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Piriformospora indica enhances freezing tolerance and post-thaw recovery in
Arabidopsis by stimulating the expression of CBF genes
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ABSTRACT
The root endophytic fungus Piriformospora indica plays an important role in increasing abiotic stress
tolerance of its host plants. To explore the impact of P. indica on freezing tolerance, Arabidopsis
seedlings were co-cultivated with P. indica exposed to −6°C for 6 h. Freezing stress decreased the
survival rate, electrolyte leakage, leaf temperature, water potential and chlorophyll fluorescence of
Arabidopsis plants in comparison to the controls. P. indica colonizion reduced the negative effects of
freezing, and the plants contained also higher amounts of soluble proteins, proline and ascorbic acid
during the post-thaw recovery period (4°C; 12 h). In contrast, the H2O2 and malondialdehyde levels were
reduced in seedlings colonized by the fungus. The brassinolide (BR) and abscisic acid (ABA) levels
dramatically increased and the transcript levels of several crucial freezing-stress related genes (CBFs,
CORs, BZR1, SAG1 and PYL6) were higher in inoculated plants during the post-thaw recovery period.
Finally, inocculated mutants impaired in the freezing tolerance response (such as ice1 for INDUCER OF
CBF EXPRESSION1, a crucial basic helix-loop-helix transcription factor for the cold-response pathway in
Arabidopsis, cbf1, −2, −3 for C-REPEAT-Binding Factor, cor47 and −15 for COLD-REGULATED and siz1
encoding the SUMO E3 LIGASE) showed better survival rates and higher expression levels of freezing-
related target genes after freezing compared to the inocculated controls. Our results demonstrate that
P. indica confers freezing tolerance and better post-thaw recovery in Arabidopsis, and stimulates the
expression of several genes involved in the CBF-dependent pathway.
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Introduction

Freezing stress is an important threat limitating plant growth
and yield,1 and causes a negative effect on 15% of arable land
around the world.2 Freezing stress has been shown to affect
membrane fluidity which is sensed by plasma membrane
proteins, and calcium channels as well as their associated
proteins. They activate calcium/calmodulin-dependent pro-
tein kinases (CPKs, CIPKs, and CRLK1) and the MAPK
cascade, which is followed by the stimulation of CBF
(C-repeat-binding factor) and COR (cold-regulated) gene
expression.3

Therefore, plants have developed sophisticated mechan-
isms in response to low-temperature stress, including altera-
tions of the lipid composition, osmolyte accumulation like
sugars and proline, and changes in the accumulation of pro-
tective proteins.4 In Arabidopsis, many genes which respond
to low-termperature stress have be described.5,6

The C-Repeat Binding Factor/Dehydration-Responsive-
Element-Binding protein (CBF/DREB)-activated transcrip-
tional regulatory cascade is one of the most important routes
that triggers cold acclimation and the freezing tolerance
pathway.7,8 The INDUCER OF CBF EXPRESSION 1 (ICE1),

a basic helix-loop-helix (bHLH) transcription factor, directly
binds and activates the expression of CBF/DREB1 to regulate
the cold-response pathway in A. thaliana. The ICE-CBF-COR
pathway has been widely studied over the past two decades7

and many regulators upstream and downstream of CBFs have
been identified. MYB15,9 EIN3,10 ZAT1211 and PIF312 func-
tion as negative regulators of the CBF pathway, while
CAMATA3,13 ERF10514,15 and BZR116 are considered as posi-
tive regulators. Freezing stress rapidly induces the expression
of CBF genes, and the encoded proteins directly modulate
a set of COR genes, which enhance freezing tolerance.6

Arbuscular mycorrhizal symbiosis is well known to
improve cold resistance in plants,17–20 and alleviates low-
temperature stress in rice and barely.21,22 Also the root endo-
phytic fungus Piriformospora indica, originally found in the
cold Thar desert,23 confers cold stress tolerance in its natural
habitat and the cold desert of Leh-Ladakh.24–26 P. indica is
well known for its stimulating effects on plant growth and
survival under various abiotic stress conditions,27 such as
drought,28–30 salt31-33 and heavy metal stress.34 Many reports
showed that colonization of roots with P. indica activates the
antioxidant defense system against salinity.35 Phytohormones
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play important roles in the interaction between P. indica and
plants36 including cold stress responses.37 However, very little
is known about the effects of this fungus on plant cold
tolerance.25,38 Murphy et al.38 showed that the fungus
increases the yield in barley grown at low temperature. Up
to date, no reports investigated the interaction between
P. indica and Arabidopsis under cold stress. Since the mechan-
isms how P. indica influences freezing tolerance is only poorly
understood, we used physiological and molecular parameters
to investigate the effect of root colonization on the perfor-
mance of Arabidopsis under freezing conditions.

Materials and methods

Plant materials and growth conditions

Three Arabidopsis thaliana ecotypes, Columbia (Col), Cape
Verdi Island (Cvi-0), and C24 were used for the freezing
experiments. The cbf1, cbf2, cbf3, cor47, cor15, siz1 and ice1
mutant plants were obtained from the Arabidopsis Biological
Resource Center. Seeds of Arabidopsis were kept at 4°C for
3 days in dark for vernalization and then transferred to
a growth chamber. After 7 days, seedlings were transferred
to soil (peat: vermiculite: perlite; 3:1:1) with or without
P. indica. The growth condition was 22°C with a 16-h-light/
8-h-dark photoperiod.

P. indica propagation and inocculation assay

P. indica was propagated on PDA medium at 28°C in dark for
a week. For liquid culture, 1000 ml Erlenmeyer flasks were
filled with 200 ml liquid Aspergillus (ASP) medium and
supplied with 5 fungal plugs before incubation for 10 days
at 28°C at 130 rpm on a rotary shaker. For soil experiment,
P. indica was cultured in ASP liquid medium for 10 days, then
200 µl of an 1% P. indica suspension was added to the soil in
vicinity to the roots.39

Root colonization analysis was performed according to
a protocol modified from Nanda et al.34 To confirm root
colonization, 13 days post inoculation, roots of colonized
Arabidopsis were washed with distilled water to remove med-
ium and soil, then cut into 2.0 cm pieces, boiled for 1 h in
10% NaOH solution and incubated in 1% HCl for 10 min.
Subsequently, roots were stained with 0.05% trypan blue over-
night. Stained root segments were monitored under a light
microscope at 20× magnification (Nikon CX41-72C02).

Freezing assays

Arabidopsis seedlings of the three ecotypes (Col, C24, Cvi-0)
were grown at 22°C on soil for 15 days; subsequently they
were exposed to the freezing treatment according to Hu et al.40

in a freezing chamber (Panasonic, MIR-254-PC, Japan).
Seedlings were maintained at 0°C for 1 h, then the tempera-
ture dropped by 2°C per hour to −6°C, where it was main-
tained for 6 h.41 After the freezing treatment, seedlings were
shifted to 4°C and kept in darkness for 12 h to thaw before the
were transferred back to 22°C for 7 days (16-h-light/8-h-dark
photoperiod). After recovery, the survival rates were

calculated by counting the number of seedlings that produced
new leaves.

Electrolyte leakage and water soaked area

After freezing, seedlings were collected in 10 ml tubes con-
taining 5 ml of de-ionized water and the electrical conductiv-
ity (EC) was measured (S0). The samples were gently shaken
at 22°C, and the EC was measured after 30 min (S1). Then,
the samples were boiled for 15 min and shaken at 22°C, the
EC was measured after additional 50 min (S2). Electrolyte
leakage was calculated as follows: (S1 − S0)/(S2 − S0).42 The
water soaked area as determined by Image J as previously
described43 and expressed as % of total aera.

Evaluation of freezing resistance of Arabidopsis leaves

Different paramenters were selected to evaluate freezing tol-
erance of Arabidopsis leaves. Soluble protein, proline, malon-
dialdehyde (MDA) and ascorbic acid contents were
determined using UV spectrophotometry (UV1800) accord-
ing to Peng et al.44 In addition, chlorophyll fluorescence
parameters (Fv/Fm, NPQ, qp) were measured using a Chl
fluorometer (Junior-PAM, Walz, Germany).45 Water potential
was detected by the PSYPRO water potential system (Wescor,
Logan, UT, USA) as described in Wang and Shang.46

Furthermore, nitro-blue tetrazolium (NBT) staining was
used to detect superoxides (O2

−), and diaminobezidin (DAB)
staining to detect hydrogen peroxide (H2O2) as described by
Huang et al.1

Infrared thermal imaging

The leaf temperature was detected using an infrared camera.
The thermal imaging experiments were carried out following
the procedure described by Wang et al.47 with slight modifi-
cations. Control plants and those after the freezing treatment
were placed on the table and observed under an infrared
camera with a temperature resolution as 0.05°C (IRBIS plus
3, InfraTec, Vario CAM® HiRes Germany). The infrared cam-
era was installed vertically at approximately 30 cm above the
leaf canopy for observation. Thermal images were analyzed
subsequently through the IRBIS plus 3 software.

Quantification of endogenous hormones

The amounts of ethylene (ETH), jasmonate (JA), ABA and BR
were measured in 15 d-old soil-grown plants after exposure to
−6°C for 6 h. For the post-thaw recovery experiments (4°C),
randomly selected leaves were harvested after 0, 3, 6, 12 and
24 h, and the hormone quantification occurred with an ELISA
assay using monoclonal antibodies.40

RNA isolation and quantitative PCR analysis

Total RNA was extracted from leaves of seedlings after expo-
sure to the cooling gradient or during post-thaw recovery,
using TRIzol. After reverse-transcription with the Reagent kit
(Takara), quantitative real-time PCR was performed on the
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BIO-RAD CFX Connect Real-Time PCR system with SYBR
Premix (ABI). The amounts of the amplification products
were calculated as described.10 ACTIN2 was used as an inter-
nal control. The primers are listed in Table S1.

Statistical analysis

Data display means with standard errors of three independent
biological repeats. ANOVA was used and means were con-
ducted by the Duncan’s multiple range tests (SPSS 14.0).

Results

P. indica enhances survival rate and ion leakage of
freezing Arabidopsis

To examine the effect of P. indica on freezing tolerance in
Arabidopsis, one-week-old seedlings were transferred to soil
and co-cultivated with fresh mycelia of P. indica for two
weeks (Figure S1). Although the three Arabidopsis ecotypes
showed a quite different phenotype after freezing, the effect of
the fungus was comparable (Figure 1a). The survival rates of
the colonized seedlings (C24, 75%; Col, 89%; Cvi-0, 91%) was
significantly higher than those of the uncolonized seedlings
(C24, 52%; Col, 71%; Cvi-0, 83%) (Figure 1b). Notably, the
areas which were soaked with water (expressed as % of total
leaf areas) were significantly smaller and the electrolyte leak-
age indices significantly lower for colonized seedlings of the
three ecotypes compared to the uncolonized controls
(Figure 1b). It appears that the fungus plays an important
role in reducing the ion leakage to restrict cell damage during
freezing in the three investigated ecotypes.

P. indica enhances antioxidants and osmolytes of
Arabidopsis upon freezing stress

Because the effects of P. indica were comparable for the three
ecotpyes, we focused on the Col ectotype for the following
experiments. NBT staining of the leaves after the freezing
treatment showed high superoxide (O2

−) levels in colonized

seedlings compared to the uncolonized controls (Figure 2a,c).
On the other hand, DAB staining showed that the leaves of
the colonized seedlings contained lower hydrogen peroxide
(H2O2) levels (Figure 2b). Apparently, the O2

− – generating
damaged plastids are not protected by the fungus, while the
the amount of ROS which preferentially accumulate in the
apoplast under stress, is reduced by the fungus. Moreover,
the total amount of ascorbic acid was stimulated by the
fungus, while the amount of MDA, one of the final products
of polyunsaturated fatty acids peroxidation in the cells, was
lower in the leaves of colonized seedlings (Figure 2f).
Apparently, the fungus allows a more efficient ROS
scavenging.

Besides stabilizing the membrane structures, osmolytes also
play pivotal roles in almost all parts of the plant cells under
freezing stress. Figure 2 demonstrates that the proline level,
which is a critical marker freezing stress, is substantially
increased in the leaves of colonized seedlings compared
those of the uncolonized controls. This suggests that the
inoculated plants accumulated more osmolytes, which may
contribute to the freezing tolerance.

Leaf temperature, water potential and chlorophyll
fluorescence parameters

The average leaf temperature of five randomly selected leaves
from the different plants which were colonized by P. indica
was 24.19°C and 23.94°C before and after freezing treatment,
respectively (Figure 3b). The temperature in the leaves of the
uncolonized plants was lower after the freezing stress
(Figure 3a). Also, the leaf temperature of the colonized plants
after freezing was comparable to that of the not cold-treated
plants, while non-inoculated plants showed lower leaf tem-
perature (Figure 3b).

We also measured the water potentials and chlorophyll
fluorescence parameters of Arabidopsis leaves under freezing
stress. The water potential in the leaves of colonized seed-
lings was higher than that of the uncolonized controls
(Figure 3c). In particular, after freezing, the water potential
values in the colonized plants returned much faster to their

Figure 1. Freezing phenotypes (a), survival rates (after 23 d on soil), water-soaked area (after 17 d on soil) and ion leakage (after 16 d on soil) (b) of C24, Col and Cvi-
0 Arabidopsis seedlings. In (b), data are means of three independent experiments ± SD. Asterisks indicate significant differences compared with the non-inoculated
plants (*P < .05, **P < .01, t-test). Black (white) bars: P. indica-(un-)colonized plants.
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original levels when compaired to the uncolonized controls.
Furthermore, the Fv/Fm values and those for photochemical
quenching (qp) decreased much faster in uncolonized seed-
lings after the freezing treatment (p < .05, Figure 3d,e),
while the non-photochemical quenching (NPQ) increased
(p < .05, Figure 3f). The fluorescence results demonstrate
that the photosynthetic machinery in the colonized seed-
lings performs better during the freezing stress and recovers
faster from the stress. The data are further supported by the
water potential measurements, which are coupled to the
photosynthetic parameters.

Effect of P. indica on hormone levels and
hormone-regulated gene expression after recovery from
freezing stress

The phytohormone levels were measured during the first 24 h
of the post-thaw recovery period. At all time points, colonized
seedlings contained lower ETH levels (Figure 4a), whereas the
ABA and BR levels were higher (Figure 4c,d). In contrast, no
significant difference was observed for the JA levels
(Figure 4b). These results indicate that P. indica increases
freezing tolerance by manipulating the ETH, ABA and BR

Figure 2. Representative pictures of leaves after NBT (a) or DAB (b) staining. (c-g) quantified data for % area of leaves stained by NBT (c), and the amounts of soluble
protein (d), proline (e), ascorbic acid (f), and MDA (g) in the leaves of wild-type seedlings after 12 h of post-thaw recovery period. Quantified data are means of three
independent experiments ± SD. Asterisks indicate significant differences compared with the non-inoculated plants (*P < .05, **P < .01, t-test). Black (white) bars:
P. indica-(un-)colonized plants.

Figure 3. Leaf temperature (a and b), water potential characteristics (c), chlorophyll fluorescence parameters (d, Fv/Fm; e,qp; f, NPQ) of Arabidopsis under freezing
stress (−6°C). In b and d – f, data are means of three independent experiments ± SD. Asterisks indicate significant differences compared with the non-inoculated
plants (*P < .05, **P < .01, t-test).
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levels, while JA, predominantly involved in defense against
biotic stress, is not influenced.

During the cooling periods (Figure 5g,h) and post-thaw recov-
ery (Figure 5d–f), the BZR1 transcript level and the levels of the
regulon members SAG21 and PYL6 were higher in Arabidopsis
plants co-cultivated with P. indica compared to the uncolonized
controls. No significant differences were found for other phyto-
hormone-related genes (JAR1, ABF3, EIN3) (p > .05, Figure 5a–c).
These results show that P. indica increases the freezing tolerance
by stimulating BR-regulated genes.

Response of CBF genes under freezing stress

Since CBFs and their regulons (KIN1, COR47, RD29A) act as
key transcription factors in the freezing signaling pathway,6 we
examined whether P. indica affects CBF gene expression
during freezing in Arabidopsis. Compared to none-inoculated
plants, the transcript levels for CBF1, −2 and −3 were higher in
P. indica-inoculated plants, both during the cooling and the
post-thaw recovery periods (Figure 6a–c and 6g–i).
Furthermore, also the investigated COR genes were higher
expressed in colonized plants. These results suggest that the
P. indica-induced freezing tolerance is associated with increased
CBF and COR gene expression.

Mutants phenotyping and expression of freezing
tolerance genes

In view of the central roles of the CBF and COR genes in
regulating plant freezing tolerance, the related mutants

(cbf1, cbf2, cbf3, cor47 and ice1) were subjected to the
same freezing treatments as described for the wild-type.
In all instances, the colonized mutant seedings showed
high survival rates, and lower values for water-soaked
areas and ion leakage (Figure 7a–d). We also examined
the expression of CBF and COR genes in the cbf1, cbf2,
cbf3, cor47 and ice1 mutants during the recovery period
from freezing stress. The RT-qPCR analyzes show that the
freezing treatment dramatically repressed the expression of
CBFs at 4°C after 3 h. After 12 h, we observed a strong
increase in the expression of the CBF genes in the inocu-
lated cbf1 mutant (Figure 8a). The fungus also increased the
expression of CBF and COR genes in the cbf2, cbf3, cor47
and ice1 mutants after the freezing stress (Figure 8b–e).
Interestingly, the responses to the fungus (i.e. the survival
rate and stimulation of the expression of the investigated
genes) were lower in the ice1 mutant when compared to
those of the other mutants (Figures 7b, 8e), although
a stimulatory effect was still detectable. These results indi-
cated that ICE1 and CBF1 play prominent roles in the
freezing tolerance response induced by P. indica, and the
fungus targets components of the CBF-dependent pathway.

Discussion

ROS and ROS scavenging during recovery from freezing

Low and below 0°C temperatures restrict growth and produc-
tivity of plants worldwide,20 mainly due to cell and tissue
damage, and this is associated with the accumulation of
ROS in the damaged tissues. Plants try to counteract this

Figure 4. Phytohormone levels in Arabidopsis seedlings during the post-thaw recovery period. Ethylene (a), jasmonates (b), abscisic acid (c), brassinolide (d). Data are
means of three independent experiments ± SD. Asterisks indicate significant differences compared to non-inoculated plants (*P < .05, **P < .01, t-test). Black (white)
bars: P. indica-(un-)colonized plants.
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Figure 5. Relative mRNA levels of the phytohormone-related JAR1 (a), ABF3 (b), EIN3 (c), and the BR-related BZR1 (d), SAG21 (e) and PYL6 (f) genes in Columbia wild-
type seedlings under cold stress. (g – h) BZR1 and SAG21 mRNA levels during the post-thaw recovery period. The values for non-inoculated wild-type (Col) plants was
set to 1.00, and the values of colonized plants expressed relative to them. Data are means of three independent experiments ± SD. Asterisks indicate significant
differences compared with the non-inoculated plants (*P < .05, **P < .01, t-test). Black (white) bars: P. indica-(un-)colonized plants.

Figure 6. Relative mRNA levels of CBF and COR genes under cold stress and post-thaw recovery period. The values for non-inoculated wild-type (Col) plants was set
to 1.00, and the values of the colonized plants expressed relative to them. Post-thaw recovery period (a – f), gradient cooling (g – l). Data are means of three
independent experiments ± SD. Asterisks indicate significant differences compared with the non-inoculated plants (*P < .05, **P < .01, t-test). Black (white) bars:
P. indica-(un-)colonized plants.
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threat and evolved complex mechanisms to prevent damage
caused by excess ROS formation under various environmental
stresses.48 Huang et al.1 demonstrated that ROS scavenging
enzymes and antioxidants accumulate during post-thaw
recovery to restrict excess ROS accumulation. We demon-
strate that P. indica-stimulated tolerance to freezing stress is
associated with a signifcant increase in the ascorbic acid level,
which likely participates in the reduction of the H2O2 content
during the post-thaw recovery period. The lower MDA level
in these plants confirms that colonized plants suffer less from
the freezing stress (Figure 2). Likewise, arbuscular mycorrhi-
zal fungi have been shown to promote freezing tolerance by
decreasing MDA levels in their hosts.20–22 Since freezing
damages the integrity of cell membranes,48 lower ROS levels
in P. indica-colonized plants may restrict membrane perox-
idation which may result in more efficient and faster recovery.
The fungus also promotes the accumulation of osmotic sub-
stances during the post-thaw recovery period which might
contribute to the tolerance response. How the plant immune
system is strengthened during the recovery phase it unknown
at present. Besides more general effects targeting the plant
metabolism, it is worth testing whether specific proteins or
metabolites which are secreted by the fungus in the symbiotic
interaction49,50 participate in the freezing tolerance response.
This is particular important for agriculture since many crops
are subject to frost damage.2

Phytohormones and signaling in post-thaw recovery

Phytohormones are crucial players in cold stress responses.37We
found that P. indica colonization alters the ABA, ETH and BR
levels during the post-thaw recovery period, and inoculated
plants produced more ABA and less ETH than non-inoculated
plants (Figure 4). This is consistant with previous reports that
ABA positively and ETH negatively regulates freezing
tolerance.10,42 It is long known that cold-responsive genes are
regulated through C-repeat/dehydration-responsive and ABA-

responsive cis-elements which are activated by binding to trans-
acting and cold-regulated transcription factors.51 An effect of
P. indica on the ABA level in roots and shoots of different host
plants have been repeatedly demonstrated (summarized in Xu
et al.36), however the contribtionof the hormone to freezing
tolerance has not been investiated. A strong increase was
reported during the early recognition phase and before
a physical contact between the two symbiotic partners is estab-
lished, suggesting that the ABA response in the host might be
elicited by secreted fungal factors. Nummerous reports showed
that also ETH plays an important role in the low temperature
response of plants by controlling the CBF-dependent signaling
pathway. However, the role of ETH in the freezing response is
controversial. Shi et al.10 showed that ETH has a negative effect
on the freezing response in A. thaliana. Freezing tolerance was
decreased in an ETH overproducer line and by the application of
the ETH precursor 1-aminocyclopropane-1-carboxylic acid but
increased by the addition of the ETH biosynthesis inhibitor
aminoethoxyvinyl glycine or the perception antagonist Ag+.
Furthermore, ETH-insensitive mutants, such as etr1-1, ein4-1,
ein2-5, ein3-1, and ein3 eil1, displayed enhanced freezing toler-
ance. By contrast, the constitutive ETH response mutant ctr1-1
and EIN3-overexpressors exhibited reduced freezing tolerance.
The authors showed that EIN3 negatively regulates the expres-
sion of CBFs and type-A RESPONSE REGULATOR5 (ARR5),
ARR7, and ARR15 by binding to specific elements in their
promoters. Thus, the detailed analyses of Shi et al.10 demon-
strated that ETH negatively regulates cold signaling at least
partially through the direct transcriptional control of cold-
regulated CBFs and type-A ARR genes by EIN3. Likewise,
Zhao et al.52 showed that cold acclimation-induced freezing
tolerance of Medicago truncatula seedlings is negatively regu-
lated by ETH. These results are consistent with our observations
that P. indica decreases ETH accumulation during the post-thow
period to promote the freezing tolerance response. On the other
hand, Catalá and Salinas53 showed that the Arabidopsis ETH
overproducer eto1-3 displays enhanced freezing tolerance and

Figure 7. Freezing phenotypes (−6°C 6 h, a), survival rates (b), water-soaked area rate (c), ion leakage (d) of cbf1, cbf2, cbf3, cor47, cor15, siz1 and ice1 mutants. In b –
d, data are means of three independent experiments ± SD. Asterisks indicate significant differences compared with the non-inoculated plants (*P < .05, **P < .01,
t-test). Black (white) bars: P. indica-(un-)colonized plants.
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Popov et al.54 reported that the ETH-insensitive Arabidopsis
mutants etr1-1 and ein2-1 have a decreased freezing tolerance.
The quite different experimental set-ups used for these experi-
ments might be responsible for the different results.

The JA content was not significantly different between non-
inoculated and inoculated Arabidopsis under freezing stress
(Figure 4). Thus, our JA results provides a control for
a hormone that is known to be involved in biotic stress responses.

BR signaling regulates a variety of stress responses, how-
ever its involvement in freezing responses is not well studied.
Li et al.16 showed that the BR-controlled transcription factor
CESTA plays a key role in BR-improved Arabidopsis freezing
tolerance. Our results showed that the BR-related transcript
levels for BZR1, SAG1 and PYL6 were up-regulated during
freezing stress and post-thaw recovery, and this effect was
further stimulated by P. indica (Figures 4, 5). The results

suggest that BR signaling compounds are targets of the fungus
in the freezing tolerance response.

Taken together, our results suggest that inoculation of
P. indica increases plant resistance to freezing stress by
increasing the ABA and BR levels. Furthermore, higher BR
levels and transcript levels of BR-targeted genes may improve
post-thaw recovery in the presence of the fungus.

P. indica increases freezing resistance of Arabidopsis by
stimulating CBF and COR genes

The CBF pathway plays a critical role in plant freezing toler-
ance, and it is of vital important to understand the mechan-
isms that control this signaling pathway.42 Our results show
that the CBF and COR genes were induced under freezing
conditions, and their expression was further stimulated by

Figure 8. Relative mRNA levels of CBF and COR genes in the cbf1 (a), cbf2 (b), cbf3 (c), cor47 (d) and ice1 (e) mutants during the post-thaw recovery period. The
values for non-inoculated wild-type (Col) plants was set to 1.00, and the values of the colonized plants expressed relative to them. Data are means of three
independent experiments ± SD. Asterisks indicate significant differences compared to the non-inoculated plants (*P < .05, **P < .01, t-test). Black (white) bars:
P. indica-(un-)colonized plants.
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P. indica, both under freezing stress and during the post-thaw
recovery (Figure 6), as well as in mutants impaired in freezing
tolerance-related responses. This suggests that P. indica acti-
vates the ICE-CBF-COR pathway to enhance freezing toler-
ance in Arabidopsis. However, since P. indica still stimulates
freezing tolerance in various mutants impaired in compo-
nents of the CBF pathway (Figure 7), CBF-independent tar-
gets of the fungus may also be involved in the P. indica effect.
Alternatively, investigation of single mutants may not be
enough to inhibit the beneficial effect of the fungus. The
P. indica enhance on mutant plants, possibly due to the effect
of gene member redundance, for example, CBF1, 2, 3 have
synergistic effects. Apparently, the fungus does not activate
just one several gene/protein involved in the freezing toler-
ance. For example, P. indica stimulated the BR level which
resulted also in the activation of CBF-independent COR genes
(Figures 4 and 5).16 The stimulatory effect of P. indica on the
CBF transcript level reaches its maximum 3 h after the freez-
ing period during post-thaw recovery (Figures 6). A possible
scenario could be that P. indica regulates CBF expression by
activating the BR transcription factor genes BZR1, SAG1 and
PYL6 during early stages of freezing stress. The complexity of
the regulatory curcuits requires more detailed analyses.

Previous reports demonstrated that mutants (except cbf2) used
in our study displayed freezing-sensitive phenotypes.7,41,42 Our
results are consistent with these reports (Figure 7). Surprisingly,
the inoculated ice1mutant showed a lower increase in the survival
rate and gene expression level compared to the wild-type
(Figure 7). ICE1 activatesCBF3 expression42 andCBF3 expression
responds to the fungus even in the ice1 background (Figure 8e).
This suggests that P. indica functions downstram of ICE1.
Furthermore, P. indica enhances freezing tolerance in the single
cbfmutants (Figure 7), and activates their COR genes (Figure 8a–
c). The fungus also confers freezing tolerance to the cor47, cor15
and siz1mutants (Figure 7). These results argue in favor of multi-
ple targets of the fungus in the freezing tolerance pathway or
a high redundancy of the gene products (Figure 8d).
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