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The subtilisin-like serine protease SbtM1 is strongly and 
specifically induced during arbuscular mycorrhiza (AM) 
symbiosis in Lotus japonicus. Another subtilase gene, SbtS, 
is induced during early stages of nodulation and AM. Tran-
script profiling in plant symbiosis mutants revealed that 
the AM-induced expression of SbtM1 and the gene family 
members SbtM3 and SbtM4 is dependent on the common 
symbiosis pathway, whereas an independent pathway con-
tributes to the activation of SbtS. We used the specific spatial 
expression patterns of SbtM1 promoter -D-glucuronidase 
(GUS) fusions to isolate cis elements that confer AM respon-
siveness. A promoter deletion and substitution analysis de-
fined two cis regions (region I and II) in the SbtM1 promoter 
necessary for AM-induced GUS activity. 35S minimal pro-
moter fusions revealed that either of the two regions is suf-
ficient for AM responsiveness when tested in tandem repeat 
arrangement. Sequence-related regions were found in the 
promoters of AM-induced subtilase genes in Medicago 
truncatula and rice, consistent with an ancient origin of these 
elements predating the divergence of the angiosperms. 

Arbuscular mycorrhiza (AM) is a mutualistic interaction be-
tween terrestrial plants and Glomeromycota fungi (Schüssler et 
al. 2001). The network of AM fungal hyphae facilitates uptake 
of water and nutrients, predominantly phosphate and nitrogen, 
from the soil, which are provided to the plant host. In return, 
the fungus obtains photosynthetic products from the plant 
(Bago 2003; Parniske 2008). The development of the symbi-
otic interaction involves a specific exchange of signaling mole-
cules and subsequent formation of symbiotic structures in the 
host root (Harrison 2005). Hyphae of AM fungi perceive stri-
golactones, signaling molecules from the host, which activate 
hyphal branching, elongation, and metabolism (Akiyama et al. 
2005; Besserer et al. 2006). AM fungi produce diffusible sig-
naling molecules called Myc factors. Myc factors induce plant 
gene expression (Kosuta et al. 2003; Mukherjee and Ane 2011) 

and trigger characteristic nuclear calcium spiking (Chabaud et 
al. 2011; Kosuta et al. 2008) in the host plant. AM fungal 
hyphae contact epidermal cells and are guided into the host 
root (Genre et al. 2005, 2008). The intraradical hyphae 
elongate in intercellular spaces of cortical cells along the stele 
(Demchenko et al. 2004). The symbiotic structures, the arbus-
cules, are formed in cortical cells (Parniske 2008). This proc-
ess is associated with the induction of genes involved in arbus-
cule function, and lysophosphatidylcholine has been impli-
cated in the induction of AM-specific phosphate transporter 
genes (Drissner et al. 2007). The elaborate membrane struc-
tures in arbuscules enlarge the interface between the host plant 
and AM fungi, which facilitates nutrient exchange (Bonfante 
and Perotto 1995; Gianinazzi-Pearson 1996).  

In order to investigate the molecular principles underlying 
the AM symbiosis, transcriptome analysis in several independ-
ent laboratories has identified AM-induced genes from mono-
cots and dicots (Guether et al. 2009; Guimil et al. 2005; Gutjahr 
et al. 2008; Kistner et al. 2005; Liu et al. 2003). The genetic 
analysis of symbiotic mutants has identified a core set of genes 
required for early developmental steps of both AM and the 
root nodule symbiosis (RNS) of legumes. The model legumes 
Lotus japonicus and Medicago truncatula have been instru-
mental in the isolation of a set of eight genes—SYMRK 
(DMI2), CASTOR, POLLUX (DMI1), NUP85, NUP133, 
SEH1, CCaMK (DMI3), and CYCLOPS (IPD3) (Ané et al. 
2004; Endre et al. 2002; Groth et al. 2010; Imaizumi-Anraku 
et al. 2005; Levy et al. 2004; Stracke et al. 2002; Tirichine et 
al. 2006a; Yano et al. 2008)—that are implicated in a common 
symbiosis regulatory network (Kistner and Parniske 2002; 
Markmann et al. 2008; Oldroyd and Downie 2008). This com-
mon symbiosis pathway appears to be functionally conserved 
between legumes and rice (Banba et al. 2008; Chen et al. 2007, 
2008; Gutjahr et al. 2008; Markmann et al. 2008), suggesting 
an ancient role in symbiosis that dates back at least to the 
common ancestor of the angiosperms (Markmann and Parniske 
2009). In addition to the common symbiosis network, genetic 
components specifically required for the root nodule symbiosis 
have been identified (Oldroyd and Downie 2008). Compara-
tively little is known about AM symbiosis-specific components 
and signaling factors (Drissner et al. 2007; Javot et al. 2007; 
Kuhn et al. 2010; Maeda et al. 2006; Zhang et al. 2010). Reverse 
genetic approaches successfully demonstrated essential roles 
of several genes that are specifically induced during AM (Floss 
et al. 2008; Javot et al. 2007; Maeda et al. 2006; Takeda et al. 
2009).  
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We performed large-scale expression analysis and isolated 
AM-induced genes in L. japonicus (Kistner et al. 2005). In par-
ticular, genes encoding proteases of the subtilisin-like serine 
protease family (subtilase) (Rawlings and Barrett 1999; Siezen 
and Leunissen 1997) were highly and specifically induced dur-
ing AM (Kistner et al. 2005; Takeda et al. 2009). The AM-
induced subtilase genes SbtM1, SbtM3, SbtM4, and SbtS were 
differentially regulated during AM and RNS (Takeda et al. 
2007). Functional analysis using RNAi revealed that SbtM1 
and SbtM3 are required for the development of the AM sym-
biosis, in particular of the arbuscules (Takeda et al. 2009). Be-
cause SbtM1 and SbtM3 carry predicted signal peptides at 
their amino termini, and the SbtM1 signal peptide targeted 
Venus, a fluorescent marker protein, to the intercellular and 
peri-arbuscular spaces of the host cell, we hypothesize that 
SbtM1 and SbtM3 cleave a substrate located at the plant–fun-
gus interface and that this cleavage is crucial for the formation 
of arbuscules (Takeda et al. 2009). 

The regulation of SbtM1 is highly specific, because the gene 
is only expressed during AM (Kistner et al. 2005). Therefore, 
its promoter and the responsible cis elements are useful tools 
for the analysis of AM-signaling mechanisms. The aim of the 
present study was a refined analysis of the genetic regulation 
of AM. For this, we analyzed the expression of SbtM1 and 
other symbiotic marker genes in the context of symbiotic mu-
tants. This analysis confirmed the existence of AM-specific 
signaling pathways. As a first step toward the identification of 
AM-specific regulatory components, we determined AM-
responsive cis regions in the SbtM1 promoter using SbtM1 pro-
moter:-D-glucuronidase (GUS) fusions. The spatial GUS 
staining pattern during AM in roots transformed with SbtM1 
promoter:GUS fusions provided a reliable readout for the pro-
moter’s AM responsiveness. Using this approach, we 
identified two cis regions and showed that both of them 
independently confer AM responsiveness. These cis regions 
provide an important tool for the identification and analysis of 
regulatory components specific for AM. 

RESULTS 

AM-induced gene expression in symbiotic plant mutants. 
We analyzed AM-induced gene expression in roots of sym-

biotic mutants of L. japonicus by quantitative real-time re-
verse-transcription polymerase chain reaction (qRT-PCR) (Fig. 
1). In wild-type (WT) roots inoculated with the AM fungus 
Glomus intraradices, a clear induction of the AM-induced 
genes SbtM1, SbtM3, SbtM4, and SbtS was observed but no 
induction of the subtilase pseudogenes SbtM2 and SbtM5 (Fig. 
1A). The phosphate transporter gene PT4 of M. truncatula is 
exclusively expressed in arbuscule-containing cells (Harrison 
et al. 2002), and we observed PT4 of L. japonicus to be induced 
in WT roots (Fig. 1A), thus confirming earlier observations by 
Takeda and associates (2009). In inoculated Nod factor recep-
tor (nfr) mutants nfr1-1 (sym1-1) and nfr5-2 (sym5-2), AM-
induced genes were expressed at the same level as in the WT 
control (Fig. 1A), consistent with the fact that AM symbiosis 
is unaffected in these mutants (Wegel et al. 1998). Seven com-
mon sym mutants—symrk-10, castor-2 (sym4-2), pollux-1 
(sym23-1), nup133-1 (sym3-1), nup85-1 (sym24), ccamk-2 
(sym15-2), and cyclops-3—that are defective at early steps of 
AM development (Kistner et al. 2005) showed no induction or 
lower expression of SbtM1, SbtM3, SbtM4, and PT4 compared 
with noninoculated WT roots (Fig. 1A). These induction pat-
terns were in line with the previously observed lack of SbtM1 
expression in common sym mutants (Kistner et al. 2005). The 
lower basal expression of AM-induced genes in common sym 
mutants is perhaps caused by a loss of background signaling. 

 

Fig. 1. Gene expression in symbiotic mutants. A, Expression of arbuscular 
mycorrhiza (AM)-induced genes in Lotus japonicus (Gifu) wild-type (WT) 
and mutant roots was analyzed by quantitative real-time reverse-transcrip-
tion polymerase chain reaction. Plants were cocultivated with Glomus
intraradices for 2 weeks in chive nurse pots. Values represent relative ex-
pression compared with noninoculated WT roots (relative expression = 1). 
B, Expression of SbtM1, SbtM3, SbtM4, SbtS, PT4, and NIN in snf1-1 and 
snf2-2 mutant roots were compared with noninoculated WT roots (relative 
expression = 1). Activation of SbtM4 and NIN was observed in snf1-1 and 
snf2-2 but no obvious induction of SbtM1, SbtM3, and SbtS in roots 4 
weeks after germination. Total RNA was extracted from four to eight
roots. Mean values of the relative expressions of three to four independent 
experiments are displayed in logarithmic scale. Error bars represent stan-
dard deviation (n = 3 to 4). 
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SbtS induction was still observed in common sym mutants, 
where the expression level was reduced to one-fourth to one-
third compared with WT roots. This result revealed the exis-
tence of a symbiotic signaling pathway that activates SbtS ex-
pression independent of the common SYM pathway. 

We also analyzed the expression of AM-induced genes in 
spontaneous nodule formation (snf) mutants (Tirichine et al. 
2006b). Two snf mutants—snf1, encoding a deregulated version 
of CCaMK (Tirichine et al. 2006a) and snf2, expressing a con-
stitutively activated cytokinin receptor (Tirichine et al. 2007)—
form spontaneous root nodules and induce downstream nodula-
tion-related marker genes such as NIN in the absence of rhizo-
bia (Tirichine et al. 2006b). Because CCaMK is also required 

for AM, we investigated whether these mutants also activate 
AM-related marker genes spontaneously. The snf1-1 and snf2-
2 mutants formed spontaneous nodules 4 weeks after germina-
tion and showed elevated NIN expression (Fig. 1B). Among 
the AM-marker genes, only SbtM4, which is induced in AM 
and RNS, showed increased transcript abundance in both mu-
tants. However, the other AM-marker genes (SbtM1, SbtM3, 
SbtS, and PT4) were not induced, indicating that these snf 
mutants do not sufficiently activate AM signaling for the ex-
pression of these genes. SbtS expression was induced transiently 
in early stages of nodule formation; thus, 4 weeks after germi-
nation might be too late to observe RNS-related expression of 
SbtS (Kistner et al. 2005; Takeda et al. 2009). However, SbtS 
not only is induced in early stages of AM but also is detected 
several weeks after inoculation with G. intraradices (Takeda et 
al. 2009). Therefore, SbtS induction should be observed if the 
AM signaling pathway was active in snf mutants. 

Deletion and substitution analysis of SbtM1 promoter. 
The common SYM genes are required for SbtM1 induction 

(Fig. 1A) (Kistner et al. 2005) but the deregulation of CCaMK, 
the central regulatory hub of the common SYM pathway 
(Hayashi et al. 2010; Madsen et al. 2010), is not sufficient for 
its expression (Fig. 1B). These observations indicated the exis-
tence of additional regulatory circuits mediating SbtM1 induc-
tion during AM. However, AM-specific trans- and cis-active 
elements downstream of the common SYM pathway are un-
known. We searched for AM-responsive cis-acting elements 
within the SbtM1 promoter in order to analyze the SbtM1 acti-
vation mechanism and increase our understanding of AM-
specific gene regulation. 

The SbtM1 promoter (–688 to +7 bp, start codon +1 to +3 
bp) was fused to the GUS reporter gene, and the promoter 
activity during AM was monitored (Supplementary Fig. S1) 
(Takeda et al. 2009). In noninoculated transgenic roots carry-
ing SbtM1pro:GUS, blue staining was observed around the vas-
cular bundle. After inoculation with G. intraradices, the GUS 
staining around the vascular bundle disappeared and distinct 
GUS staining was observed in epidermal and cortical cells 
around internal fungal structures in the host roots (Takeda et 
al. 2009). A characteristic patchy staining pattern was often 
observed 1 week after inoculation (wai) and the stained re-
gions corresponded to the entrance points of fungal hyphae 
into the host root (Takeda et al. 2009). In later stages of AM 
development, hyphae colonize the host root and form AM 
structures such as arbuscules and vesicles. The SbtM1 pro-
moter activity increased in cortical cells around internal fungal 
hyphae at 2 wai. Especially, arbuscule-containing cells showed 
stronger GUS staining than neighboring cells. 

We used these two distinct patterns, patchy staining around 
fungal entry points and strong staining in arbuscule-containing 
cells, as criteria for the qualitative evaluation of AM respon-
siveness of the SbtM1 promoter in the following experiments. 
We observed differences in staining intensities between indi-
vidual hairy roots. Possible explanations for these variations 
are position effects of the transgene, its copy number, the age 
of the roots, and AM infection levels. Therefore, a quantitative 
analysis of GUS activity in extracts of transformed roots ap-
peared inappropriate to determine the AM responsiveness of 
the promoters analyzed. 

A deletion and a substitution series of the SbtM1 promoter 
was fused to the GUS reporter and promoter activity was ana-
lyzed in response to AM inoculation (Fig. 2). The analysis of 
the deletion series revealed one cis region between –161 and 
–109 bp upstream of the ATG of the translation start codon (+1 
to +3 bp) (Fig. 2A; Supplementary Fig. S2). The SbtM1 pro-
moter fusions that retained at least –161 bp resulted in a clear 

Fig. 2. Deletion and substitution analysis of the SbtM1 promoter. A series
of SbtM1 promoter deletions and substitutions was fused to the -
glucuronidase (GUS) reporter gene and the fusion constructs were 
transformed in Lotus japonicus hairy roots. Transgenic roots were stained
to analyze GUS activity 1 and 2 weeks after inoculation with Glomus
intraradices. Arbuscular mycorrhiza (AM)-induced GUS expression was
scored (+) if patchy staining along the root and strong staining in
arbuscule containing cells were observed. Numbers indicate the nucleotide
position relative to the A of the SbtM1 translation start codon. B and D,
Boxes represent substituted (A/C or T/G) regions. A, Deletion analysis of
the SbtM1 promoter. B, Substitution analysis of the SbtM1 promoter 
between –158 and –109 bp. C, Deletion analysis of the SbtM1 promoter 
containing a substitution between –158 and –152 bp. D, Substitution 
analysis between –268 and –219 bp of the SbtM1 promoter containing a
substitution between –158 and –152 bp. 
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patchy staining and a strong staining in arbuscule-containing 
cells. However, SbtM1pro108:GUS roots showed reduced or no 
GUS activity compared with SbtM1pro161:GUS roots. To narrow 
down the AM-response region, we tested seven constructs, 
each carrying one substituted stretch of 7 or 8 bp (A/C and 
T/G) covering the region between –158 bp and –109 bp in the 
context of the SbtM1pro161:GUS fusion construct (Fig. 2B). Two 
substituted SbtM1pro161:GUS constructs, one between –158 and 
–152 bp (SbtM1pro161sub158–152) and another between –151 and 
–145 bp (SbtM1pro161sub151–145), showed a clear decrease of GUS 
activity and no AM-induced GUS staining pattern (data not 
shown). This substitution analysis revealed that the region be-
tween –161 and –145 bp (region I) is required for AM-induced 
activation of the –161-bp SbtM1 promoter (Fig. 3A). However, 
when a substitution between –158 and –152 bp was tested in 
the context of a longer promoter of 688 bp (SbtM1pro688sub158–152: 
GUS), the typical AM-induced GUS staining pattern was ob-
served, indicating the existence of additional AM-responsive 
cis elements in this promoter. In order to determine their posi-
tions, an SbtM1 promoter deletion series carrying the substitu-
tion –158 to –152 bp (SbtM1pro sub158–152) was constructed (Fig. 
2C; Supplementary Fig. S3). In this deletion analysis, roots 
carrying SbtM1pro224 sub158–152:GUS or SbtM1pro188 sub158–152:GUS 
displayed no AM-specific staining, whereas roots transformed 
with the SbtM1pro268 sub158–152:GUS construct showed a clear 
AM-induced GUS pattern. These results point to a second 
AM-responsive cis region between –268 and –225 bp. To nar-
row down this second cis region, a series of five constructs was 
tested, each carrying a 10-bp-long stretch of A/C and T/G base 
substitutions in the context of SbtM1pro308 sub158–152:GUS (Fig. 
2D). Roots carrying the SbtM1pro308 sub158–152 sub248–239:GUS 
transgene showed the distinct AM-response staining. 

However, from this series, the promoter constructs substi-
tuted between –268 and –259 bp (SbtM1pro308sub158–152sub268–259) 
and between –258 and –249 bp (SbtM1pro308sub158–152sub258–249) 
did not induce the AM-specific GUS staining pattern and 
exhibited a clear decrease of GUS activity. A slight decrease of 
GUS staining was also observed in the construct substituted 
between –238 and –229 bp (data not shown). These results re-
vealed two additional regions, one between –268 and –249 bp 
(region II) and the second between –238 and –229 bp (region 
III), that were important for AM responsiveness (Fig. 3A). 

We tested the relevance of the identified regions in the con-
text of the longer (688 bp) promoter. Constructs in which re-
gion I and II were substituted, such as SbtM1pro688 sub158–152 

sub268–259:GUS and SbtM1pro688 sub158–152sub258–249:GUS, caused loss 
of the AM-induced GUS staining. Interestingly, a construct in 
which region I and III were substituted (SbtM1pro688 sub158–152 

sub238–229:GUS) still conferred AM responsiveness (data not 
shown), suggesting that region II can compensate the mutation 
of region III in the context of the longer promoter and that the 
substitution of region III did not affect the AM responsiveness 
of region II. Importantly, this analysis did not reveal any other 
elements within the –688-bp SbtM1 promoter region that are 
sufficient for AM responsiveness. 

Analysis of AM-response cis regions in the context  
of the 35S minimal promoter. 

The deletion and substitution analysis revealed that the two 
cis-acting regions I and II in the SbtM1 promoter are necessary 
for AM responsiveness while region III had a contributing 
effect. To test whether these cis regions are sufficient for AM-
induced gene expression, they were fused as tandem repeats to 
a 46-bp-long 35S minimal promoter (35Sminpro:GUS) and their 
response to AM inoculation was tested (Fig. 3). Transformed 
roots carrying 35Sminpro:GUS showed background staining 
around the vascular bundle. Weak staining was sometimes ob-
served in cortical cells but it was not correlated with AM colo-
nization (Supplementary Fig. S4A and B). SbtM1pro(–161 to –145)x4: 
35Sminpro:GUS and SbtM1pro(–268 to –249)x4:35Sminpro:GUS roots 
showed a staining in epidermal cells and cortical cells around 
fungal hyphae similar to SbtM1pro:GUS (Fig. 3B). The arbus-
cule-containing cells showed strong GUS staining in these 
transformed roots. These results indicate that either region I 
or II is sufficient to induce GUS activity in response to AM in-
fection. 

In contrast, transgenic roots carrying SbtM1pro(–238 to –229)x4: 
35Sminpro:GUS did not show an AM-induced GUS staining 
pattern and the staining was almost the same as that observed 
in control roots carrying 35Sminpro:GUS. Furthermore, we tested 
the SbtM1pro(–268 to –249)x4+(–238 to –229)x4:35Sminpro:GUS construct 
(Fig. 3). Hairy roots expressing this construct were stained like 
SbtM1pro(–268 to –249)x4:35Sminpro:GUS roots and no obvious dif-
ferences were observed. 

Regions I and II represent novel AM-response regions. 
Region I and II sequences did not show significant similarity 

to known symbiosis-related cis elements from symbiosis-
induced genes (Andriankaja et al. 2007; Boisson-Dernier et al. 
2005; Fehlberg et al. 2005; Frenzel et al. 2006; Stougaard et al. 
1987) (data not shown). Interrogation of plant promoter motif 

Fig. 3. Analysis of arbuscular mycorrhiza (AM)-response cis regions using 
a 35S minimal promoter. A, Two predicted AM-response cis regions in the 
SbtM1 promoter, region I and region II, were described. B, Four tandem 
repeats of the predicted AM-response cis regions were fused to a 35S 
minimal promoter -glucuronidase (GUS) construct. AM-induced GUS 
activity in transgenic roots carrying the constructs was observed 1 and 2
weeks after AM inoculation. 

Fig. 4. Comparison of arbuscular mycorrhiza (AM)-response cis regions in 
AM-induced subtilases. Alignment of AM-response cis regions of SbtM1
with corresponding promoter sequences of SbtM2 and AM-induced 
subtilases in Medicago truncatula (MtSbtM1) and rice (OsSbtM1 and 
OsSbtM2). Black letters indicate conserved nucleotides in these promoter 
sequences. 
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databases such as Place and plantCARE identified several 
plant cis elements with identical sequences. The sequence of 
CCGTCC in region I (Fig. 4) matched an elicitor response ele-
ment called Box A identified within the PAL promoter of pars-
ley (Petroselinum crispum) through in vivo foot printing 
(Logemann et al. 1995). The same sequence in region I was 
also identical to a cis element related to histone gene expres-
sion in maize (Brignon and Chaubet 1993). The sequence 
AGCGGG in region II conserved in the LjSbtM1, LjSbtM2, 
and MtSbtM1 promoters (Fig. 4) was found in a cinnamoyl-
CoA reductase gene promoter required for vascular expression 
in Eucalyptus gunnii (Lacombe et al. 2000). In addition, an-
other cis element, the carbohydrate metabolite signal respon-
sive element (TGGACGG) (Morikami et al. 2005), was found 
on the negative strand of region I. Regions I and II contained 
sequence motifs related to previously identified cis elements 
but AM-responsiveness of these elements has not been re-
ported thus far. Therefore, we conclude that regions I and II 
are novel AM-response regions. 

Conservation of AM-responsive cis regions  
in predicted SbtM1 orthologs across angiosperms. 

The AM-response cis sequences were found in the promot-
ers of AM-induced subtilases in other AM-forming plant spe-
cies. The putative orthologue of SbtM1 in M. truncatula 
(AW584611, MtSbtM1) is induced during AM (Liu et al. 2003; 
Takeda et al. 2009). Sequences with high similarity to regions 
I and II were found in its promoter (Fig. 4). Likewise, a se-
quence similar to region I was also detected in the promoter of 
an SbtM1 homolog from rice, OsSbtM1, that is induced during 
AM (called OsAM21 by Guimil and associates [2005]). 
OsSbtM1 occurs in a gene cluster and the paralog in the same 
cluster, named OsSbtM2, also carries a sequence similar to 
region I in a similar position of the promoter (Fig. 4). 

Regions I and II are present  
in other AM regulated legume genes. 

Two other subtilase genes within the SbtM cluster, SbtM2 
and SbtM3, carry similar sequences in similar positions of 
their promoters. The promoter of the pseudogene SbtM2 in-
cluded a completely conserved region I, whereas region II 
showed only two mismatches (Fig. 4). However, no increase of 
SbtM2 transcript was observed during AM by quantitative RT-
PCR analysis (Fig. 1A). In contrast, transgenic roots carrying 
SbtM2pro:GUS showed almost the same GUS staining pattern 
as SbtM1pro:GUS in response to AM fungi infection (Supple-
mentary Fig. S5). This result indicates that these SbtM2 cis 
regions are fully functional and the absence of expression of 

the endogenous SbtM2 may be the result of gene silencing of 
this pseudogene. 

The expression pattern of SbtM3 was very similar to that of 
SbtM1 (Takeda et al. 2009; this work). Two sequences similar 
to region I were found in the SbtM3 promoter between –126 
and –110 bp and between –112 and –96 bp (Supplementary 
Fig. S6A) but we could not find a sequence corresponding to 
region II in the SbtM3 promoter. 

The phosphate transporter gene PT4 is expressed in arbus-
cule-containing cells and also carries a sequence with similar-
ity to region I in the promoter between –215 and –199 bp. 
However, these sequences were only weakly conserved and no 
sequences similar to region II could be identified within 1.0 kb 
upstream of the PT4 start codon. A deletion of the predicted 
region I sequence in the PT4 promoter resulted in a decrease, 
but not a complete loss, of the specific induction in arbuscule-
containing cells. This result revealed the presence of other cis 
elements in the remaining 200-bp promoter region, which 
were not analyzed further. 

Among the AM-induced genes that carried sequences with 
similarity to region I or region II in the promoter, a group of 
genes was apparent that encode biosynthesis enzymes in the 
phenylpropane pathway—chalcone-flavonoid isomerase (CHI, 
AP004250) and phenylalanine ammonia-lyase (PAL)—and in 
the subsequent flavonoid pathway, UDP-glucose:flavonoid 
glycosyltransferase (UGT; AP008049 and AP012031). They 
reside in gene clusters composed of four and five homologs 
(Supplementary Fig. S7B) (data not shown) and some of the 
family members were induced during AM (Deguchi et al. 
2007; Guether et al. 2009). CHI1 (chr5.CM0260.370.nc) and 
UGT4 (chr4.CM0739.130.nd) contained sequences with simi-
larity to region I. UGT4 was upregulated more than 60 times 
during AM development and some of the homologs in the 
same gene cluster were also upregulated. One of the PAL 
genes, named PAL2 (DF093205, chr1.CM0033.830.nc) clus-
tered with three other PAL homologs and contained both re-
gion I- and region II-related sequences in the promoter, though 
their position in the promoter was opposite to the region I and 
region II in SbtM1. These results suggest that the same regulon 
may be involved in the AM induction of flavonoid synthesis 
genes and the AM-induced subtilases. 

DISCUSSION 

Common symbiosis genes are necessary  
but CCaMK deregulation is not sufficient  
for AM-related gene activation. 

AM development is associated with the transcriptional regu-
lation of hundreds of plant genes. This transcriptional repro-
gramming during AM comprises a set of core genes, including 
plant subtilases, that are consistently upregulated in plant spe-
cies as diverse as legumes and rice (Guether et al. 2009; 
Guimil et al. 2005; Kistner et al. 2005; Liu et al. 2003). Muta-
tions in common SYM genes almost completely abolish this 
transcriptional reprogramming in legumes (Kistner et al. 2005; 
Weidmann et al. 2004) and in rice (Gutjahr et al. 2008), dem-
onstrating that the conceptual regulatory network defined by 
the common SYM genes is central to gene regulation in AM 
across angiosperms (Markmann and Parniske 2009; Parniske 
2008). The subtilase gene SbtM1 of L. japonicus is character-
ized by a particularly specific and strong AM responsiveness 
and is a member of a small group of symbiosis-induced subti-
lases. Interestingly, the expression patterns differ significantly 
among these genes. Whereas SbtM1 and SbtM3 are induced 
only during AM, SbtM4 and SbtS are also induced in response 
to rhizobia (Takeda et al. 2009). Therefore, we have singled 
out this gene family to study transcriptional regulation during 

Fig. 5. Three symbiosis-related transcriptional response patters in Lotus 
japonicus as revealed by gene expression analysis. Deregulated CCaMK
(snf1-1) activates SbtM4 and NIN. Arbuscular mycorrhiza (AM) fungal 
infection activates two parallel pathways: one common SYM-gene-depend-
ent pathway, leading to SbtM1 and SbtM4 activation, and a second, com-
mon SYM-independent pathway sufficient for SbtS activation. 
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AM. We found that SbtM1 and SbtM3 were, like most other 
AM-regulated genes, not expressed in common sym mutants 
(Fig. 1A). On the other hand, SbtS expression was only re-
duced and retained a significant level of induction in common 
sym mutants. This result suggests that SbtS is activated via sig-
naling through a common SYM independent symbiotic or non-
symbiotic pathway (Fig. 5). The somewhat lower activation of 
SbtS in the background of common sym mutants may be a con-
sequence of reduced signaling input due to nonsuccessful fun-
gal colonization. Alternatively, the common SYM pathway may 
synergistically contribute to SbtS expression. 

Evidence for common SYM-independent gene regulation 
was previously obtained for AM-repressed genes in L. japoni-
cus (Kistner et al. 2005). Furthermore, the expression of an 
AM-induced proteinase inhibitor gene in M. truncatula is 
independent of DMI2 (Kuhn et al. 2010), and ENOD11 is in-
duced by diffusible factors from AM fungi through a common 
SYM (DMI1, DMI2, and DMI3)-independent pathway (Kosuta 
et al. 2003). Also, in rice, four AM-induced genes showed a 
reduced but significant level of induction in the background of 
common sym mutants, thus revealing an independent AM sig-
naling pathway (Gutjahr et al. 2008, Mukherjee and Ané 
2011). These consistent observations in a legume and in rice 
support the concept of at least two independent signaling path-
ways that contribute to the transcriptional reprogramming of 
the root during AM development. 

The existence of common SYM-independent AM signaling 
was further supported by the analysis of gene activation in the L. 
japonicus snf1-1 and snf2-2 mutants that spontaneously form 
root nodules in the absence of rhizobia and encode constitutive 
active CCaMK and cytokinin receptor versions (Tirichine et al. 
2006a; Tirichine et al. 2007). Consistent with the spontaneous 
nodule formation, nodulation-related genes like NIN and SbtM4 
are transcriptionally activated (Fig. 1B) (Tirichine et al. 2006a; 
Tirichine et al. 2007), indicating that the snf1- and snf2-medi-
ated signaling is sufficient for their activation. If the common 
SYM pathway was sufficient for AM gene regulation, one would 
expect an activation of the AM marker genes by the constitu-
tively active snf1 allele of CCaMK. However, snf1-1 and snf2-2 
mutants did not show induction of SbtM1, SbtM3, or SbtS. These 
results indicate that the two snf alleles are sufficient for the acti-
vation of nodulation-related but not AM-related genes (Fig. 5). 
Thus, it appears the coordinated activity of the common SYM 
and other signaling pathways is required for mediating gene 
activation during AM. The existence of an AM-specific pathway 
would provide the necessary specificity, allowing appropriate 
responses to AM fungi or rhizobia as a result of common SYM-
related signaling. 

Identification of two novel AM-response cis sequences, one 
of which is conserved in SbtM1 genes across angiosperms. 

To obtain a molecular handle on regulatory circuits govern-
ing AM, we identified cis regions responsible for AM respon-
siveness of SbtM1. Our functional analysis of the SbtM1 pro-
moter revealed that at least two apparent unrelated regulatory 
sequences are involved in its activation. However, because 
short sequences (CAGC and AGCA(AT)) were conserved in 
the positive or negative strands of both regions I and II, we 
cannot exclude the possibility that the same transcription factors 
bind to regions I and II. 

Both cis regions were conserved in the predicted SbtM1 
orthologue of M. truncatula, MtSbtM1 (Fig. 4). This suggests 
that MtSbtM1 is regulated by the same cis elements and that 
orthologous trans-active factors exist in Medicago and Lotus 
spp. Two SbtM1 homologs in rice, OsSbtM1 and OsSbtM2, 
contain a sequence related to region I at a similar position in 
their promoters as in Lotus SbtM1, and OsSbtM1 is induced 

during AM (Guimil et al. 2005). This conservation of region I 
reveals the presence of a common AM gene regulation system 
in AM plants as diversified as monocots and dicots. 

We detected the presence of region I- or region II-related se-
quences in a subset of AM-responsive promoters of L. japoni-
cus (data not shown). This result suggests that the two regions 
and their corresponding regulatory systems may contribute to 
the transcriptional reprogramming of the root during AM. 
However, the presence of region I- and II-like sequences is no 
proof that they are, indeed, responsible for the AM induction. 
Because the binding site of the corresponding trans factors is 
not yet known, the mismatches with the original region may or 
may not impair transcription factor binding. Furthermore, our 
analysis of the PT4 promoter clearly shows that other, yet-to-
be identified elements are likewise able to mediate AM respon-
siveness. 

Modularity and diversity of AM-response cis elements. 
Regions I and II are, at least at the resolution of our assay, 

functionally redundant, because each one, on its own, was suf-
ficient to confer AM responsiveness. This is in agreement with 
our sequence and expression analysis of the Lotus SbtM3 pro-
moter, which confers a nearly identical expression pattern as 
the SbtM1 promoter (Takeda et al. 2009), although it contains 
a different set of cis elements, including two sequences with 
detectable similarity to region I but not to region II. We also 
found Lotus PT4 to be induced during AM. However, deletion 
analysis of the PT4 promoter suggested that additional or 
different cis elements govern its AM-specific expression. 

The cis regions of SbtM1 are distinct from previously identi-
fied AM-response cis regions from leghemoglobin in Vicia 
faba (Fehlberg et al. 2005) and lectin in M. truncatula (Frenzel 
et al. 2006). They also do not resemble known symbiosis-
response cis regions (Andriankaja et al. 2007; Boisson-Dernier 
et al. 2005; Stougaard et al. 1987). Because the SbtM1 cis re-
gions do not share detectable sequence similarity, they are 
likely to be controlled by different symbiosis-responsive DNA-
binding transcription factors. 

Together, these data provide strong evidence that multiple 
cis elements exist that confer AM responsiveness. These ele-
ments can be found in different combinations and in different 
sequence variants. It is very likely that these different cis ele-
ments and combinations thereof contribute to the distinct spatio-
temporal gene expression patterns observed for AM-responsive 
genes. Such a diversification of AM-responsive cis elements 
also implies that there are several distinct transcription factors 
involved in their binding and mediation of AM-induced gene 
expression. 

Previous transcriptome analyses have identified a number of 
transcription factors whose expression was altered during RNS 
(Asamizu et al. 2005; El Yahyaoui et al. 2004; Lohar et al. 
2006). Transcription factors of the GRAS and AP2/ERF-
families were implicated in gene regulation during RNS 
(Andriankaja et al. 2007; Heckmann et al. 2006; Middleton et 
al. 2007). Although induction of transcription factor genes was 
also observed during AM (Guether et al. 2009; Guimil et al. 
2005; Liu et al. 2003), genetic approaches to elucidate their 
role in AM transcriptional regulation have not been reported. 
Our promoter analysis facilitates the isolation of DNA-binding 
transcription factors as a next step in the investigation of the 
signaling pathways controlling gene activation during AM. 

MATERIALS AND METHODS 

Biological material. 
Sterilized seed of L. japonicus Gifu B-129 and symbiotic 

mutants were placed on 0.8% bactoagar plates and grown in a 
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growth chamber (24C, 16 h of light and 8 h of darkness). The 
AM fungus G. intraradices (BEG 195) was proliferated in the 
chive nurse-pot system (Demchenko et al. 2004), which was 
used for AM inoculation of transgenic plants after removal of 
the chive plants. The snf1-1 and snf2-2 mutants were grown in 
sterilized soil for 4 weeks and checked for formation of spon-
taneous nodules and gene induction. 

Real time RT-PCR. 
Total RNA was extracted from roots using the NucleoSpin 

plant RNA extraction kit (Macherey-Nagel, Düren, Germany). 
RT and quantitative real-time PCR were performed using Su-
perScript III Platinum Two-Step qPCR kit with SYBR Green 
(Invitrogen, Darmstadt, Germany) and an iCycler (Bio-Rad, 
Munich) according to the manufacturer’s instructions. The 
cDNA was synthesized from 50 ng of total RNA in a 20-µl RT 
reaction mixture and 1 µl of the RT product was added to a 
total 20-µl real-time PCR reaction mixture with 50 nM fluo-
rescein (Invitrogen) as a reference dye. Real-time PCR primer 
sets and thermal cycler condition described by Takeda and 
associates (2009) were used, and constitutively expressed gene 
elongation factor 1  and ubiquitin were used for reference. 

Transcript expression levels were calculated using the PCR 
efficiency and normalized with the transcription level of ubiq-
uitin. At least three biologically independent experiments were 
performed and the data were used to calculate average values 
and standard deviations. 

Construction of promoter GUS fusions. 
All primer sets to construct the fusion vectors were listed in 

Supplementary Table S1. For the SbtM1 promoter deletion se-
ries or the SbtM2 promoter GUS fusions, SbtM promoter re-
gions were amplified with PCR and the amplicons were cloned 
into pENTR D/TOPO (pENTR D/TOPO cloning kit; Invitro-
gen). For the substitution series, the entry clones of the SbtM1 
promoter deletion series were amplified using primers contain-
ing substitutions, and the amplicon containing the substituted 
SbtM1 promoter and the cloning vector was self-ligated with 
T4 DNA ligase (NEB). The inserts from the resulting entry 
clones were transferred into the promoter GUS fusion vector 
pKGWFS7 (Karimi et al. 2002) using in vitro site-directed re-
combination (LR reaction kit; Invitrogen). 

The 35S minimal promoter fusion vector was constructed on 
the basis of pCAMBIA1305. The Cauliflower mosaic virus 
35S promoter was removed except for 46 bp, leaving a mini-
mal promoter region, and EcoRI and BamHI restriction sites 
were introduced 5 of the 35S minimal promoter. Oligonucleo-
tides of SbtM1pro(–161 to –145)x4, SbtM1pro(–268 to –249)x4, SbtM1pro(–238 

to –229)x4, or SbtM1pro(–268 to –249)x4+(–238 to –229)x4 containing EcoRI 
and BamHI cohesive ends were cloned into the EcoRI and 
BamHI site of the 35S minimal promoter vector. 

Transgenic hairy root induction  
by Agrobacterium rhizogenes. 

Agrobacterium rhizogenes AR1193, carrying the promoter 
fusion constructs, was used to transform L. japonicus via hairy 
root transformation as described by Takeda and associates 
(2009). 

Root inoculation, staining, and evaluation  
of AM responsiveness. 

Composite plants with 1- to 2-cm-long transgenic hairy 
roots were inoculated with G. intraradices using the chive 
nurse-pot system (Demchenko et al. 2004) and cultivated in a 
growth chamber (24C, 16 h of light, and 8 h of darkness). 
One or two weeks after inoculation, the roots were washed with 
water and stained with GUS-staining buffer (5-bromo-4-chloro-

3-indolyl-D-glucuronic acid at 0.5 mg/ml, 100 mM phosphate 
buffer [pH 7.0], 100 mM EDTA, 0.5 mM K4[Fe(CN)6], 0.5 
mM K3[Fe(CN)6], and 0.1% Triton X-100) for 3 to 6 h at 37C. 
Fungal structures were stained with wheat germ agglutinin 
(WGA) Alexa Fluor 488 (Invitrogen) as described by Harrison 
and associates (2002). 

In all, 8 to 10 transgenic root systems per construct in one 
experiment were stained and observed using a stereoscopic 
microscope (MZ 16 FA; Leica, Wetzlar, Germany) or an in-
verted microscope (DMI6000B; Leica) to judge whether the 
stained roots exhibited the AM-specific staining pattern. Pro-
moter constructs were scored AM responsive if a patchy stain-
ing around fungal entry points and strong staining in arbus-
cule-containing cells were observed. At least three independent 
experiments were conducted for one construct. Fluorescence 
microscopy of WGA Alexa Fluor 488 was performed using an 
inverted microscope (DMI6000B; Leica) equipped with ×40 
dry (numerical aperture [N.A.] 0.6) or ×63 water immersion 
(N.A. 1.2) objectives. 
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