM fungi can colonize
plant roots even under high-Pi conditions, depending on the Pi
level and the combination of the plant and AM fungal species
involved (Breuillin et al. 2010; Gu et al. 2011). However,
hyphal extension and the formation of arbuscules in the roots
are generally reduced by high Pi (Branscheid et al. 2010;
Breuillin et al. 2010). Furthermore, even in well-developed
mycorrhizal roots that are grown under low-Pi conditions,
AM fungal colonization is reduced once the roots are exposed
to high Pi (Kobae et al. 2016), although the reduced coloniza-
tion caused by high Pi is partly suppressed under low-nitrogen
conditions (Nouri et al. 2014). AM suppression occurs within
hours of exposure to high Pi, and the formation of new
arbuscules is severely inhibited (Kobae et al. 2016). High Pi
suppresses AM development in a systemic manner, as dem-
onstrated with split-root experiments in which the addition of
a high-Pi solution to one half of the root system also inhibited
AM fungal colonization in the other half (Breuillin et al. 2010;
Balzergue et al. 2011). Members of the miR399 family, which
are involved in Pi-deficiency signaling pathways, are consid-
ered to be candidate signaling molecules in this systemic reg-
ulation because their expression is induced by AM fungal
infection (Branscheid et al. 2010; Gu et al. 2014). However,
the overexpression of miR399 did not restore AM fungal col-
onization at high-Pi levels (Branscheid et al. 2010), indicating
that other mechanisms are also involved in this systemic reg-
ulation. The factors downstream from the systemic signaling
pathway are largely unknown. It is unlikely that the common
symbiosis signaling pathway is inactivated by high Pi because
calcium oscillations are generated normally under high-Pi
conditions (Balzergue et al. 2013). A possible downstream
mechanism involves the phytohormone-mediated signaling
pathways responsible for AM formation (Carbonnel and
Gutjahr 2014). Treatment with high Pi led to the downregula-
tion of gene sets involved in strigolactone biosynthesis
(Breuillin et al. 2010; Balzergue et al. 2011). However, an
exogenous supply of a synthetic strigolactone failed to im-
prove AM fungal colonization under high-Pi conditions
(Breuillin et al. 2010; Balzergue et al. 2011).

In contrast to the host plant responses, little is known about
the AM fungal responses at the molecular level during AM
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suppression by high Pi. Recently, the genomic sequence of
Rhizophagus irregularis was determined (Tisserant et al.
2013; Lin et al. 2014), and ¢cDNA information for several
AM fungal species is currently available (Tisserant et al.
2012; Tisserant et al. 2013; Kikuchi et al. 2014; Lin et al.
2014; Handa et al. 2015; Sedzielewska Toro and Brachmann
2016; Tang et al. 2016), allowing us to comprehensively ex-
plore the gene expression profiles of AM fungi. Using RNA-
seq, Kikuchi et al. (2014) demonstrated that the transient ap-
plication of a high-Pi solution to the hyphal compartment of a
two-compartment culture system induced the expression of
genes involved in the uptake of Pi and inorganic cations in
the extraradical hyphae. This experiment was controlled to
avoid inducing AM suppression to allow the characteristics
of nutrient uptake by AM fungi to be accurately evaluated. We
performed an RNA-seq analysis targeting R. irregularis genes
to clarify the AM fungal responses during the suppression of
AM that occurs in roots exposed to high Pi.

Materials and methods
Biological materials and growth conditions

Seedlings of Lotus japonicus B-129 were inoculated with 500
spores/plant of R. irregularis DAOM 197198 (Mycorise,
Premier Tech, Riviére-du-Loup, Canada), produced under axenic
conditions, in pots filled with river sand that had been autoclaved
at 105 °C for 60 min. To generate highly colonized roots, the
plants were supplied with a low concentration of KH,PO,
(100 uM) in a half-strength Hoagland’s solution (2.5 mM
KNO;, 2.5 mM Ca(NO;),, | mM MgSO,, 2.5 mg Fe L'
Fe(Il)-EDTA, 0.25 mg B L' H3BO;, 0.25 mg Mn L'
MnCl, 0.025 mg Zn L™! ZnSO,, 0.01 mg Cu L™! CuSO,, and
0.005 mg Mo L™ NaMoO,) every other day for 3 weeks. The
plants were then supplied with nutrient solution containing four
different concentrations of KH,PO, (20, 100, 300, or 500 uM)
every other day for 1 week. The levels of potassium in the
nutrient solutions were 2.52-3.00 mM. We considered that dif-
ferent potassium levels had little effect on AM symbiosis. All the
plants were grown in a growth chamber at 25 °C with 16 h of
light, with a photosynthetic photon flux density of 170 pmol m ™2
s_l, and 8 h of darkness. The mycorrhizal roots were frozen in
liquid nitrogen and stored at —80 °C until RNA extraction.

RNA-seq analysis

Total RNA was extracted from the frozen roots using RNAiso
Plus (Takara, Shiga, Japan) in combination with Fruit-mate™
for RNA Purification (Takara), according to the manufac-
turer’s instructions. Genomic DNA was removed by digestion
with RNase-free DNase (Qiagen, Hilden, Germany) on an
RNeasy column (Qiagen), and the RNA was then purified
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on the column. The integrity of the total RNA was checked
with the Agilent 2100 Bioanalyzer system (Agilent
Technologies, Santa Clara, CA). The cDNA libraries for
RNA-seq were constructed with the TruSeq RNA Sample
Prep Kit (Illumina, San Diego, CA), according to the manu-
facturer’s instructions. Paired-end sequencing (2x 100 bp)
was performed with the Illumina HiSeq 2000 Sequencing
System. Two biological replicates were prepared for the
RNA-seq experiments. Data sets of the short reads were de-
posited in the DDBJ Sequence Read Archive (accession num-
ber: DRA004607). The genomic sequence and gene ontology
(GO) annotation of R. irregularis was obtained from the JGI
MycoCosm database (http://genome.jgi.doe.gov/Gloinl
/Gloinl.home.html; Tisserant et al. 2013). Raw sequence
reads were mapped to the R. irregularis genomic sequence
with the TopHat program (Trapnell et al. 2009), and the an-
notated genes were counted, excluding putative rRNA genes
(protein IDs: 67218, 67222, 73108, 102514, 235478, 247295,
and 336739) with BEDTools (Quinlan and Hall 2010). The
read counts were normalized with the iDEGES/edgeR method
(Sun et al. 2013). Genes differentially expressed among the
four different Pi conditions were detected with edgeR
(Robinson et al. 2010), with a false discovery rate (FDR)
cutoff of 0.01. A hierarchical clustering analysis was per-
formed based on the normalized read counts of the differen-
tially expressed genes (DEGs) using the average linkage
method. A GO functional enrichment analysis of the DEGs
was conducted using Fisher’s exact test with a weight algo-
rithm in TopGO (Alexa and Rahnenfiihrer 2016).

Assessment of AM colonization

Roots were cleared with 10 % KOH and stained with 0.05 %
trypan blue in lactic acid. Hyphal, arbuscular, and vesicular
colonization were determined as the percentage of root length
colonized using the magnified intersection method
(McGonigle et al. 1990). The data were arcsine transformed
and analyzed with Tukey’s multiple comparisons test
(P<0.05) using the R package.

Results
AM colonization

To assess the effects of the Pi concentration on AM coloniza-
tion, we measured the proportions of the root lengths colo-
nized by R. irregularis. Hyphal and arbuscular colonization
decreased as the Pi levels increased (Fig. 1). In particular, the
levels of arbuscular colonization under high-Pi conditions
(300 and 500 uM) were less than one third of those under
low-Pi conditions (20 and 100 pM). In contrast, vesicular
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Fig. 1 Mycorrhizal colonization under different Pi conditions. HC%
hyphal colonization, AC% arbuscular colonization, VC% vesicular
colonization. Error bars show SEM (n=3). Bars topped by the same
letter do not differ significantly at P<0.05 on the Tukey’s multiple
comparisons test
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colonization did not differ significantly among the different
Pi treatments.

RNA-seq analysis

We investigated the gene expression profiles of R. irregularis
in roots exposed to high Pi. Short reads were mapped against
the R. irregularis genome sequence and 0.9-3.2 % of the
reads were uniquely aligned (Table 1). This proportion of
R. irregularis-derived reads is very similar to those reported
in previous studies (Tisserant et al. 2013; Handa et al. 2015).
In total, 163 genes were differentially expressed under the four
different levels of Pi (Supplemental Table S1). Hierarchical
clustering based on the expression levels of the DEGs showed
that the samples were largely divided into two groups, accord-
ing to their exposure to low Pi (20 and 100 uM) or high Pi
(300 and 500 uM; Fig. 2). A GO analysis of the DEGs re-
vealed an overrepresentation of genes involved in nucleosome
and nucleosome assembly (Table 2). Nine DEGs related to
these GO terms encoded histones, which play a crucial role
in the packaging of DNA and allow the efficient replication
and segregation of chromosomes. The expression of the his-
tone genes was downregulated under high-Pi conditions rela-
tive to that under low-Pi conditions (Fig. 3a). The expression
of several genes related to the regulation of the cell cycle was
also repressed under high-Pi conditions: the cyclin-dependent
kinase 1 gene (CDKI), DNA replication-related genes
encoding DNA polymerase delta (Pol 9), proliferating cell
nuclear antigen (PCNA), ribonucleotide reductase (RNR),
and motor protein genes involved in mitosis (Fig. 3a).
Twenty-nine genes encoding putative secreted proteins
(18 % of the total DEGs) were differentially expressed during
the high-Pi treatments (Fig. 3b). The expression of the
majority of these secreted protein genes was suppressed under
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Table 1 Summary statistics for
Illumina sequencing and the
mapping of sequences to the
genomic sequence of

R. irregularis DAOM198197

Descriptions Pi concentration
20 uM 100 uM 300 uM 500 uM
Total raw reads 32,676,804 31,964,910 23,071,556 34,800,882
Mapped reads to annotated genes 409,845 1,021,831 218,605 385,924
without rRNA genes
Mapped reads/total raw reads (%) 13 32 0.9 1.1
Discussion

high-Pi conditions, including strigolactone-induced putative
secreted protein 1 (SIS1) (Tsuzuki et al. 2016; Fig. 3b).

In contrast to the cell cycle-related genes and secreted pro-
tein genes, high concentrations of Pi had a negligible effect on
the regulation of gene expression related to aerobic respiration
in R. irregularis (Supplemental Table S2). Furthermore, most
transporter genes were not differentially expressed during the
Pi treatments, although the expression of four genes, encoding
aquaporin AQP1, Pi transporter GintPT, iron permease FTR1,
and mitochondrial oxaloacetate transport protein, were down-
regulated by the high-Pi treatments, whereas a gene of the
major facilitator superfamily was upregulated (Table 3).

Height
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L 1 1 1 1 1
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100uM_2 }

20uM_1
20uM_2 }

300pM_1
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}
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Fig. 2 A dendrogram of the hierarchical clustering of eight arbuscular
mycorrhizal root samples based on the normalized read counts of
differentially expressed genes with average linkage
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High concentrations of Pi have long been known to inhibit AM
formation (Baylis 1967; Mosse 1973; Breuillin et al. 2010;
Balzergue et al. 2011; Gu et al. 2011; Carbonnel and Gutjahr
2014; Kobae et al. 2016). However, the AM fungal responses
during the suppression of AM have been largely unknown.
Here, we have shown that the expression of the R. irregularis
histone genes is repressed in mycorrhizal roots under high-Pi
conditions. Because transcripts of yeast histones transiently
accumulate in early S-phase of the cell cycle (Bauer and
Burgers 1990; Kurat et al. 2013), the downregulation of histone
gene expression in R. irregularis may indicate changes in the
regulation of the fungal cell cycle during exposure to high Pi.
This is further supported by the repression of the cell cycle
regulatory gene CDKI and DNA-replication- and mitosis-
related genes of R. irregularis in mycorrhizal roots exposed
to high Pi. Information about the cell cycle regulation in AM
fungi is limited. Flow cytometric studies and cell cycle-
blocking experiments have shown that the AM fungal cell
cycle is activated during its symbiotic phase in roots, during
the production of germinating mycelia, and during the devel-
opment of spores, whereas almost all the nuclei of resting
spores are arrested in GO/G1 phase (Bianciotto and Bonfante
1993; Bianciotto et al. 1995; Marleau et al. 2011). Although
almost nothing is known about the molecular mechanisms un-
derlying the AM fungal cell cycle, it can be assumed that AM
fungi possess the cell cycle control system that is conserved in
most fungal species. In the present study, the expression of the
genes encoding CDK1, Pol 6, PCNA, RNR, kinesin, and my-
osin genes was downregulated in mycorrhizal roots exposed to
high Pi. Fungal CDK1 plays a central role in cell cycle pro-
gression and is associated with a cyclin protein. During the cell
cycles of fission and budding yeasts, a conserved core set of
genes related to DNA replication, mitosis, and cell division is
expressed periodically (Rustici et al. 2004). DNA replication
occurs in three steps: initiation, elongation, and termination. In
the elongation step, Pol & catalyzes the DNA chain elongation
reaction in the presence of PCNA, which is a cofactor of Pol &
and increases the processivity of the polymerase. The expres-
sion of the genes encoding Pol & and PCNA is transiently
induced in the beginning of S phase of the cell cycle in budding
yeast (Bauer and Burgers 1990). Furthermore, transcripts
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Table 2 GO enrichment analysis of R. irregularis genes differentially expressed under different Pi conditions

GO ID GO term* Number of genes P value

Biological process
GO0:0006334 Nucleosome assembly 9 5.1E-12
GO0:0006120 Mitochondrial electron transport, NADH to ubiquinone 2 1.4E-03

Molecular function
GO0:0015078 Hydrogen ion transmembrane transporter activity 6 3.2E-05
GO:0043765 T/G mismatch-specific endonuclease activity 2 1.6E-03
GO:0016631 Enoyl-[acyl-carrier-protein] reductase activity 2 2.0E-03
GO0:0018498 2,3-Dihydroxy-2,3-dihydro-phenylpropionate dehydrogenase activity 2 2.0E-03
GO0:0018499 Cis-2,3-dihydrodiol DDT dehydrogenase activity 2 2.0E-03
GO:0018500 Trans-9R,10R-dihydrodiolphenanthrene dehydrogenase activity 2 2.0E-03
GO0:0018501 Cis-chlorobenzene dihydrodiol dehydrogenase activity 2 2.0E-03
GO0:0018502 2,5-Dichloro-2,5-cyclohexadiene-1,4-diol dehydrogenase activity 2 2.0E-03
G0O:0018503 Trans-1,2-dihydrodiolphenanthrene dehydrogenase activity 2 2.0E-03
G0O:0043786 Cinnamate reductase activity 2 2.0E-03
G0:0003677 DNA binding 13 2.7E-03
GO0:0008137 NADH dehydrogenase (ubiquinone) activity 2 7.2E-03
G0:0008398 Sterol 14-demethylase activity 2 7.2E-03
G0:0003871 5-Methyltetrahydropteroyltriglutamate-homocysteine S-methyltransferase activity 1 7.6E-03
GO0:0004123 Cystathionine gamma-lyase activity 1 7.6E-03
G0:0004345 Glucose-6-phosphate dehydrogenase activity 1 7.6E-03
GO0:0004556 Alpha-amylase activity 1 7.6E-03
G0:0004781 Sulfate adenylyltransferase (ATP) activity 1 7.6E-03
G0:0030337 DNA polymerase processivity factor activity 1 7.6E-03

Cellular component
GO:0000786 Nucleosome 9 2.6E-11
GO0:0045259 Proton-transporting ATP synthase complex 3 4.7E-03

# Significantly overrepresented GO terms are shown (P<0.01)

encoding RNR, which catalyzes the conversion of ribonucleo-
tides to deoxyribonucleotides (the substrates for DNA
synthesis by DNA polymerases), accumulate in the G1 phase
in fission yeast (Rustici et al. 2004). Histones are synthesized
during genome replication, which is followed by nuclear divi-
sion, and these transcripts are tightly restricted to S phase
(Hereford et al. 1981; Kurat et al. 2013). In addition to these
DNA replication-related genes, the mitotic kinesin and myosin
genes are also up-regulated in G1 phase in fission yeast
(Rustici et al. 2004). The suppression of genes involved in
DNA replication and mitosis observed in this study suggests
that cell cycle progression is repressed in the intercellular hy-
phae of AM fungi by exposure to high Pi. We anticipated that
the expression of genes involved in basic metabolism would be
downregulated during the suppression of AM development by
exposure to high Pi. Contrary to our expectation, the accumu-
lation of aerobic respiration-related gene transcripts did not
change across the Pi treatments. Kobae et al. (2016) demon-
strated with vital staining of AM fungi that the mature
arbuscules in Oryza sativa roots were metabolically active,

even after the application of high Pi. Our data also show that
the expression of most transporter genes in the intraradical
hyphae was not repressed by high-Pi conditions. Taken togeth-
er, these results suggest that fungal cell cycle progression,
which may be required for intercellular hyphal growth and
arbuscule development, is arrested by high Pi, whereas the
transcriptional regulation related to metabolism and transport
in preformed fungal structures is unaffected.

When we surveyed the transcriptome data of Rhizophagus
sp. HR1 reported by Kikuchi et al. (2014), in which the
extraradical mycelia in the hyphal compartment were exposed
to high Pi, no cell cycle-related gene was repressed in the
extraradical mycelia by the application of high Pi, indicating
that high Pi does not directly inhibit fungal cell cycle progres-
sion. This evidence suggests that the cell cycle arrest in the
intraradical hyphae caused by high Pi is probably attributable
to indirect effects controlled by the host plant in response to
high Pi. A possible explanation of these plant-mediated effects
is the suppressed expression of the plant genes involved in AM
development and maintenance. Pi replenishment repressed the
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Pi concentration
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&
7] 344926 Cyclin-dependent kinase (CDK), CDK1
263163 DNA polymerase delta (Pol &) subunit 4
335339 Proliferating cell nuclear antigen (PCNA)
80246 Ribonucleotidereductase (RNR)
342988 HistoneH 2A
339983 Histone H2A
340252 Histone H2B
29825 Histone H3
333981 Histone H3
334719 Histone H3
199622 Histone H3
29826 Histone H4
336325 Linker histone
337473 Kinesin
298772 Myosin Il heavy chain
337673 Myosin Il heavy chain
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34922 No significant hits
321933 Peptidase S1 and S6
334310 Hypothetical protein
84850 No significant hits
347085 No significant hits
26749 No significant hits
347485 No significant hits
348911 Peptidoglycan-binding protein
161262 Glyoxal oxidase
176092 Nosignificant hits
342269 Strigolactone-induced putative secreted protein 1, SIS1
182238 Hypothetical protein
4655  No significant hits
25979 No significant hits
3358  No significant hits
348888 Hypothetical protein
31003 No significant hits
345761 No significant hits
343985 No significant hits
83509 No significant hits
248224 No significant hits

326976 No significant hits Fold change

(log,)

348622 MD-2-related lipid-recognition 20<
689090 No significant hits I 10
337358 No significant hits 0.0
11869 No significant hits 1.0
349745 No significant hits 2.0
349993 No significant hits -3.0
319075 No significant hits <40

Fig. 3 Gene expression profiles of differentially expressed genes (false
discovery rate<0.01) related to the cell cycle (a) and secreted proteins (b)
under different Pi conditions. Putative secreted proteins of Rhizophagus
irregularis are based on Tisserant et al. (2013) and Sedzielewska Toro and
Brachmann (2016). Heat maps indicate the log,-fold changes in
expression levels relative to the mean transcript abundance across the
four Pi treatments
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plant genes related to strigolactone biosynthesis (Breuillin et al.
2010) and the production of strigolactones (Balzergue et al.
2011). The treatment of germinating hyphae with a synthetic
strigolactone caused an increase in nuclear numbers in the hy-
phal tips, indicating that strigolactones stimulate AM fungal
mitotic activity (Besserer et al. 2008). Taken together, these data
suggest that the reduction of strigolactone levels by high Pi
inhibit cell cycle progression in AM fungi. It has also been
demonstrated that the R. irregularis SISI gene, which is upreg-
ulated by strigolactone treatment, plays a significant role in AM
development (Tsuzuki et al. 2016). Therefore, AM suppression
under high-Pi conditions may also be attributable to the reduced
SIS1 expression that occurs with the reduced production of
strigolactones.

Secreted fungal proteins known as “effectors” are important
factors in plant-microbe interactions (Kamoun 2006). Recently,
many secreted proteins have been identified in AM fungi with
genomic surveys and transcriptome analyses (Tisserant et al.
2013; Lin et al. 2014; Fiorilli et al. 2016; Sedziclewska Toro
and Brachmann 2016; Tang et al. 2016; Tsuzuki et al. 2016).
Kloppholz et al. (2011) reported that the secreted AM fungal
effector protein SP7, which interacts with the pathogenesis-
related transcription factor ERF19 in the plant cell nucleus,
supports the accommodation of the fungus within the plant
roots. In the present study, the expression of a number of se-
creted fungal protein genes, including SIS7, was down regulat-
ed by high Pi. This group of secreted proteins may play a crucial
role in successful root colonization by AM fungi.

Although the transcript levels of most transporter genes
were constant across the Pi treatments, the four genes,
AQPI, GintPT, FTR1, and a mitochondrial oxaloacetate trans-
port protein gene, were downregulated in roots exposed to
high Pi. The roles of these repressed transporter genes in my-
corrhizal roots are largely unknown. The aquaporin AQPI is
known to be more highly expressed in intraradical hyphae
than in extraradical hyphae (Aroca et al. 2009). However,
AQP1 has no water transport activity when expressed in 0o-
cytes (Aroca et al. 2009). In this study, AQPI expression was
completely suppressed by high Pi, indicating that AQP/ can
be used as a molecular marker of AM suppression. High-
affinity Pi transporter genes, including GintPT, are expressed
in both extraradical and intraradical hyphae (Harrison and van
Buuren 1995; Benedetto et al. 2005; Tisserant et al. 2012;
Fiorilli et al. 2013). GintPT was slightly downregulated in
intraradical hyphae when exposed to high Pi (Fiorilli et al.
2013), which is consistent with our results. The reduced ex-
pression of GintPT may be attributable to the alleviation of P-
starvation stress by the elevation of external or intracellular Pi.
Among transporter genes, only a member of the major facili-
tator superfamily (protein ID 11960) was upregulated under
high-Pi conditions. Transcripts of this major facilitator super-
family transporter accumulate in intraradical hyphae
(Tisserant et al. 2012), but the molecules transported by the
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Table 3 Gene expression

profiles of differentially Protein ID Annotation Gene expression (RPKM®)

expressed genes encoding

transporters under different Pi 20 M 100 uM 300 uM 500 uM

conditions
11960 Major facilitator superfamily 46 28 206 138
98222 Aquaporin AQP! 561 194 0 0
345528 Phosphate transporter GintPT 479 543 205 170
347887 Iron permease FTR1 706 943 360 355
349038 Mitochondrial oxaloacetate transport protein 53 156 13 24

Reads per kilobase per million mapped reads

protein are unknown. If the transporter is related to the uptake
of nutrients released from the host plant, the transporter gene
may be expressed in response to the reduced supply of the
nutrients associated with AM suppression.

In summary, we have shown here that high Pi represses the
expression of genes associated with cell cycle progression and
genes encoding secreted proteins, including SIS/, in AM fungi
colonizing plant roots. These changes during AM suppression
seem to be partly associated with a reduction in plant-derived
strigolactones under high-Pi conditions. More research is re-
quired to determine whether strigolactones are involved in
AM suppression, using plant mutants defective in the biosyn-
thesis of strigolactones and by the application of exogenous
strigolactones.
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