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Introduction

Recently we have shown that ethylene (ET) signalling and 
ET-targeted transcription factors are required to balance ben-
eficial and nonbeneficial traits in the symbiosis between the 
endophytic fungus Piriformospora indica and the model plant 
Arabidospsis thaliana.1 P. indica belongs to the Sebacinales and 
colonizes roots of many plant species inter- and intracellularly 
including Arabidopsis. The fungus forms pear-shaped spores 
which accumulate in the roots as well as on the root surface, 
stimulates growth and seed production, confers resistance against 
abiotic (water and salt) stress and protects the plant against patho-
gen infections.2-4 Mutants impaired in ET perception, signal 
transduction or ET-targeted transcription factors were examined 
in Camehl et al.1 Growth of ETR1, EIN2 and EIN3/EIL1 dele-
tion mutants was not promoted or even inhibited by P. indica. 
Overexpression of ERF1 promoted defence responses in the 
presence of the fungus and abolished the benefits for the plants. 
Besides ET, ERF1 is a target of jasmonic acid (JA) signalling in 
Arabidopsis.5 Inactivation of ERF1 is not feasible because of the 
redundant function of the ERF family members. Therefore we 
(like others) investigated seedlings overexpressing ERF1 under 
the control of the 35S promoter. P. indica-induced promotion 
of shoot growth was reduced and of root growth was completely 
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abrogated compared to uncolonized 35S::ERF1 control seed-
lings. Expression of the defence genes PR-1, PR-2, PR-5 and 
PDF1.2, but not of PR-3, PR-4 and LOX1 was stimulated by the 
fungus in 35S::ERF1, but not in wild-type roots. We concluded 
that defense responses become more efficiently activated against 
P. indica in 35S::ERF1 plants.

Here, we present data for two other transcription factors 
belonging to the ERF family within the superfamily AP2/ERF, 
which contains 147 members in Arabidopsis.6 The AP2/ERF 
superfamily is defined by the ERF domain, which consists of 60 
to 70 conserved amino acids involved in DNA binding. The ERF 
domain was first identified in the four DNA-binding proteins 
NtERF1-4 from Nicotiana tabacum,7 which recognize a conserved 
GCC box present in several ET-inducible genes, e.g., in those for 
pathogenesis-related (PR) proteins.8,9 Flanking sequences of the 
GCC box affect the binding of ERFs, thus it is likely that differ-
ent ERFs regulate different target genes with a conserved GCC 
sequence in their promters.10

The AP2/ERF superfamily is divided into the RAV, AP2 and 
ERF families. Among them, the ERF family is the largest with 
122 members and is further divided into two subfamilies, the 
CBF/DREB subfamily also called subgroup A and the ERF sub-
family, called subgroup B.11 The roles of the transcription factors 
of subgroup A are mainly involved in the regulation of abiotic 
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FACTOR14 (ERF14) plays a key role in defense against several 
pathogens including Fusarium oxysporum. Here, we demonstrate 
that ERF14 and another member of the B-family, ERF9, are also 
involved in the beneficial interaction between Arabidopsis and 
P. indica.

Tsutsui et al.16 showed in 2009 that DEAR1 (a member of 
the A family) plays a regulatory role in both freezing tolerance 
and response to pathogen infection. The authors concluded that 
DEAR1 mediates the crosstalk between abiotic and biotic stress 
signalling pathways in plants. ERF9 has a motif in its promoter 
region which can act as a target of DEAR1.16 ERF9 expression 
is strongly reduced in DEAR1 overexpressor lines whereas PR-1, 
-2, -3 and -5 are constitutively upregulated.16 Here, we present 
evidence that ERF9 might be a negative regulator of PR gene 
expression. Since the ERF14 and ERF9 mRNA levels are upregu-
lated in P. indica-colonized Arabidopsis roots, both members of 
the subgroup B were further investigated in this study.

Results

ERF9 and ERF14 seedlings are affected in their growth 
response to P. indica. The transcript levels of ERF9 and ERF14 
are upregulated in the roots of wild type plants exposed to 
P. indica for 7 days (Fig. 1A). Therefore, we generated homozy-
gote knock-out lines for ERF9 and ERF14. Since the insertion in 
ERF14 is in the exon, no transcripts can be detected in a semi-
quantitative RT-PCR analysis, whereas ERF9 contains a T-DNA 
insertion in the 5'-untranslated region and, thus, transcripts are 
still present in the mutant, but the amount is less than in the wild 
type (Fig. 1B). Databank analysis reveals that the ERF9 mRNA 
might be longer than the annotated full length cDNA, therefore, 
besides a reduction in the mRNA level in the insertion line, also 
the stability and/or translatability of the ERF9 transcript might 
be affected.

Under our co-cultivation conditions of the two symbionts, 
growth of wild-type Arabidopsis seedlings is stimulated by 
P. indica and the seedlings are taller than the uncolonized control 
seedlings.3 Also growth of the two ERF insertion lines is stimu-
lated by the beneficial fungus, however the stimulatory effect is 
less compared to wild type seedlings (Fig. 2). The same trend 
was observed for adult insertion plants transferred to soil (Fig. 3). 
Although these differences are not significant according to the 
students T-test, the tendency of the response to the fungus in all 
individual experiments is similar and comparable to the behav-
iour of 35S::ERF1,1 for which we could detect significant differ-
ences in the response to P. indica. Upregulation of the mRNA 
levels and the response of the insertion lines to the fungus suggest 
that ERF9 and ERF14 participate in the beneficial interaction 
between the two symbionts.

PR-1 is upregulated in colonized ERF9 and PR-2 in colo-
nized ERF14 seedlings. Since it is known that ERF14 plays a 
role in plant defense,15 we tested several marker genes for dif-
ferent defense pathways in Arabidopsis roots. PR-1, PR-2, PR-3 
and PR-4 are believed to be involved in systemic acquired resis-
tance (SAR).20 Interestingly, under our growth conditions PR-1 
is downregulated in ERF14, irrespective of whether the mutant is 

stress responses. For example, DREB1A is induced by low-tem-
perature stress, and DREB2A by dehydration12 and salt stress13 
in Arabidopsis. In contrast all transcription factors involved in 
disease resistance are found in the subgroup B which includes 
65 members.6,11 Since many of them are regulated by similar 
stimuli, a high degree of functional redundancy is expected, 
therefore, isolation of knock-out mutants for single transcrip-
tion factor genes encoding members of the B family to discover 
specific phenotypes is not common. The best studied transcrip-
tion factor is ERF1, and various overexpressor lines were gener-
ated and investigated.5,14 In 2007, Oñate-Sánchez et al.15 showed 
that ETHYLENE-RESPONSIVE ELEMENT BINDING 

Figure 1. (A) RNA was isolated from Arabidopsis wild type roots seven 
days after inoculation with P. indica (+) or without (-) prior to RT-PCR 
analysis. (B) RNA was isolated from the knock-out mutant and Col-0 
wild type roots prior to RT-PCR analysis.

Figure 2. Root fresh weights of wild-type (Col-0) and mutant seedlings 
(ERF9/ERF14) 7, 10 and 14 days after inoculation with P. indica. The graph 
shows percent growth promotion by the fungus. Mean of four indepen-
dent experiments with SE.
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(5'-TACCGACAT-3')—first identified in the promoter of the 
drought-responsive gene RD29A from Arabidopsis22—is also 
present in the ERF9 promoter. This motif binds DREB tran-
scriptional regulators,23 one of them is DEAR1. Tsutsui et al.16 
have shown that overexpression of DEAR1 leads to a repression 
of ERF9 expression. On the other hand PR genes and PDF1.2 are 
constitutive upregulated in the DEAR1 overexpressor line, which 
also accumulates endogenous salicylic acid (SA). The authors 
proposed that DEAR1 functions as a negative transcriptional 
regulator of the SA- and the ET/JA-induced signalling pathways. 
The higher ERF9 mRNA level in the P. indica-colonized roots is 
consistent with conclusions from Tsutsui et al.16 that ERF9 might 
be involved in PR gene expression. Since relatively little is known 
about the function of ERF9, a complete knock-out line or an over-
expression line for ERF9 would help to understand the role of 
this putative repressor in both beneficial and pathogenic plant/
microbe interactions.

PR-1 and PR-2 expression is differentially regulated in the 
roots of colonized ERF9 and ERF14 seedlings. PR-1 is upregu-
lated in ERF9 roots after treatment with P. indica, but not in 
ERF14 and wild-type roots (Fig. 4). Likewise, PR-2 is upregu-
lated in ERF14 roots after treatment with P. indica, but not in 
ERF9 and wild-type roots. This is consistent with the idea that 
P.  indica stimulates ERF9 (ERF14) gene expression (Fig. 1) in 

grown in the presence or absence of P. indica for 7 days (Fig. 4). 
PR-1 expression in ERF9 is comparable to wild type seedlings, 
which may be caused by the residual amount of the ERF9 mRNA 
in the insertion line (Fig. 1B).

However, we observe an upregulation of the PR-1 mRNA level 
in colonized ERF9 roots relative to the uncolonized ERF9 con-
trol, similar to the results obtained for 35S::ERF1.1 In contrast, 
PR-2 is clearly upregulated in colonized ERF14 seedlings relative 
to the uncolonized ERF14 control, again similar to the results 
obtained for 35S::ERF1. No regulation of PR-1 is observed in 
colonized ERF14 and no regulation of PR-2 in colonized ERF9 
roots, and both PR genes are also not upregulated in colonized 
wild-type roots (Fig. 4). These results suggest ERF9 represses 
P. indica-induced PR-1 and ERF14 repress P. indica-induced 
PR-2 expression in wild-type roots (cf. Discussion). Although 
the individual responses are difficult to compare due to differ-
ent manipulations of the ET signalling pathway in the individual 
ERF mutants tested, it is reasonable to assume that repression of 
PR expression in the ERF mutants may be involved in the estab-
lishment of a beneficial interaction. The reduced growth response 
of the ERF mutants to P. indica correlates with the upregulation 
of PR expression in these mutants.

The PR-3 and PR-4 mRNA level do not respond to P. indica 
in the two insertion lines (Fig. 4), similar to their regulation in 
35S::ERF1.1 Furthermore, PDF1.2 expression is also not regu-
lated in the two insertion lines, although this gene responded 
strongly to the fungus in the 35S::ERF1 overexpressor. Finally, 
in none of the ET signalling and ET-related transcription factor 
mutants analysed, the ERF1 mRNA level responded to P. indica 
in the roots (Fig. 4).1

Discussion

In the article by Camehl et al.1 we showed that upregulation of 
ERF1 causes an imbalance of beneficial and nonbeneficial traits 
in the P. indica/Arabidopsis symbiosis. Here we extend these 
studies for two other ET-responsive transcription factors, ERF9 
and ERF14, by studying the response of corresponding insertion 
lines to the fungus. Growth of ERF14 and ERF9 is still promoted 
by P. indica, but less than in wild type (Figs. 2 and 3). Thus, 
complete (ERF14) or partial (ERF9) inactivation of a single ERF 
transcription factor results already in an altered response to P. 
indica. The weaker effects observed in the studies here compared 
to those reported for the 35S::ERF1 line are probably caused by 
different experimental manipulations of the ERF protein levels 
(overexpression vs. knock-out or knock-down), by redundant 
functions of the ERF proteins which prevents a complete loss of 
function in insertion lines, or by the fact that ERF9 is only par-
tially inactivated. Nevertheless, all results support the idea that 
ERFs participate in the interaction between Arabidopsis and P. 
indica. Furthermore, there are unique features of the investigated 
transcription factors which have not yet been considered so far.

ERF9 is unique within the ERF family because it contains an 
“ET response factor-associated amphiphilic repression” (EAR) 
motif, which might function as a transcriptional repressor.21 
Furthermore, a “dehydration-responsive element binding” motif 

Figure 3. Plants grown 10 days on MS media were transferred to soil 
which was either inoculated with or without 1% P. indica mycel. Plants 
were grown for four weeks under short day conditions.

Figure 4. mRNA levels for different defence genes in the roots of wild 
type (Col-0) and mutant roots (ERF9/ERF14) cocultivated with (+) or 
without (-) the fungus for seven days.
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Material and Methods

Growth conditions of plant and fungus. Wild type (ecotype 
Columbia) and homozygote T-DNA insertion Arabidopsis seeds 
(ERF9: SALK_091532O and ERF14: SALK_118494C) were 
surface-sterilized and placed on Petri dishes containing MS 
nutrient medium.17 After cold treatment at 4°C for 48 h, plates 
were incubated for 7 days at 22°C under continuous illumination 
(100 µmol m-2 sec-1). P. indica was cultured as described previ-
ously2,18 on Kaefer medium.19 For solid medium 1% (w/v) agar 
was included.

Co-cultivation experiments and estimation of plant growth. 
Nine days after plating Arabidopsis seeds on MS medium, the 
seedlings were transferred to nylon disks (mesh size 70 µm) and 
placed on top of a modified plant nutrient culture medium (5 mM 
KNO

3
, 2 mM MgSO

4
, 2 mM Ca(NO

3
)

2
, 0.01 µM FeSO

4
, 70 

µM H
3
BO

3
, 14 µM MnCl

2
, 0.5 µM CuSO

4
, 1 µM ZnSO

4
, 0.2 

µM Na
2
MoO

4
, 0.01 µM CoCl

2
, 10.5 g l-1 agar, pH 5.6), in Petri 

dishes. One seedling was used per Petri dish and one fungal plug 
of 5 mm in diameter was placed at a distance of 1 cm from the 
roots. The plates were incubated at 22°C under continuous illu-
mination from the side (80 µmol m-2 sec-1). Fresh weights were 
determined directly after seedlings were removed from the plates.

Experiments on soil. Arabidopsis plants were cultivated on 
MS medium as described above for 10 days. The soil was mixed 
carefully with the mycelium (1%, w/v), which was obtained 
from liquid cultures after the medium was removed. Cultivation 
occurred in small plastic pots with Aracon tubes in a tempera-
ture-controlled growth chamber at 22°C under long-day condi-
tions (light intensity: 80 µmol m-2 sec-1). The sizes of the plants 
were daily monitored.

Semiquantitative RT-PCR. Total RNA was isolated from 10 
pooled replicates of Arabidopsis roots with the RNeasy kit from 
Qiagen according to the protocol provided by the manufacturer. 
cDNA synthesis was performed with the Omniscript kit from 
Qiagen. All reactions were repeated with two independent bio-
logical replicates.

The transcript levels of ERF9 and ERF14 were tested with the 
following primer pairs: ERF14 (At1g04370), GGA TCA AGG 
AGG TCG TAG CAG TGG and TTA TTG CCT CTT GCC 
CAT GTT G; ERF9 (At5g44210), GCT CCA AGA CAG GCG 
AAC GGT AGA and CTA AAC GTC CAC CAC CGG TGG 
A.

Expression of selected defense genes was analysed after 7 
days of co-cultivation of P. indica with Arabidopsis roots with 
the following primer pairs: PR-1 (At2g14610), TGT ATG AGT 
CTG CAG TTG CC and CAA CTG CAG ACT CAT ACA; 
PR-2 (At3g57260), ACC ACA CAG CTG GAC AAA TCG and 
ATG AGC TCG ATG TCA GAG CCA; PR-3 (At3g12500), 
TCA TGG GGC TAC TGT TTC AAG and TAT TGC TCT 
ACC GCA TAG ACC; PR-4 (At3g04720), GAC CTC GTG 
GTC AAG CTT CTT and TTG CTA CAT CCA AAT CCA 
AGC; PDF1.2 (At5g44420), CTT GTG TGC TGG GAA 
GAC ATA and AGC ACA GAA GTT GTG CGA GAA and 
ERF1 (At3g23240), CCT TCC GAT CAA ATC CGT AAG 

order to repress PR-1 (PR-2) gene expression for establishing a 
mutualistic interaction (Fig. 4). It is tempting to speculate that 
such regulatory circuits may be crucial for restricting defense 
gene activation in beneficial plant/microbe symbioses, in par-
ticular, since ERF9 and ERF14 are upregulated in colonized 
wild-type roots (Fig. 1). ERFs may play a crucial role in benefi-
cial plant/microbe interactions, since this transcription factor 
family contain both transcriptional activators and repressors.24 
It remains to be determined whether selected activation of spe-
cific members of this gene family may participate in the deci-
sion whether a microbe is accepted as friend or foe. Mutualism 
or parasitism is directly connected to defense gene expression, 
which affects microbial growth and root colonization.1,4,25

In addition, PR-1 expression is constitutively downregulated 
in ERF14, but not in ERF9 roots when compared to the wild-
type, independent of fungal colonization (Fig. 4). This clearly 
defines a stimulatory role for ERF14 in PR-1 expression in the 
roots. Oñate-Sánchez15 found no difference in PR-1 expression 
in the leaves of knock-out and the wild type plants and under 
their conditions PR-1 expression was at the detection limit. In 
ERF14 overexpressor lines, PR-1 and PR-3 were upregulated in 
the leaves compared to the wild type. Thus, ERF14 acts directly 
or indirectly as an activator of PR-1 in both leaves and roots.

PR-1 and PR-2 are specific marker genes for the SA pathway, 
whereas PR-3 and PDF1.2 are marker genes for ET/JA path-
way.5,26 PR-1 and PR-2 are regulated differently in the two ERF 
mutants whereas they are not regulated in the wild-type. PR-3 
and PDF1.2 are not regulated by the fungus in neither the wild 
type nor the mutants (Fig. 4). Thus, defense gene activation 
by P. indica cannot be attributed unambiguously to any of the 
two proposed pathways. Most strikingly, PR-1, but not PR-2 
is upregulated in colonized ERF9 and vice versa in colonized 
ERF14 seedlings, although both genes are believed to be regu-
lated by the SA pathway. PR-1 has antifungal properties but the 
microbial targets are unkonwn.27 The proposed antimicrobial 
target of PR-2 is the fungal cell wall component β-1,3 glucan.28 
PR-3 and PR-4 have chitinase activity.29 The exact role of the 
PR proteins and their regulation during the establishment of 
the beneficial interaction between P. indica and Arabidopsis 
remains to be determined.

We could lately show that elevation of the ERF1 mRNA 
level triggers defense gene activation in colonized Arabidopsis 
roots and both, SA- and ET/JA-regulated defence genes respond 
to the fungus. We concluded that the activation is not path-
way specific.1 The data shown here support this idea. Many 
responses depend on a cross-talk between the two signalling 
pathways in pathogenic plant/microbe interactions.30

While ERF1 may function as a putative activator of PR-1, 
PR-2, PR-5 and PDF1.2 in the beneficial interaction between 
the two symbionts,1 ERF9/ERF14 may repress PR-1/PR-2 
expression. Considering that ERF transcription factors can 
function as transcriptional activators and repressors of defense 
genes, it appears that we are only at the beginning to under-
stand the signalling events that occur in both beneficial and 
pathogenic interactions.
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and TCC CGA GCC AAA CCC TAA TAC. For the house-
keeping gene GAPC2 (At3g04120) GAG CTG ACT ACG 
TTG TTG AG and GGA GAC AAT GTC AAG GTC GG 
were used.
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