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Arbuscular mycorrhizal fungi (AMF) establish symbiotic re-
lationships with most land plants, mainly for the purpose of
nutrient exchange. Many studies have revealed the regula-
tion of processes in AMF, such as nutrient absorption from
soil, metabolism and exchange with host plants, and the
genes involved. However, the spatial regulation of the
genes within the structures comprising each developmental
stage is not well understood. Here, we demonstrate the
structure-specific transcriptome of the model AMF species,
Rhizophagus irregularis. We performed an ultra-low input
RNA-seq analysis, SMART-seq2, comparing five extraradical
structures, germ tubes, runner hyphae, branched absorbing
structures (BAS), immature spores and mature spores. In
addition, we reanalyzed the recently reported RNA-seq
data comparing intraradical mycelium and arbuscule. Our
analyses captured the distinct features of each structure and
revealed the structure-specific expression patterns of genes
related to nutrient transport and metabolism. Of note, the
transcriptional profiles suggest distinct functions of BAS in
nutrient absorption. These findings provide a comprehen-
sive dataset to advance our understanding of the transcrip-
tional dynamics of fungal nutrition in this symbiotic system.

Keywords: Arbuscular mycorrhizal fungi � Metabolism
� Transcriptome � Transporter.

Introduction

Arbuscular mycorrhizal fungi (AMF) establish symbiotic relation-
ships with most terrestrial plants (Brundrett and Tedersoo 2018).
The central function of these relationships is nutrient exchange,
in which AMF supply plants with mineral nutrients and water, in
exchange for carbon sources (Roth and Paszkowski 2017).
Through this trade, AMF play important roles in terrestrial eco-
systems (van der Heijden et al. 1998, van der Heijden et al. 2008),
and contribute to an increase in agricultural productivity
(Igiehon and Babalola 2017). Therefore, it is important to under-
stand the regulation of nutrient transport and metabolism asso-
ciated with the symbiotic state of AMF.

Phosphorus and nitrogen are important nutrients absorbed
by AMF from soil and then transferred to host plants (Pearson

and Jakobsen 1993, Govindarajulu et al. 2005). AMF absorb
inorganic phosphate (Pi) from soil using two types of Pi impor-
ter, the H+–Pi symporter and the Na+–Pi symporter (Harrison
and van Buuren 1995, Maldonado-Mendoza et al. 2001,
Tisserant et al. 2012, Walder et al. 2016). AMF also utilize or-
ganic phosphate by secreting acid phosphatase (Sato et al.
2015). Most of the Pi absorbed by the extraradical mycelium
(ERM) is transformed into polyphosphate, presumably in the
tonoplast by the vacuolar transporter chaperone (VTC) com-
plex, and then transported to the intraradical mycelium (IRM)
through vacuoles (Viereck et al. 2004, Kuga et al. 2008, Tani et al.
2009, Hijikata et al. 2010). Polyphosphate is probably degraded
to monophosphate by polyphosphatase and subsequently
released from AMF (Capaccio and Callow 1982). Although
the mechanism by which AMF release Pi is largely unknown,
orthologs of Suppressor of Yeast Gpa1 (SYG1), which share
domains with plant and animal Pi exporters, are strong candi-
dates for the Pi exporter (Azevedo and Saiardi 2017, Ezawa and
Saito 2018). In the case of nitrogen, AMF absorb NO3

� and
NH +

4 , and transform them into arginine in the ERM. Arginine
is transported into the IRM through vacuoles and degraded
into NH +

4 before being transferred to host plants
(Govindarajulu et al. 2005, Jin et al. 2005, Cruz et al. 2007,
Tian et al. 2010). Many genes which encode transporters and
enzymes involved in these processes have been identified
(López-Pedrosa et al. 2006, Tian et al. 2010, Pérez-Tienda
et al. 2011, Calabrese et al. 2016).

Conversely, AMF strongly depend on plants as their source of
carbon (Bago et al. 2000, Roth and Paszkowski 2017), although
they have the ability to absorb acetate and monosaccharide on
the ERM and germinating spores (Pfeffer et al. 1999, Bago et al.
2000, Helber et al. 2011). AMF acquire monosaccharides by using
monosaccharide transporters (MSTs) (Lammers et al. 2001,
Helber et al. 2011, Ait Lahmidi et al. 2016) and catabolize them
via the glycolytic pathway and tricarboxylic acid cycle
(Macdonald and Lewis 1978, Saito 1995). On the other hand,
they synthesize trehalose and glycogen to maintain monosac-
charide concentrations inside the cells and to transport carbon
to the ERM (Shachar-Hill et al. 1995, Bago et al. 2000, Bago et al.
2003). In addition, recent studies have revealed direct lipid trans-
fer from plants to AMF (Jiang et al. 2017, Keymer et al. 2017,
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Luginbuehl et al. 2017). AMF can elongate and desaturate fatty
acids but not synthesize them (Trépanier et al. 2005), because
they lack cytosolic fatty acid biosynthesis genes (Wewer et al.
2014, Tang et al. 2016, Kobayashi et al. 2018, Maeda et al. 2018,
Sun et al. 2019), indicating that all fatty acids in AMF are plant-
derived. The molecular form of transferred lipids is still unknown,
but the predicted catalytic properties of the plant enzymes
required just before lipid transfer imply that sn-2-palmitoylgly-
cerol is a strong candidate (Bravo et al. 2016, Bravo et al. 2017,
Jiang et al. 2017, Keymer et al. 2017, Luginbuehl et al. 2017, Brands
et al. 2018). AMF produce ATP and synthesize saccharides from
fatty acids via the b-oxidation pathway, the glyoxylate cycle and
the gluconeogenesis pathway (Bago et al. 1999, Pfeffer et al. 1999,
Lammers et al. 2001, Wewer et al. 2014).

As described above, many studies to date have shown the
regulation of nutrient transport and metabolism in AMF and
the genes involved in these processes. Some of these studies
investigated the differences between developmental stages,
such as between germinating spores, IRM and ERM. However,
the differences between the structures comprising each devel-
opmental stage are not well understood. In pre-symbiotic
stages, AMF grow curved, thin hyphae called germ tubes
from spores (Fig. 1A). When the germ tubes attach to host
roots, the AMF start to grow IRM and develop arbuscules. As
the plant Pi transporters, ammonium transporters and lipid
metabolism enzymes required for arbuscular mycorrhizal
(AM) symbiosis are specifically expressed in arbuscule-contain-
ing cells, it is thought that the transport of phosphorus, nitro-
gen and lipids occurs in arbuscules (Harrison et al. 2002, Kobae
et al. 2010, Yang et al. 2012, Breuillin-Sessoms et al. 2015, Bravo
et al. 2017, Keymer et al. 2017, Luginbuehl et al. 2017). The
spatial expression patterns of the AMF genes required for nu-
trient exchange with host plants, however, have not been well
examined. Moreover, the site of saccharide transport is still
under debate (Fitter 2006, Helber et al. 2011). Although Zeng

et al. (2018) recently reported the transcriptome comparing the
IRM and arbuscule, the expression patterns of genes putatively
related to nutrient exchange have not been analyzed in detail.
On the other hand, AMF extend ERM in order to absorb nu-
trients from soil and produce spores. Straight thick hyphae
called runner hyphae are spread out from the root (Fig. 1B,
C), and subsequently, highly branched hyphae called branched
absorbing structures (BAS) differentiate on the runner hyphae
(Fig. 1B, C) (Bago et al. 1998a). Daughter spores are formed on
the BAS, and gradually mature (Fig. 1B, D) (Bago et al. 1998a).
The features of each extraradical structures, responsible for nu-
trient absorption and metabolism, are completely unknown.
Previous studies speculated that the BAS have important
roles for nutrient absorption because of their cytological simi-
larity with arbuscules and because the pH decrease of the media
around the BAS forming spores may be associated with Pi ab-
sorption (Li et al. 1991, Bago et al. 1998a, bago et al. 1998b).
However, there is no direct evidence to show nutrient absorp-
tion by the BAS. Several studies have reported transcriptome
analyses comparing the ERM with the IRM or germinating
spores (Tisserant et al. 2012, Tisserant et al. 2013, Kikuchi et
al. 2014, Tsuzuki et al. 2016), but to our knowledge, there are no
reports that comprehensively investigate the spatial gene ex-
pression pattern among extraradical structures.

Here, we show the structure-specific transcriptome of the
model AMF species, Rhizophagus irregularis. We collected five
individual extraradical structures (germ tubes, runner hyphae,
BAS, immature spores and mature spores) from an in vitro hairy
root-AMF co-culture system (Tsuzuki et al. 2016). This enabled
us to grow AMF under defined environmental conditions and
to collect each structure with minimal damage. We then per-
formed RNA-seq analysis on the structures. To overcome the
low volume of sample available, we applied the SMART-seq2
method, in which we were able to construct RNA-seq libraries
from as little as 10 pg of RNA (Picelli et al. 2013, Picelli et al.
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Fig. 1 Extraradical structures. (A) One-week-cultured R. irregularis in the pre-symbiotic stage. (B–D) Six-week-cultured R. irregularis in the
symbiotic stage; global view (B), runner hyphae and BAS (C) and immature and mature spores (D). (E–I) Samples for RNA-seq analysis; germ
tubes (E), runner hyphae (F), BAS (G), immature spores (H) and mature spores (I). Bar = 200 mm. GT, germ tubes; RH, runner hyphae; BAS,
branched absorbing structures; IS, immature spores; MS, mature spores.
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2014). In addition, we reanalyzed the most recent RNA-seq data
comparing IRM and arbuscule (Zeng et al. 2018), focusing on
the genes possibly involved in nutrient exchange. Our analyses
captured the distinct features of each structure and revealed
structure-specific expression patterns of genes related to nutri-
ent transport and metabolism. These results provide a basic
dataset to help us understand fungal nutrition in this symbiotic
system.

Results and Discussion

Structure-specific transcriptome analysis of
R. irregularis using the low input RNA-seq method

To investigate the physiological features of extraradical struc-
tures of AMF, we performed transcriptome analysis in R. irre-
gularis DAOM197198, comparing five extraradical structures,
germ tubes, runner hyphae, BAS, immature spores and
mature spores (Fig. 1E–I). Although samples of the runner
hyphae, immature spores and mature spores contained small
amounts of the BAS (Fig. 1F, H, I), we believe that the influence
of the contamination was negligible, because the amount of
RNA extracted from the BAS was much lower than that from
other structures (Supplementary Table S1). As it was difficult to
collect sufficient amounts of samples for the regular RNA-seq
method, we constructed the RNA-seq libraries using the
SMART-seq2 method, a low input library preparation method
(Picelli et al. 2013, Picelli et al. 2014). The libraries were
sequenced using the Illumina HiSeq1500 and the reads ob-
tained were analyzed based on the latest genome data
(Maeda et al. 2018) (Supplementary Table S2).

We first validated the sampling and sequencing method by
using principal component analysis (PCA) of gene expression
profiles among structures and replicates (Fig. 2A). PC1 clearly
discriminated between hyphae and spores, while PC2 captured
the maturation of spores. Although hyphae samples were not
clearly separated in the PC1–PC2 plane, they were separated in
the PC3–PC4 plane. These results indicated that the low input
RNA-seq method successfully detected the differences in gene
expression patterns among the extraradical structures.

Among the 19,918 genes expressed in all the samples, 1,977
genes were differentially expressed among the extraradical
structures (Supplementary Table S3). To visualize the expres-
sion pattern of the differentially expressed genes (DEGs), we
again performed PCA. The axes of the five structures indicated
that PC1 demonstrates whether the DEGs were expressed in
hyphae or spores and that PC2 demonstrates whether they
were expressed in pre-symbiotic hyphae, germ tubes, or sym-
biotic extraradical hyphae, runner hyphae and BAS (Fig. 2B).
This result seems reasonable considering the functional similar-
ity of the structures.

DEGs were densely mapped near the axis of each structure,
showing that many DEGs were highly expressed in one struc-
ture only (Fig. 2B). Therefore, we classified the DEGs into five
clusters using the K-means method. Clusters 1, 2, 3, 4 and 5
were represented by genes highly expressed in the germ tubes,
runner hyphae, BAS, immature spores or mature spores,

respectively (Fig. 2B, C). To investigate the function of genes
in each cluster, we performed gene ontology (GO) enrichment
analysis using the GO term Biological Process (Supplementary
Table S4). In cluster 3, the GO term ‘transmembrane transport’
(GO: 0055085) was enriched. Although called ‘branching ab-
sorbing structures’, there is no direct evidence to show nutrient
absorption by the BAS (Bago et al. 1998a, bago et al. 1998b);
however, our result supports the hypothesis that BAS is
involved in nutrient absorption. The enrichment of many GO
terms involved in DNA replication and nuclear cell division in
cluster 4 appears to reflect the burst in mitosis that occurs
during spore maturation (Marleau et al. 2011). Thus, the results
of the GO enrichment analysis are consistent with previous
observations, suggesting that our RNA-seq analysis captured
the characteristic transcriptional profiles of each structure.

Survey of genes related to nutrient transport and
metabolism

To date, many studies have identified the genes related to nu-
trient transport and metabolism in R. irregularis. These genes,
however, have been annotated based on past transcriptome or
genome data and are sometimes named differently in different
reports (e.g. GiPT in Maldonado-Mendoza et al. 2001 and RiPT1
in Walder et al. 2016). Therefore, we re-annotated these genes
based on our current genome data (Maeda et al. 2018), and re-
named them uniformly, using the reported gene names
(Supplementary Table S5). In addition, we searched unidenti-
fied genes, putatively related to nutrient transport and metab-
olism, based on orthology with the genes of Saccharomyces
cerevisiae or Aspergillus nidulans, as detected by the
OrthoFinder software (Emms and Kelly 2015, Maeda et al.
2018) (Supplementary Table S5). Next, we examined the ex-
pression patterns of these genes, as discussed below.

Absorption and metabolism of mineral nutrients

Two of three genes encoding H+–Pi symporters, PT1 (GiPT in
Maldonado-Mendoza et al. 2001 and RiPT1 in Walder et al.
2016) and PT2, were differentially expressed among the extra-
radical structures, while PT3 and two genes encoding Na+–Pi
symporters, PT5 and PT6, were not differentially expressed and
showed relatively low expression levels (Fig. 3A, Supplementary
Table S5). PT1 was the most highly expressed gene among the Pi
transporters and showed the highest expression level in the BAS
(Fig. 3A), suggesting the importance of the BAS for Pi absorp-
tion. Expression of ACP1, a gene encoding extracellular acid
phosphatase, was increased with the formation of the imma-
ture spores from BAS, and reached the maximum in the mature
spores (Fig. 3B). The mineralization of organic phosphate by
ACP1 around the BAS may enhance Pi absorption (Ezawa and
Saito 2018). VTC1, which is thought to be involved in Pi poly-
merization, was highly expressed in the runner hyphae, while
PPN3, a gene encoding endopolyphosphatase, was highly ex-
pressed in the BAS (Fig. 3C, D). These results imply that runner
hyphae and the BAS have distinct functions in Pi metabolism.
The expression levels of SYG1 orthologs were low in the extra-
radical structures (Supplementary Table S5).
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The expression of AMT1 was dominant in the extraradical
structures among ammonium transporters (Fig. 3E). AMT1 was
expressed at relatively high levels in all structures examined,
especially in the BAS (Fig. 3E). The expression of genes encod-
ing glutamine synthase, the first step in ammonium assimila-
tion, was highest in the germ tubes (Fig. 3F). Considering the
expression pattern of these genes, AMF may use ammonium as
a nitrogen source in all life stages. Conversely, genes encoding
nitrate transporter, nitrate reductase and nitrite reductase were
highly expressed in the runner hyphae while strongly sup-
pressed in the germ tubes (Fig. 3G–I), suggesting that runner
hyphae have a central role in nitrate metabolism and that R.
irregularis can utilize nitrate, as well as ammonium, in the sym-
biotic stages. As the reduction of nitrate to ammonium requires
high energy (Courty et al. 2015), it seems reasonable that the
AMF assimilate nitrate in the symbiotic stages only, where they
can obtain sufficient carbon sources from host plants. The ex-
pression patterns of the genes encoding urea transporter and
urease were similar to those of nitrate-related genes (Fig. 3J, K).
Some arginine metabolism genes were differentially expressed
among the extraradical structures, but their expression did not
follow a particular pattern (Supplementary Table S5).

One of three genes encoding aquaporin, AQP1, was ex-
pressed specifically in the immature spores (Fig. 3L). As
AQY1, a yeast spore-specific aquaporin, may function in
spore maturation (Sidoux-Walter et al. 2004), AQP1 might
also be involved in this process. Genes encoding iron trans-
porter, zinc transporter, copper-exporting ATPase and sulfate
transporter were also differentially expressed among the extra-
radical structures (Fig. 3M–P).

Carbon absorption and metabolism

Consistent with the previous observation that AMF can absorb
acetate and monosaccharide from the ERM (Pfeffer et al. 1999,
Helber et al. 2011), the expression of acetate transporters, carb-
oxylate transporters and MSTs was clearly detected in the
extraradical structures (Fig. 4A–C). As our previous phylogen-
etic analysis did not classify RiMST6 (Ait Lahmidi et al. 2016)
into the orthogroup of MSTs (OG0000019) but into that of
carboxylate transporters (OG0001862) (Maeda et al. 2018),
we renamed it JEN2 (Supplementary Table S5). MST2 is a mono-
saccharide transporter which is expressed in the IRM and
required for mycorrhiza formation involving arbuscule devel-
opment (Helber et al. 2011). While expression of MST2 in the
ERM was not detected previously (Helber et al. 2011), a rela-
tively low but clear level of expression was observed in the BAS
(Fig. 4A). In the extraradical structures, MST4 and MST5
showed relatively high expression levels among the MSTs
(Fig. 4A), suggesting the contribution of these genes to mono-
saccharide absorption in the ERM. ACT2 and ACT3, genes
encoding acetate transporter, were expressed in a broad
range of the extraradical structures (Fig. 4B). On the other
hand, the expression of JEN3 and JEN4, genes encoding carb-
oxylate transporters, were significantly highly expressed in the
BAS (Fig. 4C), suggesting the potential of the BAS for carboxyl-
ate absorption.

Two of seven genes encoding fatty-acid-CoA ligase, FAL6
and FAL7, which functions in the b-oxidation pathway, were
differentially expressed with statistical significance, and
showed the highest expression levels in the germ tubes
(Fig. 4D). In addition, both of the genes encoding glyoxylate

A

C

B

Fig. 2 Detection of structure-specific gene expression. (A) PCA of gene expression profiles between structures and replicates. Ellipses represent a
68% confidence region for each structure. (B) PCA analysis of 1,977 differentially expressed genes (DEGs). DEGs were classified into five clusters
using the K-means method. (C) The scaled expression levels of genes in each cluster. Genes in the same clusters are labeled in the same color. GT,
germ tubes; RH, runner hyphae; BAS, branched absorbing structures; IS, immature spores; MS, mature spores.
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cycle-specific enzymes, isocitrate lyase and malate synthase,
were significantly highly expressed in the germ tubes
(Fig. 4E, F). Genes encoding phosphoenolpyruvate carboxy-
kinase, an enzyme functioning in gluconeogenesis, were also
highly expressed in the germ tubes, although the differences
were not statistically significant (Fig. 4G). These expression
patterns are consistent with reports that most of the carbon
storage in the spores of AMF is in the form of lipids and fatty
acids (Jabaji-Hare 1988, Bécard et al. 1991). Conversely, two
genes encoding enzymes for the modification of fatty acids,
fatty acid elongase and delta 9-fatty acid desaturase, were
highly expressed in the mature spores (Fig. 4H, I). These
genes might have an important contribution to fatty acid
storage in spores. On the other hand, the gene encoding
trehalase was highly expressed in the runner hyphae
(Fig. 4J), presumably reflecting the abundant saccharides
available from host plants in the symbiotic stages.

Nutrient exchange with host plants in the
intraradical phase

Although Zeng et al. (2018) provided high quality RNA-seq data
comparing the IRM and arbuscule, there are no reports of the
detailed analyses of genes related to nutrient exchange. To in-
vestigate the function of IRM and arbuscule in nutrient ex-
change between AMF and host plants, we reanalyzed the
RNA-seq data. PCA between samples clearly discriminated be-
tween the IRM and arbuscule samples (Fig. 5A).

We then analyzed DEGs between the IRM and
arbuscule. Among the phosphate-related genes examined
(Supplementary Table S5), PPN3, a gene encoding endopho-
sphatase, and SYG1-1, a gene encoding the homolog of a Pi
exporter, were mainly expressed in the arbuscules compared
to the IRM (Fig. 5B, C). Although the functions of these genes
have not been investigated, it is possible that they are involved
in Pi release from AMF. In concordance with the report that

A F L

B

C

D

E K

H N

G M

I

J P

O

Fig. 3 Expression patterns of genes related to mineral nutrient absorption and metabolism. Log2 fragments per kilobase of exon per million reads
mapped (FPKM) in each structure of the genes encoding H+–Pi symporter (A), acid phosphatase (B), VTC complex (C), endophosphatase (D),
ammonium transporter (E), glutamine synthase (F), nitrate transporter (G), nitrate reductase (H), nitrite reductase (I), urea transporter (J), urease
(K), aquaporin (L), iron transporter (M), zinc transporter (N), copper-exporting ATPase (O) and sulfate transporter (P). The expression of genes
in red letters was statistically significantly different among the structures (false discovery rate; FDR < 0.05). GT, germ tubes; RH, runner hyphae;
BAS, branched absorbing structures; IS, immature spores; MS, mature spores.
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arginine is degraded into ammonium before nitrogen is trans-
ferred to host plants (Jin et al. 2005), urease, which catalyzes the
conversion of urea to ammonium in the final step of arginine
degradation, was highly expressed in the arbuscules (Fig. 5D).
CRD1, a gene encoding copper-exporting ATPase, and FTR1, a
gene encoding an iron transporter, were also highly expressed in
the arbuscules (Fig. 5E, F), suggesting a function for arbuscules
in copper and iron exchange between plants and AMF.
Although MST2 was expressed in both the IRM and arbuscules,
its expression level was higher in the arbuscules (Fig. 5G), sug-
gesting that arbuscules have a significant role in saccharide
absorption. While ACT1, ACT2 and ACT3 showed lower expres-
sion levels in extraradical structures among genes encoding
acetate transporter (Fig. 4B), their expression levels were sig-
nificantly high in arbuscules (Fig. 5H). On the other hand, two
carboxylate transporters, JEN3 and JEN4, which were signifi-
cantly expressed in the BAS (Fig. 4C), also showed higher ex-
pression levels in the arbuscules compared to the IRM with
statistical significance (Fig. 5I). The expression of some genes
encoding acetate transporters and carboxylate transporters was
also induced in the arbuscules (Fig. 5H, I). Two lipid metabol-
ism-related genes MGL1 and OLE2, which encode monoacylgly-
ceride lipase and delta 9-fatty acid desaturase, respectively, were
highly expressed in the arbuscules (Fig. 5J, K). This result led us
to hypothesize that sn-2-palmitoylglycerol is hydrolyzed into

palmitic acid and glycerol by MGL1, and palmitic acid is desa-
turated by OLE2. Thus, analysis of the expression patterns of
putative genes related to nutrient exchange has provided in-
sight into the function of arbuscules for nutrient exchange be-
tween AMF and host plants.

Conclusion

In this study, we performed transcriptome analysis comparing
extraradical structures of the AMF R. irregularis to investigate
the functions of these structures in nutrient absorption and
metabolism. Our analysis generated structure-specific tran-
scriptional profiles and detected DEGs among the structures.
Further analysis of genes related to nutrient transport and me-
tabolism, and reannotation using the latest genome data, re-
vealed the characteristic functions of each structure; e.g. fatty
acid consumption in the germ tubes (Fig. 4D–G), nitrate ab-
sorption and reduction in the runner hyphae (Fig. 3F–I), Pi,
ammonium and carboxylate absorption in the BAS (Fig. 3A, E;
Fig. 4C), and fatty acid modification in the mature spores
(Fig. 4H, I). In addition, we reanalyzed the RNA-seq data com-
paring the IRM and arbuscule (Zeng et al. 2018) and detected
the expression of putative genes related to nutrient exchange in
the arbuscule (Fig. 5). Although many studies have revealed the
regulation of nutrient transport and metabolism by AMF, the

Fig. 4 Expression patterns of genes related to carbon absorption and metabolism. Log2 fragments per kilobase of exon per million reads mapped
(FPKM) in each structure of the genes encoding monosaccharide transporter (A), acetate transporter (B), carboxylate transporter (C), fatty-acid-
CoA ligase (D), malate synthase (E), isocitrate lyase (F), phosphoenolpyruvate carboxykinase (G), fatty acid elongase (H), delta 9-fatty acid
desaturase (I) and trehalase (J). The expression of genes in red letters was statistically significantly different among the structures (FDR < 0.05).
GT, germ tubes; RH, runner hyphae; BAS, branched absorbing structures; IS, immature spores; MS, mature spores.
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spatial regulations among the structures have remained largely
unknown. Our data, therefore, provide comprehensive infor-
mation for understanding the dynamics of nutrient regulation
in this symbiotic system.

Of note, our results suggest distinctive functions between
runner hyphae and BAS for nutrient absorption and metab-
olism. Although they have morphological differences, it was
not clear previously as to whether the runner hyphae and
BAS have different transcriptional profiles, because they are
not separated by either a cell membrane nor a cell wall and
share a common cytoplasm (Bago et al. 1998a). This question
had not been approached previously, probably because of
technical difficulties. Our RNA-seq analysis using the
SMART-seq2 method clearly illustrated the difference in
the transcriptome between the two structures. Although
many genes related to nutrient absorption and metabolism
were expressed in both structures, they showed distinctive
expression patterns, suggesting the importance of the runner
hyphae for the absorption and reduction of nitrate
(Fig. 3G–I) and that of the BAS for the absorption of Pi,
ammonium and carboxylate (Figs. 3A, E, 4C). These results

provide a new perspective for investigating nutrient absorp-
tion and metabolism in AMF.

In order to avoid damage as much as possible during sam-
pling, we used an in vitro hairy root-AMF co-culture system
(Tsuzuki et al. 2016) to analyze gene expression in extraradical
structures. As this system is an artificial one that does not use
mycorrhiza of intact plants, we are aware that the patterns of
gene expression may be different to those observed when AMF
colonize intact roots in soil. In situ hybridization analysis might
be an effective strategy for the future, to confirm the gene
expression patterns in the structures of AMF that colonize
intact plants. On the other hand, our system allows us to
modify environmental conditions, such as nutrient compos-
ition. Knowledge of the regulation of fungal gene expression
under various conditions is important in understanding nutri-
ent transport and metabolism in AM symbiosis in nature. Our
data provide a basic reference for examining the environmental
responses of AMF. To further understand the physiological
functions of each structure, functional analysis of DEGs is
required. Host-induced gene silencing and virus-induced gene
silencing, which are able to silence the genes of AMF in the IRM

Fig. 5 Differentially expressed genes between IRM and ARB. (A) PCA of gene expression profiles of IRM and arbuscule samples. (B–K) Log2

fragments per kilobase of exon per million reads mapped (FPKM) in intraradical mycelia or arbuscules of the genes encoding endophosphatase
(B), SPX-domain-containing protein (C), urease (D), copper-exporting ATPase (E), iron transporter (F), acetate transporter (G), monosaccharide
transporter (H), carboxylate transporter (I), monoglyceride lipase (J) and delta 9-fatty acid desaturase (K). The expression of genes in red letters
was statistically significantly different between the IRM and ARB (FDR < 0.05). IRM, intraradical mycelium; ARB, arbuscule.

2278

H. Kameoka et al. | Structure-specific transcriptome of AMF

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/60/10/2272/5523212 by guest on 23 April 2024

Deleted Text: s
Deleted Text: ,
Deleted Text: --
Deleted Text: (HIGS) 
Deleted Text:  (VIGS)


by using dsRNA produced by the host plant or a virus to infect
the host plant, respectively (Helber et al. 2011, Kikuchi et al.
2016, Tsuzuki et al. 2016), will be useful tools for the analysis of
the putative genes related to nutrient exchange expressed in
arbuscules. However, no method to manipulate gene expres-
sion in extraradical structures currently exists. Establishment of
new technologies for transformation, gene silencing in extra-
radical structures and mutagenesis is therefore necessary.

In addition to absorption and metabolism of nutrients,
extraradical structures have important functions such as infec-
tion in host plants, interaction with associated bacteria and
spore formation, the genetics of which have been poorly inves-
tigated. Our data provide fundamental information which
should assist in these investigations.

Materials and Methods

Biological materials and growth conditions

Hairy roots of carrot (Daucus carota) generated in Tsuzuki et al. (2016) were

grown on M medium (731 mg l�1 MgSO4�7H2O, 80 mg l�1 KNO3, 65 mg l�1 KCl,

4.8 mg l�1 KH2PO4, 288 mg l�1 Ca(NO3)2�4H2O, 10 g l�1 Sucrose, 8 mg l�1

NeFeEDTA, 0.75 mg l�1 KI, 6 mg l�1 MnCl2�4H2O, 2.65 mg l�1 ZnSO4�7H2O,

1.5 mg l�1 H3BO3, 0.13 mg l�1 CuSO4�5H2O, 0.0024 mg l�1 Na2MoO4�2H2O,

3 mg l�1 glycine, 0.1 mg l�1 thiamine hydrochloride, 0.1 mg l�1 pyridoxine

hydrochloride, 0.5 mg l�1 nicotinic acid, 50 mg l�1 myo inositol, 4 g l�1 gelrite)

(Bécard and Fortin 1988) at 28�C in the dark. Monoxenic cultures of the hairy

root and R. irregularis DAOM 197198 (Premier Tech, Rivière-du-Loup, Canada)

were performed as described in Tsuzuki et al. (2016).

Sample preparation and RNA extraction

Extraradical structures were dissected using a surgical knife under a stereoscopic

microscope. To avoid wounding stress responses, dissected structures were frozen

within ca. 1 min in liquid nitrogen. After being crushed in RNA extraction buffer,

sufficient quantity of structures for one of the four replicates were gathered into a

tube. Germ tubes were sampled from 7 days after inoculation (dai) monoxenic

culture plates. The hyphae from 10–30 germinating spores which did not attach

to the hairy root were collected as one of the four replicates. We collected 20–50

BAS which did not contain spores, 5–10 runner hyphae (10 BAS were dissected

from each runner hyphae), five immature spores and five mature spores as one of

the four replicates from 42 dai plates. As the runner hyphae and BAS were

dissected from the base of the BAS, the BAS samples did not include the

runner hyphae, while the runner hyphae included small amount of the BAS.

Spores smaller than 100mM in diameter were defined as immature spores,

while the larger ones (>100mM in diameter) were defined as mature spores.

RNA was extracted using a NucleoSpin RNA XS kit (Macherey-Nagel, Düren,

Germany). Since the amount of RNA extracted from spores was often too

much to amplify in the same cycle as that from hyphal samples, between 2

and 100% of extracted RNA from spores was used. The number of samples

used to synthesize cDNA is summarized in Supplementary Table S1.

Library synthesis and sequencing

RNA was reverse-transcribed and amplified using the SMART-Seq v4 Ultra Low

Input RNA Kit for Sequencing (Clontech, Mountain View, CA, USA) (Picelli et al.

2013, Picelli et al. 2014). The quality and the quantity of cDNA was checked

using the Agilent 2100 Bioanalyzer with the High Sensitivity DNA kit (Agilent

Technologies, Santa Clara, CA, USA). cDNA was sheared using the COVARIS S2

system (Covaris Inc., Woburn, MA, USA) and converted to RNA-seq libraries

using the low input library prep kit (Clontech, Mountain View, CA, USA). Each

library was diluted to 2 nM. Four replicates were prepared for each structure.

Details for each cDNA library are summarized in Supplementary Table S1. A

total of 102 bp single-end reads were obtained using the HiSeq 1500 (Illumina,

San Diego, CA, USA). Raw sequence data has been deposited in the DDBJ

Sequence Read Archive (DRA) under BioProject PRJDB6136. The RNA-seq

data comparing the IRM and arbuscule were obtained from BioProject

PRJNA389248.

DEG analysis

These reads were trimmed using Trimmomatic (v0.33) (Bolger et al. 2014).

Trimmed reads were mapped to the latest genome data (Maeda et al. 2018)

by using tophat2 (v2.1.0) (Kim et al. 2013). The read counts were calculated by

HT-seq (v0.6.1) (Anders et al. 2015). Information about raw reads, trimming and

mapping are summarized in Supplementary Table S2. DEGs (jlog2 FCj> 1, FDR

< 0.05) were detected using EdgeR-robust (v3.18.1) (Robinson et al. 2010, Zhou

et al. 2014). To compare the expression profiles among structures, count per

million (CPM) of each gene was normalized by trimmed-mean-of-M-values

(TMM) using edgeR (Robinson et al. 2010), and subsequently scaled using

the scale function in R (v3.4.1). PCA was performed using the prcomp function

in R, using all expressed genes. Non-expressed genes were eliminated from this

analysis. For PCA comparing the DEGs, the expression levels of DEGs in each

structure calculated by EdgeR-robust were scaled using the scale function in R

and PCA was performed using the prcomp function in R. K-means classification

of DEGs was performed using the kmeans function in R. Gene ontology was

annotated by Blast2GO (v4.1) (Conesa et al. 2005). Enrichment analyses were

performed by goseq (Young et al. 2010).

Supplementary Data

Supplementary data are available at PCP online.
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