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Allyl-isothiocyanate treatment induces a
complex transcriptional reprogramming
including heat stress, oxidative stress and
plant defence responses in Arabidopsis
thaliana
Ralph Kissen1, Anders Øverby1,2, Per Winge1 and Atle M. Bones1*

Abstract

Background: Isothiocyanates (ITCs) are degradation products of the plant secondary metabolites glucosinolates
(GSLs) and are known to affect human health as well as plant herbivores and pathogens. To investigate the
processes engaged in plants upon exposure to isothiocyanate we performed a genome scale transcriptional
profiling of Arabidopsis thaliana at different time points in response to an exogenous treatment with
allyl-isothiocyanate.

Results: The treatment triggered a substantial response with the expression of 431 genes affected (P < 0.05
and log2 ≥ 1 or ≤ -1) already after 30 min and that of 3915 genes affected after 9 h of exposure, most of
the affected genes being upregulated. These are involved in a considerable number of different biological
processes, some of which are described in detail: glucosinolate metabolism, sulphate uptake and assimilation,
heat stress response, oxidative stress response, elicitor perception, plant defence and cell death mechanisms.

Conclusion: Exposure of Arabidopsis thaliana to vapours of allyl-isothiocyanate triggered a rapid and
substantial transcriptional response affecting numerous biological processes. These include multiple stress
stimuli such as heat stress response and oxidative stress response, cell death and sulphur secondary defence
metabolism. Hence, effects of isothiocyanates on plants previously reported in the literature were found to be
regulated at the gene expression level. This opens some avenues for further investigations to decipher the
molecular mechanisms underlying the effects of isothiocyanates on plants.
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Background
Isothiocyanates (ITCs) are a group of chemicals that can
be generated by certain plants when secondary metabo-
lites called glucosinolates (GSLs) are degraded by the en-
zymatic activity of myrosinase. Under certain reaction
conditions other products such as nitriles and epithioni-
triles can be produced instead of ITCs [1, 2].

The effects of ITCs on human and animal cells are
well documented such as modulating phase I and phase
II enzymes, the antioxidant capacity, cell cycle and pro-
grammed cell death [3]. The role of ITCs in plant de-
fence against insect pests and plant pathogens has also
been extensively studied. ITCs have been shown to lead
to reduced insect growth and development, as well as re-
duced offspring [4]. They also attract parasitoids of in-
sect pests [5]. ITCs can lead to reduced bacterial
proliferation and fungal growth [6, 7], although the
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molecular mechanisms leading to these effects are largely
unknown.
As ITCs are generated upon plant tissue damage such

as that occurring during herbivory, ITCs might in
addition trigger plant defence responses. The effects of
ITCs on the plants themselves have only been scarcely
studied, but have gained more attention lately [8]. In-
corporation into the soil of GSL-producing plant mater-
ial or pure ITCs has been shown to have herbicidal
activity [9, 10]. Application of high doses of ITCs dir-
ectly onto plants has been shown to be phytotoxic while
lower doses seem to render the plants more resistant to
subsequent heat stress [11, 12]. Other studies have
shown that an ITC treatment can lead to the closure of
stomata in vitro [13, 14]. We have recently started to look
at the molecular and cellular effects of ITCs in plants
[15–18] in order to find the molecular mechanisms
underlying some of these macroscopic observations.
To lay a basis for further mechanistic investigations

we performed a genome scale transcriptional profiling of
the Arabidopsis thaliana response to an exogenous
treatment with allyl-isothiocyanate (allyl-ITC) at three
time points: 30 min, 1 h and 9 h. Allyl-isothiocyanate is
derived from the glucosinolate sinigrin, which is abun-
dant in black mustard [19] as well as some accessions of
the model plant A. thaliana [20]. The data illustrates
that ITC in addition to its known toxic effect at higher
doses elicits a complex and dynamic gene response that
bears signatures of other abiotic and biotic stress re-
sponses. The aim of the present manuscript is to give a
general overview of this transcriptional response, discuss
in more detail some aspects of the response that we con-
sider particularly interesting and point at some possible
directions for further investigations of the effect of iso-
thiocyanates on plant metabolic processes.

Results and Discussion
Extent and dynamics of the transcriptional response to
allyl-ITC
To analyse the early transcriptional response of Arabi-
dopsis thaliana to an exogenous exposure with allyl-
isothiocyanate (allyl-ITC), we performed genome scale
transcriptional profiling by microarray at 30 min and 1
h. In addition, to assess the later A. thaliana response
we chose a 9 h time point, after having performed pilot
studies at different time points. Analysis at these three
time points shows that the extent of the transcriptional
response to the allyl-ITC treatment increased with the
duration of exposure. Indeed, the number of genes
whose expression was affected (P < 0.05 and log2 ≥ 1 or
≤ -1) increased from 431 after 30 min, to 1745 after 1 h
and 3915 after 9 h of exposure to allyl-ITC (Fig. 1;
Table 1; Additional file 1). At all three time points the
majority of the affected genes were upregulated: 245 at

30 min, 1337 at 1 h and 2325 at 9 h. While at the 30
min and 9 h time points around 40 % of the genes were
downregulated, the proportion of downregulated genes
at 1 h decreased to 23 %.
Also the overall intensity of the response varied

between time points: the log2 value of the most up-
regulated gene increased from 4.7 to 8.3 to 11.6 from
early to late time points, the log2 value of the most
downregulated gene went from -3.5 to -3.8 to -4.8
(Table 2). The maximum absolute values for the mean
and median were situated at the 1 h time point for
upregulated genes but at the 9 h and 30 min time
points respectively for the down regulated genes
(Table 2).
The numbers of genes that were only affected at one

of the three time points were 131, 504 and 2656 at 30
min, 1 h and 9 h respectively (Fig. 1). This represented
less than one third of the total number of affected genes
at the two early time points and two thirds at the 9 h
time point.
Early and later responses to allyl-ITC exposure differed

thus in many of their characteristics. However as can be
seen in Fig. 1, 38 % of the genes (i.e. 166) affected at the
earliest time point were also affected at the two later
time points (Fig. 1). When assessing in more detail the
response dynamics of the genes affected at all three time
points, 5 and 29 genes showed a continuous increase in
down- and up-regulation from early to late time points
(i.e. maximum of regulation at the 9 h time point) (Fig. 2;
clusters I and VIII). Only 3 genes each showed their
maximum of respectively down- and up-regulation at
the earliest time point (clusters IV and V). Cluster VII
was the largest cluster and contained 106 genes that
were affected at all three time points with the highest in-
duction at the 1 h time point (Fig. 2).
Regarding the large number of genes that were

affected by the allyl-ITC treatment, it is clear that de-
scribing all the transcriptional changes is beyond the
scope of any article. The analysis of gene ontology
(GO) categories overrepresented among the affected
genes indicated that a considerable number of differ-
ent biological processes were affected. Interesting pat-
terns were revealed during these analyses, such as for
example multiple responses to stress and stimuli,
signalling, death and innate immunity for genes up-
regulated at all three time points (Figs. 3 and 4). We
chose, therefore, a triple approach for this article: 1)
relate transcriptional changes to the biosynthetic steps
connected to the generation of ITCs, 2) show tran-
scriptional changes that might explain effects of ITCs
on plants that were reported in the literature and 3)
present what we consider to be some of the most
interesting aspects of this study that incite further
investigation.
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Allyl-ITC shows a differential effect on the expression of
genes involved in GSL biosynthesis and degradation
Considering the fact that isothiocyanates such as allyl-ITC
are degradation products of glucosinolates (GSLs), the re-
sponse of genes involved in their biosynthesis and catabol-
ism is of particular interest. Only twelve GSL-biosynthetic
genes were significantly affected at the two early time
points of 30 min and 1 h (Fig. 5). Among them were genes
(putatively) involved in the biosynthesis of indolic GSLs

such as CYP81F2, IGMT2 and related O-methyltransferase
[21], which were all upregulated. Most of these were also
induced at the last time point of 9 h. Interestingly, the
transcription factor MYB51/HIG1 [22] was the only gene
of this pathway that was affected more than two-fold after
30 min. In addition it was the only member of the MYB
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Fig. 1 Overlap of genes whose expression is affected at the three time points. Venn diagrams showing the overlap of (a) affected (P < 0.05 and
log2 ≥ 1 or ≤ -1) genes between 30 min (blue), 1 h (red) and 9 h (green) in absolute values (left) and percentages (right), (b) induced genes and
(c) repressed genes

Table 1 Number of genes whose expression levels are
significantly affected by exposure to allyl-ITC at the three time
points

30 min 1 h 9 h

Upregulated 245 1337 2325

Downregulated 186 408 1590

Total 431 1745 3915

Table 2 Intensity of the response to allyl-ITC

30 min 1 h 9 h

Upregulated Maximum 4.71 8.34 11.58

Mean 1.61 2.26 2.12

Median 1.37 1.87 1.72

Downregulated Maximum -3.54 -3.77 -4.79

Mean -1.25 -1.45 -1.50

Median -1.40 -1.29 -1.34

The values indicate the maximum, mean and median values of the log2 ratios
of genes affected by allyl-ITC compared to the mock treatment
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genes regulating GSL biosynthetic genes that was induced
by allyl-ITC. Indeed the great majority of genes involved
in the biosynthesis of aliphatic GSLs (CYP79F1, CYP79F2,
CYP83A1, FMOGS-OX1, MYB28, MYB29, MYB76) and
indolic GSLs (CYP79B2, CYP79B3, CYP83B1, MYB34,
MYB122) [23] were downregulated, especially at the
latest time point (Fig. 5). This indicates that the treat-
ment with exogenous ITC might have a negative

feedback on GSL biosynthesis, although the effect on
GSL levels would not be expected to be seen after
such a short exposure time. Whether this negative
feedback is mediated directly by the GSL degradation
product ITC, due to depletion of glutathione (GSH) [16]
which is the sulphur donor in the biosynthesis of GSL [24]
or through a sulphur starvation response (discussed later)
would require further testing. In contrast to the

Fig. 2 Dynamics of the allyl-ITC response. Genes significantly affected by the allyl-ITC treatment at all three time points are clustered based on
the changes in log2 ratios ITC/mock between time points. The colour scale goes from blue (downregulated by allyl-ITC) to red (upregulated by
allyl-ITC) and the extremes are set to cover the range of the log2 ratios for the most affected genes in the whole dataset
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GO-ID Description p-val corr p-val cluster frequency total frequency selected genes

2376 immune system process 8.7105E-5 8.1088E-4 8/111 7.2% 283/22296 1.2%
At1g66090(AtTN3); At3g49530(NAC062); At2g35930(PUB23); At4g19520(TIR-NB-LRR); At5g41750(TIR-NB-LRR); At1g72940(AtTN11); At2g26560(PLA2A) ;
At3g11840(PUB24)

51704 multi-organism process 1.0210E-6 1.9994E-5 16/111 14.4% 754/22296 3.3%
At3g49530(NAC062); At2g38470(WRKY33); At2g15480(UGT73B5); At1g19180(JAZ1); At5g08790(AtAF2); At2g15490(UGT73B4); AT5G01180; At3g45640(MPK3);
At4g31550(WRKY11); At4g34135(UGT73B2); At1g80840(WRKY40); At3g52400(SYP122); At2g46240(BAG6); At3g11820(SYP121); At4g34131(UGT73B3); At2g26560(PLA2A)

51707 response to other organism 5.7124E-8 2.2374E-6 15/111 13.5% 528/22296 2.3%
At3g49530(NAC062); At2g38470(WRKY33); At2g15480(UGT73B5); At1g19180(JAZ1); At5g08790(AtAF2); At2g15490(UGT73B4); At3g45640(MPK3); At4g31550(WRKY11);
At4g34135(UGT73B2); At1g80840(WRKY40); At3g52400(SYP122); At2g46240(BAG6); At3g11820(SYP121); At4g34131(UGT73B3); At2g26560(PLA2A)

9607 response to biotic stimulus 7.6527E-8 2.7668E-6 15/111 13.5% 540/22296 2.4%
At3g49530(NAC062); At2g38470(WRKY33); At2g15480(UGT73B5); At1g19180(JAZ1); At5g08790(AtAF2); At2g15490(UGT73B4); At3g45640(MPK3); At4g31550(WRKY11);
At4g34135(UGT73B2); At1g80840(WRKY40); At3g52400(SYP122); At2g46240(BAG6); At3g11820(SYP121); At4g34131(UGT73B3); At2g26560(PLA2A)

98542 defense response to other organism 3.8308E-5 4.7379E-4 9/111 8.1% 327/22296 1.4%
At1g19180(JAZ1); At3g49530(NAC062); At4g31550(WRKY11); At1g80840(WRKY40); At2g38470(WRKY33); At3g52400(SYP122); At2g46240(BAG6); At3g11820(SYP121);
At2g26560(PLA2A)

6952 defense response 6.3129E-7 1.4129E-5 15/111 13.5% 637/22296 2.8%
At3g49530(NAC062); At2g35930(PUB23); At1g72940(AtTN11); At2g38470(WRKY33); At1g66090(AtTN3); At1g19180(JAZ1); At4g31550(WRKY11); At4g19520(TIR-NB-LRR);
At5g41750(TIR-NB-LRR); At1g80840(WRKY40); At3g52400(SYP122); At2g46240(BAG6); At3g11820(SYP121); At2g26560(PLA2A) ; At3g11840(PUB24)

50896 response to stimulus 5.3760E-16 5.0534E-14 55/111 49.5% 3653/22296 16.3%

At3g23230(ERF098); At1g71520(ERF020); At2g38470(WRKY33); At4g34135(UGT73B2); At1g80840(WRKY40); At5g01540(LecRK-VI.2); At4g34131(UGT73B3);
At2g26560(PLA2A) ; At3g11840(PUB24); At5g42380(CML37); At3g57530(CPK32); At2g35930(PUB23); At1g72940(AtTN11); At5g47230(ERF5); At2g37430(ZAT11);
At1g27730(ZAT10); At3g45640(MPK3); At4g31550(WRKY11); At4g19520(TIR-NB-LRR); At2g44840(ERF13); At3g52400(SYP122); At1g01720(NAC002); At2g26150(HsfA2);
At3g61190(BAP1); At1g59860(HSP17.6A-CI); At3g23250(MYB15); At5g48850(SDI1); At5g26220(GGCT2;1); At5g08790(AtAF2); At1g78410(AtVQ10); At5g59820(ZAT12);
At5g41740(TIR-NB-LRR); At3g11820(SYP121); ; At4g17490(ERF6); At3g49530(NAC062); At3g09870(SAUR48); At1g16420(MC8); At2g15480(UGT73B5); At1g66090(AtTN3);
At1g19180(JAZ1); At2g15490(UGT73B4); At5g41750(TIR-NB-LRR); At1g76680(OPR1); At5g05410(DREB2A); At2g46240(BAG6)

51716 cellular response to stimulus 8.5872E-7 1.7548E-5 22/111 19.8% 1365/22296 6.1%
At3g57530(CPK32); At4g17490(ERF6); At3g49530(NAC062); At3g23230(ERF098); At5g48850(SDI1); At1g72940(AtTN11); At1g16420(MC8); At5g47230(ERF5);
At1g66090(AtTN3); At1g19180(JAZ1); At3g45640(MPK3); At5g41740(TIR-NB-LRR); At4g19520(TIR-NB-LRR); At5g41750(TIR-NB-LRR); At5g01540(LecRK-VI.2);
At2g44840(ERF13); At3g52400(SYP122); At2g26150(HsfA2); At3g11820(SYP121); At2g26560(PLA2A)

9605 response to external stimulus 1.4276E-7 4.7928E-6 17/111 15.3% 738/22296 3.3%
At3g49530(NAC062); At5g48850(SDI1); At2g38470(WRKY33); At2g15480(UGT73B5); At1g19180(JAZ1); At5g08790(AtAF2); At2g15490(UGT73B4); At3g45640(MPK3);
At4g31550(WRKY11); At4g34135(UGT73B2); At1g80840(WRKY40); At3g52400(SYP122); At2g46240(BAG6); At3g11820(SYP121); At4g34131(UGT73B3); At2g26560(PLA2A)

43207 response to external biotic stimulus 5.7124E-8 2.2374E-6 15/111 13.5% 528/22296 2.3%
At3g49530(NAC062); At2g38470(WRKY33); At2g15480(UGT73B5); At1g19180(JAZ1); At5g08790(AtAF2); At2g15490(UGT73B4); At3g45640(MPK3); At4g31550(WRKY11);
At4g34135(UGT73B2); At1g80840(WRKY40); At3g52400(SYP122); At2g46240(BAG6); At3g11820(SYP121); At4g34131(UGT73B3); At2g26560(PLA2A)

10200 response to chitin 3.9070E-23 1.8363E-20 18/111 16.2% 104/22296 0.4%
At3g23250(MYB15); At4g17490(ERF6); At3g49530(NAC062); At3g23230(ERF098); At2g35930(PUB23); At1g71520(ERF020); At2g38470(WRKY33); At5g47230(ERF5);
At2g37430(ZAT11); At1g27730(ZAT10); At3g45640(MPK3); At5g59820(ZAT12); At4g31550(WRKY11); At1g80840(WRKY40); At2g44840(ERF13); At2g26150(HsfA2);
At3g11840(PUB24)

6950 response to stress 7.3048E-14 4.9046E-12 37/111 33.3% 1860/22296 8.3%

At1g59860(HSP17.6A-CI); At3g23250(MYB15); At5g48850(SDI1); At2g38470(WRKY33); At5g08790(AtAF2); At1g78410(AtVQ10); At5g59820(ZAT12); At1g80840(WRKY40);
At3g11820(SYP121); At2g26560(PLA2A) ; At3g11840(PUB24); At5g42380(CML37); At3g57530(CPK32); At3g49530(NAC062); At2g35930(PUB23); At1g72940(AtTN11);
At1g16420(MC8); At5g47230(ERF5); At1g27730(ZAT10); At1g66090(AtTN3); At1g19180(JAZ1); ; At3g45640(MPK3); At4g31550(WRKY11); At4g19520(TIR-NB-LRR);
At5g41750(TIR-NB-LRR); At1g76680(OPR1); At3g52400(SYP122); At5g05410(DREB2A); At1g01720(NAC002); At2g26150(HsfA2); ; At2g46240(BAG6); At3g61190(BAP1)

9628 response to abiotic stimulus 1.4722E-6 2.7677E-5 20/111 18.0% 1186/22296 5.3%
At1g59860(HSP17.6A-CI); At3g57530(CPK32); At3g23250(MYB15); At3g49530(NAC062); At2g35930(PUB23); At2g38470(WRKY33); At1g16420(MC8); At5g47230(ERF5);
At1g27730(ZAT10); At5g08790(AtAF2); At3g45640(MPK3); At5g59820(ZAT12); At5g05410(DREB2A); At2g26150(HsfA2); At2g46240(BAG6); At3g61190(BAP1)

9266 response to temperature stimulus 1.8216E-6 3.2928E-5 11/111 9.9% 359/22296 1.6%
At1g27730(ZAT10); At1g59860(HSP17.6A-CI); At3g45640(MPK3); At3g49530(NAC062); At5g59820(ZAT12); At2g38470(WRKY33); At5g05410(DREB2A); At2g26150(HsfA2);
At5g47230(ERF5); At2g46240(BAG6); At3g61190(BAP1)

9408 response to heat 4.2072E-6 6.5913E-5 7/111 6.3% 131/22296 0.5% At1g59860(HSP17.6A-CI); At5g59820(ZAT12); At2g38470(WRKY33); At5g05410(DREB2A); At2g26150(HsfA2); At2g46240(BAG6); At3g61190(BAP1)

6979 response to oxidative stress 8.5330E-7 1.7548E-5 10/111 9.0% 265/22296 1.1%
At1g27730(ZAT10); At5g42380(CML37); At1g78410(AtVQ10); At3g45640(MPK3); At5g59820(ZAT12); At5g05410(DREB2A); At2g26150(HsfA2); At1g16420(MC8);
At2g46240(BAG6)

302 response to reactive oxygen species 5.6176E-5 5.8673E-4 5/111 4.5% 82/22296 0.3% At5g42380(CML37); At5g05410(DREB2A); At2g26150(HsfA2); At1g16420(MC8); At2g46240(BAG6)

42542 response to hydrogen peroxide 3.0308E-5 3.9569E-4 4/111 3.6% 36/22296 0.1% At5g05410(DREB2A); At2g26150(HsfA2); At1g16420(MC8); At2g46240(BAG6)

42221 response to chemical 1.4414E-15 1.1291E-13 36/111 32.4% 1545/22296 6.9%

At3g23250(MYB15); At3g23230(ERF098); At5g26220(GGCT2;1); At1g71520(ERF020); At2g38470(WRKY33); At5g08790(AtAF2); At5g59820(ZAT12); At1g80840(WRKY40);
At5g01540(LecRK-VI.2); At3g11820(SYP121); At2g26560(PLA2A) ; At3g11840(PUB24); At5g42380(CML37); At3g57530(CPK32); At4g17490(ERF6); At3g49530(NAC062);
At2g35930(PUB23); At3g09870(SAUR48); ; At1g16420(MC8); At5g47230(ERF5); At2g37430(ZAT11); At1g27730(ZAT10); At1g19180(JAZ1); At3g45640(MPK3);
At4g31550(WRKY11); At1g76680(OPR1); At2g44840(ERF13); At3g52400(SYP122); At5g05410(DREB2A); At2g26150(HsfA2); At2g46240(BAG6); At3g61190(BAP1)

70887 cellular response to chemical stimulus 2.1823E-7 6.8380E-6 12/111 10.8% 356/22296 1.5%
At1g19180(JAZ1); At3g57530(CPK32); At3g45640(MPK3); At4g17490(ERF6); At3g23230(ERF098); At5g01540(LecRK-VI.2); At2g44840(ERF13); At3g52400(SYP122);
At2g26150(HsfA2); At1g16420(MC8); At5g47230(ERF5); At3g11820(SYP121)

10035 response to inorganic substance 1.9635E-6 3.4179E-5 14/111 12.6% 607/22296 2.7%
At5g42380(CML37); At3g23250(MYB15); At2g35930(PUB23); At5g26220(GGCT2;1); At2g38470(WRKY33); At1g16420(MC8); At1g27730(ZAT10); At1g76680(OPR1);
At5g05410(DREB2A); At2g26150(HsfA2); At2g46240(BAG6); At2g26560(PLA2A)

10033 response to organic substance 1.4287E-13 8.3935E-12 28/111 25.2% 1043/22296 4.6%

At3g23250(MYB15); At3g23230(ERF098); At1g71520(ERF020); At2g38470(WRKY33); At5g08790(AtAF2); At5g59820(ZAT12); At1g80840(WRKY40); At5g01540(LecRK-
VI.2); At3g11820(SYP121); At3g11840(PUB24); At3g57530(CPK32); At4g17490(ERF6); At3g49530(NAC062); At2g35930(PUB23); At3g09870(SAUR48); At5g47230(ERF5);
At2g37430(ZAT11); At1g27730(ZAT10); At1g19180(JAZ1); At3g45640(MPK3); At4g31550(WRKY11); At1g76680(OPR1); At2g44840(ERF13); At3g52400(SYP122);
At2g26150(HsfA2); At3g61190(BAP1)

71310 cellular response to organic substance 6.1115E-7 1.4129E-5 11/111 9.9% 321/22296 1.4%
At1g19180(JAZ1); At3g57530(CPK32); At3g45640(MPK3); At4g17490(ERF6); At3g23230(ERF098); At5g01540(LecRK-VI.2); At2g44840(ERF13); At3g52400(SYP122);
At2g26150(HsfA2); At5g47230(ERF5); At3g11820(SYP121)

1901698 response to nitrogen compound 2.2643E-19 3.5475E-17 18/111 16.2% 165/22296 0.7%
At3g23250(MYB15); At4g17490(ERF6); At3g49530(NAC062); At3g23230(ERF098); At2g35930(PUB23); At1g71520(ERF020); At2g38470(WRKY33); At5g47230(ERF5);
At2g37430(ZAT11); At1g27730(ZAT10); At3g45640(MPK3); At5g59820(ZAT12); At4g31550(WRKY11); At1g80840(WRKY40); At2g44840(ERF13); At2g26150(HsfA2);
At3g11840(PUB24)

10243 response to organonitrogen compound 3.1540E-22 7.4120E-20 18/111 16.2% 116/22296 0.5%
At3g23250(MYB15); At4g17490(ERF6); At3g49530(NAC062); At3g23230(ERF098); At2g35930(PUB23); At1g71520(ERF020); At2g38470(WRKY33); At5g47230(ERF5);
At2g37430(ZAT11); At1g27730(ZAT10); At3g45640(MPK3); At5g59820(ZAT12); At4g31550(WRKY11); At1g80840(WRKY40); At2g44840(ERF13); At2g26150(HsfA2);
At3g11840(PUB24)

1901700 response to oxygen-containing compound 1.3532E-18 1.5900E-16 31/111 27.9% 859/22296 3.8%

At3g23250(MYB15); At3g23230(ERF098); At1g71520(ERF020); At2g38470(WRKY33); At5g08790(AtAF2); At5g59820(ZAT12); At1g80840(WRKY40); At5g01540(LecRK-
VI.2); At3g11820(SYP121); At3g11840(PUB24); At5g42380(CML37); At3g57530(CPK32); At4g17490(ERF6); At3g49530(NAC062); At2g35930(PUB23); ; At1g16420(MC8);
At5g47230(ERF5); At2g37430(ZAT11); At1g27730(ZAT10); At1g19180(JAZ1); At3g45640(MPK3); At4g31550(WRKY11); At1g76680(OPR1); At2g44840(ERF13);
At3g52400(SYP122); At5g05410(DREB2A); At2g26150(HsfA2); At2g46240(BAG6); At3g61190(BAP1)

1901701 cellular response to oxygen-containing compound 1.0523E-4 9.1592E-4 7/111 6.3% 216/22296 0.6% At1g19180(JAZ1); At3g57530(CPK32); At3g45640(MPK3); At5g01540(LecRK-VI.2); At3g52400(SYP122); At1g16420(MC8); At3g11820(SYP121)

1101 response to acid chemical 3.2449E-9 1.5251E-7 18/111 16.2% 647/22296 2.9%
At5g42380(CML37); At3g57530(CPK32); At3g23250(MYB15); At2g35930(PUB23); At2g38470(WRKY33); At1g27730(ZAT10); At1g19180(JAZ1); At5g08790(AtAF2);
At3g45640(MPK3); At1g76680(OPR1); At1g80840(WRKY40); At5g01540(LecRK-VI.2); At3g52400(SYP122); At5g05410(DREB2A); At3g11820(SYP121); At3g61190(BAP1)

71229 cellular response to acid chemical 9.8675E-5 8.7504E-4 6/111 5.4% 148/22296 0.6% At1g19180(JAZ1); At3g57530(CPK32); At3g45640(MPK3); At5g01540(LecRK-VI.2); At3g52400(SYP122); At3g11820(SYP121)

9719 response to endogenous stimulus 2.7554E-13 1.4389E-11 26/111 23.4% 906/22296 4.0%
At3g23250(MYB15); At3g23230(ERF098); At1g71520(ERF020); At2g38470(WRKY33); At5g08790(AtAF2); At5g59820(ZAT12); At1g80840(WRKY40); At5g01540(LecRK-
VI.2); At3g11820(SYP121); At3g11840(PUB24); At3g57530(CPK32); At4g17490(ERF6); At3g49530(NAC062); At2g35930(PUB23); At3g09870(SAUR48); At5g47230(ERF5);
At2g37430(ZAT11); At1g27730(ZAT10); At1g19180(JAZ1); At3g45640(MPK3); At4g31550(WRKY11); At2g44840(ERF13); At3g52400(SYP122); At2g26150(HsfA2)

71495 cellular response to endogenous stimulus 5.3961E-7 1.3348E-5 10/111 9.0% 252/22296 1.1%
At1g19180(JAZ1); At3g57530(CPK32); At3g45640(MPK3); At4g17490(ERF6); At3g23230(ERF098); At5g01540(LecRK-VI.2); At2g44840(ERF13); At3g52400(SYP122);
At5g47230(ERF5); At3g11820(SYP121)

9725 response to hormone 3.5811E-6 5.8039E-5 16/111 14.4% 831/22296 3.7%
At3g57530(CPK32); At3g23250(MYB15); At4g17490(ERF6); At3g23230(ERF098); At3g09870(SAUR48); At5g47230(ERF5); At1g27730(ZAT10); At1g19180(JAZ1);
At5g08790(AtAF2); At3g45640(MPK3); At5g01540(LecRK-VI.2); At2g44840(ERF13); At3g52400(SYP122); At3g11820(SYP121);

32870 cellular response to hormone stimulus 5.3961E-7 1.3348E-5 10/111 9.0% 252/22296 1.1%
At1g19180(JAZ1); At3g57530(CPK32); At3g45640(MPK3); At4g17490(ERF6); At3g23230(ERF098); At5g01540(LecRK-VI.2); At2g44840(ERF13); At3g52400(SYP122);
At5g47230(ERF5); At3g11820(SYP121)

9751 response to salicylic acid 5.9289E-5 6.0578E-4 6/111 5.4% 135/22296 0.6% At5g08790(AtAF2); At1g76680(OPR1); At1g80840(WRKY40); At3g52400(SYP122); At3g11820(SYP121); At3g61190(BAP1)

71369 cellular response to ethylene stimulus 8.7989E-5 8.1088E-4 4/111 3.6% 47/22296 0.2% At4g17490(ERF6); At3g23230(ERF098); At2g44840(ERF13); At5g47230(ERF5)

65007 biological regulation 6.4265E-5 6.4265E-4 33/111 29.7% 3364/22296 15.0%

At3g23250(MYB15); At3g23230(ERF098); At5g48850(SDI1); At1g71520(ERF020); At2g38470(WRKY33); At5g08790(AtAF2); At5g41740(TIR-NB-LRR); At1g22810(ERF019);
At1g80840(WRKY40); At5g01540(LecRK-VI.2); At3g11820(SYP121); At3g57530(CPK32); At4g17490(ERF6); At5g24110(WRKY30); At1g72940(AtTN11); At5g47230(ERF5);
At2g37430(ZAT11); At1g66090(AtTN3); At1g19180(JAZ1); At3g45640(MPK3); At4g31550(WRKY11); At4g19520(TIR-NB-LRR); At5g41750(TIR-NB-LRR); At2g44840(ERF13);
At1g77450(NAC032); At3g52400(SYP122); At5g05410(DREB2A); At1g01720(NAC002); At2g46240(BAG6); At3g61190(BAP1)

50789 regulation of biological process 2.2446E-5 3.1969E-4 32/111 28.8% 3047/22296 13.6%

At3g23250(MYB15); At3g23230(ERF098); At5g48850(SDI1); At1g71520(ERF020); At2g38470(WRKY33); At5g41740(TIR-NB-LRR); At1g22810(ERF019);
At1g80840(WRKY40); At5g01540(LecRK-VI.2); At3g11820(SYP121); At3g57530(CPK32); At4g17490(ERF6); At5g24110(WRKY30); At1g72940(AtTN11); At5g47230(ERF5);
At2g37430(ZAT11); At1g66090(AtTN3); At1g19180(JAZ1); At3g45640(MPK3); At4g31550(WRKY11); At4g19520(TIR-NB-LRR); At5g41750(TIR-NB-LRR); At2g44840(ERF13);
At1g77450(NAC032); At3g52400(SYP122); At5g05410(DREB2A); At1g01720(NAC002); At2g46240(BAG6); At3g61190(BAP1)

50794 regulation of cellular process 3.3163E-5 4.2126E-4 30/111 27.0% 2813/22296 12.6%

At3g23250(MYB15); At3g23230(ERF098); At1g71520(ERF020); At2g38470(WRKY33); At5g41740(TIR-NB-LRR); At1g22810(ERF019); At1g80840(WRKY40);
At5g01540(LecRK-VI.2); At3g11820(SYP121); At3g57530(CPK32); At4g17490(ERF6); At5g24110(WRKY30); At1g72940(AtTN11); At5g47230(ERF5); At2g37430(ZAT11);
At1g66090(AtTN3); At1g19180(JAZ1); At3g45640(MPK3); At4g31550(WRKY11); At4g19520(TIR-NB-LRR); At5g41750(TIR-NB-LRR); At2g44840(ERF13);
At1g77450(NAC032); At3g52400(SYP122); At5g05410(DREB2A); At1g01720(NAC002); At2g46240(BAG6)

80134 regulation of response to stress 4.4156E-5 4.8264E-4 5/111 4.5% 78/22296 0.3% At3g45640(MPK3); At1g80840(WRKY40); At3g52400(SYP122); At3g11820(SYP121); At3g61190(BAP1)

80135 regulation of cellular response to stress 5.2310E-5 5.5876E-4 3/111 2.7% 15/22296 0.0% At3g45640(MPK3); At3g52400(SYP122); At3g11820(SYP121)

31348 negative regulation of defense response 9.2797E-5 8.3874E-4 3/111 2.7% 18/22296 0.0% At3g52400(SYP122); At3g11820(SYP121); At3g61190(BAP1)

51245 negative regulation of cellular defense response 2.4563E-5 3.3955E-4 2/111 1.8% 2/22296 0.0% At3g52400(SYP122); At3g11820(SYP121)

23052 signaling 4.2338E-5 4.7379E-4 16/111 14.4% 1015/22296 4.5%
At3g57530(CPK32); At4g17490(ERF6); At3g23230(ERF098); At1g72940(AtTN11); At5g47230(ERF5); At1g66090(AtTN3); At1g19180(JAZ1); At3g45640(MPK3); At5g41740(TIR-
NB-LRR); At4g19520(TIR-NB-LRR); At5g41750(TIR-NB-LRR); At5g01540(LecRK-VI.2); At2g44840(ERF13); At3g52400(SYP122); At3g11820(SYP121)

44700 single organism signaling 4.1843E-5 4.7379E-4 16/111 14.4% 1014/22296 4.5%
At3g57530(CPK32); At4g17490(ERF6); At3g23230(ERF098); At1g72940(AtTN11); At5g47230(ERF5); At1g66090(AtTN3); At1g19180(JAZ1); At3g45640(MPK3); At5g41740(TIR-
NB-LRR); At4g19520(TIR-NB-LRR); At5g41750(TIR-NB-LRR); At5g01540(LecRK-VI.2); At2g44840(ERF13); At3g52400(SYP122); At3g11820(SYP121)

7165 signal transduction 2.6107E-5 3.5059E-4 16/111 14.4% 975/22296 4.3%
At3g57530(CPK32); At4g17490(ERF6); At3g23230(ERF098); At1g72940(AtTN11); At5g47230(ERF5); At1g66090(AtTN3); At1g19180(JAZ1); At3g45640(MPK3); At5g41740(TIR-
NB-LRR); At4g19520(TIR-NB-LRR); At5g41750(TIR-NB-LRR); At5g01540(LecRK-VI.2); At2g44840(ERF13); At3g52400(SYP122); At3g11820(SYP121)

9755 hormone-mediated signaling pathway 4.8360E-7 1.3348E-5 10/111 9.0% 249/22296 1.1%
At1g19180(JAZ1); At3g57530(CPK32); At3g45640(MPK3); At4g17490(ERF6); At3g23230(ERF098); At5g01540(LecRK-VI.2); At2g44840(ERF13); At3g52400(SYP122);
At5g47230(ERF5); At3g11820(SYP121)

9873 ethylene-activated signaling pathway 8.0809E-5 7.7511E-4 4/111 3.6% 46/22296 0.2% At4g17490(ERF6); At3g23230(ERF098); At2g44840(ERF13); At5g47230(ERF5)

7154 cell communication 1.9487E-5 2.8621E-4 18/111 16.2% 1175/22296 5.2%
At3g57530(CPK32); At4g17490(ERF6); At3g23230(ERF098); At5g48850(SDI1); At1g72940(AtTN11); At5g47230(ERF5); At1g66090(AtTN3); At1g19180(JAZ1);
At3g45640(MPK3); At5g41740(TIR-NB-LRR); At4g19520(TIR-NB-LRR); At5g41750(TIR-NB-LRR); At5g01540(LecRK-VI.2); At2g44840(ERF13); At3g52400(SYP122);
At3g11820(SYP121)

103 sulfate assimilation 4.2000E-5 4.7379E-4 3/111 2.7% 14/22296 0.0% At4g04610(APR1); At1g62180(APR2); At4g21990(APR3)

19419 sulfate reduction 7.3449E-5 7.1919E-4 2/111 1.8% 3/22296 0.0% At4g04610(APR1); At1g62180(APR2)

9611 response to wounding 2.7047E-7 7.9450E-6 8/111 7.2% 129/22296 0.5% At1g27730(ZAT10); At5g08790(AtAF2); At3g45640(MPK3); At5g59820(ZAT12); At1g76680(OPR1); At1g80840(WRKY40); At1g01720(NAC002); At3g61190(BAP1)

8219 cell death 1.1561E-5 1.7528E-4 8/111 7.2% 213/22296 0.9%
At1g66090(AtTN3); At1g63750(TIR-NB-LRR); At5g41740(TIR-NB-LRR); At4g19520(TIR-NB-LRR); At5g41750(TIR-NB-LRR); At1g16420(MC8); At2g46240(BAG6);
At2g26560(PLA2A)

12501 programmed cell death 3.3592E-6 5.6386E-5 8/111 7.2% 180/22296 0.8%
At1g66090(AtTN3); At1g63750(TIR-NB-LRR); At5g41740(TIR-NB-LRR); At4g19520(TIR-NB-LRR); At5g41750(TIR-NB-LRR); At1g16420(MC8); At2g46240(BAG6);
At2g26560(PLA2A)

6915 apoptotic process 4.2134E-5 4.7379E-4 6/111 5.4% 127/22296 0.5% At1g66090(AtTN3); At1g63750(TIR-NB-LRR); At5g41740(TIR-NB-LRR); At4g19520(TIR-NB-LRR); At5g41750(TIR-NB-LRR); At2g46240(BAG6)

Fig. 3 GO categories overrepresented among genes induced at the three time points. List of Gene Ontology (GO) categories overrepresented, as
identified using BiNGO (hypergeometric test; Benjamini & Hochberg False Discovery Rate (FDR) correction; significance level 0.001), among the
genes that were induced by allyl-ITC at all three time points
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downregulation of most GSL-biosynthetic genes, some of
the genes involved in the degradation of GSLs were in-
duced after 9 h of allyl-ITC treatment. Although the myr-
osinases TGG1 and TGG2 were not affected at the gene
expression level, the atypical myrosinase PEN2 was in-
duced [25]. NSP5, one of the nitrile-specifier proteins
known to divert GSL hydrolysis from the generation of
ITCs to that of nitriles [26] was also induced. Concomi-
tantly, the expression of the gene encoding epithiospecifier
modifier 1 (ESM1) that favours the formation of ITCs [27]
was reduced. The genes for nitrilases NIT2 and NIT3,
which have been shown to act in vitro on several GSL-
derived nitriles to generate a carboxylic acid and ammonia
[28] and hypothesized to be involved in the endogenous
catabolism of GSLs [29], were also induced. These gene
expression changes indicate that the plant might sense the

presence of exogenously applied ITC, reduce the biosyn-
thesis of GSLs and prevent the generation of endogenous
ITC from GSL breakdown by favouring the generation of
nitriles and their further catabolism by nitrilases. It would
therefore be interesting in future experiments to follow
the levels of GSLs and their degradation products in
plants exposed to ITC for a longer period of time.

Allyl-ITC affects genes involved in glutathione
homeostasis
ITCs have been shown to conjugate to glutathione
(GSH) in humans, rats and insects by non-enzymatic or
enzymatic processes, the enzymatic conjugation being
mediated by glutathione transferases (GSTs) [30–33].
Studies in various mammalian systems have shown that
ITCs can lead to an induction of GST gene expression

Fig. 4 Network representation of overrepresented GO categories. Gene ontology (GO) categories that are overrepresented among the genes
induced at all three time points of allyl-ITC treatment were identified and represented using the Cytoscape plugin BiNGO (hypergeometric test;
Benjamini & Hochberg False Discovery Rate (FDR) correction; significance level 0.05)
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levels and higher GST activities (for review [34]). In our
present study, the expression of several GSTs was af-
fected by the allyl-ITC treatment, the vast majority being
induced after 9 h of allyl-ITC exposure. A detailed de-
scription of the effects of allyl-ITC on the expression of
different GSTs will be published elsewhere (Øverby
et al., in preparation).
As a conjugation of ITCs to GSH has, to our know-

ledge, not yet been documented in vivo for plants it
would be interesting to attempt the detection of
GSH-ITC and related conjugates in plant tissue. The

reversible nature of this conjugation may however
complicate the analysis and as this reaction can occur
non-enzymatically, the presence of these conjugates
would not definitely prove the implication of GSTs in
this process either.
The expression of DHAR2 (At1g75270) was also in-

duced by ITC. Although DHARs belong to the GST
superfamily, they do not carry out classic GST-type
conjugations but reduce dehydroascorbate to ascorbate,
concurrently oxidising GSH to glutathione disulphide
(GSSG) [35].
If exposure to allyl-ITC leads to a conjugation with

GSH and/or an oxidation of GSH to GSSG as the gene
expression patterns might indicate, then levels of GSH
would be expected to decrease unless the plant increases
GSH biosynthesis and/or reduces GSSG to GSH. In a
previous study with allyl-ITC, we showed that GSH
levels decreased to about half after 1 h treatment and
were maintained for the next two hours of the experi-
ment [16]. The increased expression (log2 = 1.8) of the
glutathione reductase GR1 (At3g24170), responsible for
the reduction of GSSG to GSH in the cytosol, after 9 h
of ITC treatment in the current experiment might in-
deed indicate that at least part of the GSH pool is main-
tained. There was no indication at the transcriptional
level of an increased synthesis of GSH as neither GSH1
(At4g23100) nor GSH2 (At5g27380), encoding the en-
zymes that catalyse the two steps leading from cysteine
to GSH, were induced. However, the fact that total GSH
levels can increase without the induction of GSH1 and
GSH2 transcripts under oxidative stress has been re-
ported [36].
Also genes encoding enzymes believed to be in-

volved in the processing of GSSG and GSH conju-
gates were affected by allyl-ITC treatment. Hence the
gene encoding the apoplastic γ-glutamyl transpeptidase
GGT1 (At4g39640; [37]) and the cytosolic phytochelatin
synthase PCS1 (At5g44070; [38]) and γ-glutamyl cyclo-
transferase GGCT2; 1 (At5g26220; [39]) were induced
more than four-fold at 1 h and 9 h.
It was also recently shown that exposure to 4-

methylsulphinylbutyl-ITC (sulforaphane) led to a deple-
tion of total glutathione after 30 min [40]. It would
therefore be interesting to complement our previous
measurements of GSH during allyl-ITC exposure, by fol-
lowing the levels of GSSG and total glutathione levels, as
well as those of precursors (e.g. cysteine, O-acetylserine,
γ-glutamylcysteine; see below).

Allyl-ITC effect on genes of sulphate uptake and
assimilation
Sulphate uptake and assimilation is regulated by many
factors [41, 42], such as environmental factors, hor-
mones, the availability of sulphur and the levels of

Fig. 5 Glucosinolate-related genes affected by allyl-ITC. Changes in
expression levels (log2 ratios) of genes involved in the biosynthesis,
transport and degradation of glucosinolates after 30 min, 1 h and 9 h
of allyl-isothiocyanate treatment, compared to the mock treatment.
Only values for genes significantly affected at one time point at least
are indicated. The colour scale goes from blue (downregulated by
allyl-ITC) to red (upregulated by allyl-ITC) and the extremes are set to
cover the range of the log2 ratios for the most affected genes in the
whole dataset
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reduced sulphur such as cysteine and glutathione. High
levels of GSH are known to repress the expression of
genes involved in sulphate uptake and assimilation [43],
while sulphur starvation conditions induce their expres-
sion [44–46].
Glucosinolate metabolism is intimately linked to sulphur.

The core structure of GSLs contains sulphur that is incor-
porated at two steps during the biosynthesis, via GSH and
PAPS [47, 48]. Many of the aliphatic GSLs also contain a
sulphur group in their side chain as this is derived from
the sulphur-containing amino acid methionine [23]. Dur-
ing the hydrolysis of GSLs to generate ITCs, sulphate is re-
leased [2]. The availability of sulphur has been shown to
have an effect on the expression of GSL biosynthetic genes
and on the content of GSLs, especially those derived from
methionine [49].
Known sulphate starvation-induced genes such as

sulphur-deficiency induced SDI1 (At5g48850) and SDI2
(At1g04770), response to low sulphur LSU1 (At3g49580),
LSU2 (At5g24660) and LSU3 (At3g49570) and the γ-
glutamyl cyclotransferase GGCT2;1 (At5g26220) [39,

50–52] were among the most highly induced genes
after 30 min of allyl-ITC treatment (Fig. 6; Additional
file 1). Therefore, we had a closer look at the effect
of allyl-ITC on genes involved in sulphate uptake and
assimilation.
Several key genes of the sulphate uptake and assimila-

tion pathways were affected by our allyl-ITC treatment
(Figs. 6 and 7). The high affinity sulphate transporter
SULTR1;2 (At1g78000) [53] was induced after 9 h of
allyl-ITC treatment. Also the genes encoding the sulphate
transporters SULTR4;1 (At5g13550) and SULTR4;2
(At3g12520) that remobilize vacuolar sulphate by mediat-
ing its efflux from the vacuole under low sulphur condi-
tions [54] were induced by allyl-ITC. Interestingly, the
coexpressed SULTR2;1 and SULTR5;3 believed to interact
in retrieving apoplastic sulphate to xylem parenchyma
cells and contribute to its root-to-shoot transport [55]
were both repressed at the gene level. Another major con-
trol point of the pathway, besides sulphate transport, is
APS reductase which reduces adenosine 5′-phosphosul-
phate (APS) to sulphite [43, 56]. The genes encoding the

Fig. 6 Effect of allyl-ITC on sulphur response. Changes in expression levels (log2 ratios) of selected sulphur starvation-induced genes and of genes
involved in sulphate uptake and assimilation after 30 min, 1 h and 9 h of allyl-ITC treatment, compared to mock treatment. Only values for genes
significantly affected at one time point at least are indicated. The colour scale goes from blue (downregulated by allyl-ITC) to red (upregulated by
allyl-ITC) and the extremes are set to cover the range of the log2 ratios for the most affected genes in the whole dataset
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three APR isoforms, in particular APR1 (At4g04610) and
APR3 (At4g21990), were induced at all three time points,
with a maximum after 1 h of allyl-ITC treatment. Also
the genes encoding the ATP sulphurylases ATPS1
(At3g22890) and ATPS3 (At4g14680) were induced
after 9 h and 1 h respectively. Genes encoding enzymes
catalysing the further steps leading from sulphite to
cysteine, sulphite reductase and OAS thiollyase were
not affected by our allyl-ITC treatment.
One of the central metabolites in sulphate assimilation

is O-acetylserine (OAS), which has been proposed to
have a signalling function in sulphate starvation [57].
OAS accumulates during sulphur starvation and the
effect of sulphur starvation can be mimicked by OAS
treatment [44]. A. thaliana possesses five genes that
encode a plastidic, a mitochondrial and three cytosolic
isoforms of serine acetyltransferase (SERAT or SAT), the
enzyme that catalyses the synthesis of OAS from serine
[58]. Of these five genes, the ones encoding the plastidic
SERAT2.1 (At1g55920) and the cytosolic SERAT3.2
(At4g35640) isoforms were induced by ITC, the former
being upregulated at an earlier time point and the latter
to a higher extent.
Consistent with the downregulation of GSL biosyn-

thetic genes discussed above (Fig. 5), the genes encoding
the two APS kinases APK1 (At2g14750) and APK2
(At4g39940) that generate PAPS (3′-phosphoadenosine
5′-phosphosulphate) important for the synthesis of

sulphated metabolites [59], such as GSLs, were down
regulated after 9 h.
How genes involved in sulphate uptake and assimila-

tion are transcriptionally regulated is less well known.
The SLIM1 (sulphur limitation 1; At1g73730) transcrip-
tion factor has been identified as being one of the cen-
tral regulators of sulphur uptake and assimilation by
regulating the expression of several sulphate transporters
and other sulphate responsive genes. Although it was re-
ported not to be modulated by changes in sulphur con-
ditions [50], SLIM1 was upregulated (log2 = 1.491) after
9 h of allyl-ITC treatment. Similarly, the HY5 (elongated
hypocotyl 5; At5g11260) transcription factor known to
regulate the expression of APR1 and APR2 [60] was in-
duced (log2 = 1.283) after 9 h. Also MYB transcription
factors involved in the regulation of GSLs have been re-
ported to regulate the expression of some of the APR,
ATPS and APK-encoding genes [61, 62]. As described
previously in the text, all the GSL-related MYBs were
downregulated by allyl-ITC, except MYB51 (Fig. 5).
Based on the expression profile of sulphate uptake and

assimilation genes, one could predict an increased flux
through this pathway after ITC exposure, leading to in-
creased production of OAS and sulphite at the expense
of PAPS and GSL. Sulphite is however cytotoxic and
very reactive and accumulation of reduced sulphur
would exert a different effect on the regulation of
sulphate uptake and assimilation than OAS. In addition

Fig. 7 Diagram of the allyl-ITC effect on sulphate uptake and assimilation. Diagram showing gene expression changes (log2 ratios) in the early steps of
sulphate uptake and assimilation after 30 min, 1 h and 9 h exposure to allyl-ITC. ATPS: ATP sulphurylase, APS: adenosine 5′-phosphosulphate, PAPS:
3′-phosphoadenosine 5′-phosphosulphate, APK: APS kinase, APR: APS reductase, SERAT: serine acetyltransferase, OAS: O-acetylserine, GSH: glutathione,
GSL: glucosinolates
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regulation of the pathway at the posttranscriptional and
posttranslational levels [42] could change the predicted
metabolic outcome. It would therefore be interesting to
monitor the cellular levels of some of the compounds
(e.g. sulphate, cysteine, OAS, GSH and GSSG; Fig. 7)
during a prolonged allyl-ITC exposure.
Whether the effect we see on expression levels of

genes regulated by sulphate starvation is mediated dir-
ectly by sensing the presence of allyl-ITC or is an indir-
ect effect due to the demand for reduced sulphur (e.g. as
GSH is depleted through conjugation and oxidation) or
another process affecting sulphate assimilation is diffi-
cult to assess at this point. One could hypothesize that
an excess of GSL hydrolysis products fools the plant to
believe that the sulphur-containing GSLs are broken
down and that it consequently would increase the rate
of sulphate assimilation in order to maintain the level of
GSLs. The observed downregulation of APK-encoding
genes, of many GSL biosynthetic genes and related MYB
transcription factors would however argue against this.
In addition, a myrosinase-catalysed hydrolysis of GSLs
would lead to the release of sulphate, in which case
many of the genes that were induced would be expected
to be repressed [41, 42].

Allyl-ITC treatment leads to a heat stress response
Heat stress triggers a complex and multifaceted response
in plants [63]. One of the aspects of this response in-
volves the transcription of genes encoding heat shock
proteins (HSPs) under control of heat shock transcrip-
tion factors (Hsfs) by their binding to heat stress pro-
moter elements [64]. Numerous genes encoding Hsfs
and HSPs were among the most highly induced genes
after 1 h and 9 h of allyl-ITC treatment (Fig. 8). Nine of
the ten most highly induced genes at 9 h were Hsfs or
HSPs (Additional file 1).
The expression of thirteen of the twenty-one known

A. thaliana Hsfs [64] was affected by the allyl-ITC treat-
ment at one time point at least. HsfA2 (At2g26150) was
the earliest and most highly induced Hsf throughout the
experiment, interestingly showing an induction above
log2 = 2 already after 30 min and close to log2 = 9.5 at
the 9 h time point. HsfA2 plays a central role in the heat
stress response and thermotolerance but is also a key
regulator of the plant response to several other abiotic
stresses [65, 66]. HsfA2 regulates the expression of sev-
eral target genes, including various sHSPs [65–67] af-
fected in our experiment. It is itself regulated by HsfA1d
(At1g32330) and/or HsfA1e (At3g02990), which belong
to the A1 class Hsfs considered as being the master
regulators of the heat stress response [68–70]. HsfA1d/
HsfA1e control the expression of other Hsfs such as HsfA7a
(At3g51910), HsfA7b (At3g63350), HsfB1 (At4g36990)
and HsfB2a (At5g62020) [69]. Upon allyl-ITC treatment,

the transcriptional activation of HsfA2 occurs however
earlier than that of HsfA1d and HsfA1e, and also HsfA7a,
HsfA7b, HsfB1 and HsfB2a showed a higher induction by
allyl-ITC at the 1 h time point than HsfA1d/HsfA1e. Allyl-
ITC also induced HsfB2b (At4g11660), another member
of the class B Hsfs, at the 1 h and 9 h time points. HsfB1
and HsfB2b are rapidly induced by heat stress and have
been shown to negatively regulate the expression of heat
stress induced Hsfs and HSPs and of defence related genes
[71, 72]. HsfA7a is important for heat acclimation [73],
and HsfA7a is induced prior to HsfA2 upon heat stress
[74]. The opposite was observed under allyl-ITC treat-
ment. Both members of the HsfA4 class, HsfA4a
(At4g18880) and HsfA4c (At5g45710), were induced by
allyl-ITC but to a lesser extent than most other Hsfs. Also,
HsfA4a (At4g18880) was induced earlier and stronger
than HsfA4c (At5g45710). It has been shown that both act
as activators of heat stress gene expression [75] and in the
case of HsfA4 also of oxidative stress responsive genes
[76]. HsfA8 (At1g67970) was only induced at the 1 h time
point. Little is known about this Hsf but its expression is
induced by HsfA4 overexpression [76] and it has recently
been characterized as a redox-sensitive transcription
factor that translocates to the nucleus upon oxidative
stress [77].
Two points should be pointed out regarding allyl-ITC

treatment and the heat stress response. First, HsfA3
(At5g03720) whose expression is heat stress induced, is
dependent on DREB2A and DREB2C and triggers the in-
duction of other heat stress related genes [78, 79], was
not affected by allyl-ITC treatment at any of the three
time points whereas DREB2A (At5g05410) and DREB2C
(At2g40340) were induced (Additional file 1).
Second, only the two Hsfs HsfA6 (At3g22830) and

HsfC1 (At3g24520) were downregulated by an exposure
to allyl-ITC. Interestingly, these two genes are under
positive regulation of the transcription factor NAC019
(At1g52890), which is induced by heat stress [80] but re-
pressed by allyl-ITC (Additional file 1).
Although small heat shock proteins (sHSPs) are also

induced by other abiotic stresses, it was proposed that
sHSPs protect thermo-sensitive substrates from irrevers-
ible heat stress-induced denaturation and aggregation
[81]. Of the 19 known A. thaliana genes encoding
sHSPs, 16 were induced after 1 h and 9 h of allyl-ITC
treatment, with invariably a higher induction at 9 h
(Fig. 8). This mimics the unequivocal transcriptional re-
sponse of these HSPs to heat stress conditions [81, 82].
It has been recently shown that the expression of

HSP70-4 (At3g12580), HSP70-5 (At1g16030) and HSP70-8
(At2g32120) was transiently increased, with a maximum at
1 h after treatment, when 21 day old plants were sprayed
with a 2 mM phenethyl-ITC solution and monitored
for 48 h [11]. We confirm that of the 18 A. thaliana
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HSP70-encoding genes [83, 84] these three genes
were the most highly induced by our allyl-ITC treat-
ment, but an additional nine HSP70s were revealed to
be upregulated (Fig. 8). Also, all affected HSP70s were
more highly induced after 9 h than after 1 h in our study.
HSP70s are ATP-dependent chaperones involved in pro-
cesses such as folding of de novo synthesized proteins and
refolding of misfolded proteins and aggregated proteins
[85], although the role of many of them in A. thaliana is
still unclear. J-domain containing proteins (DnaJ/HSP40)
are cochaperones of HSP70s [86]. More than 100 genes
encoding DnaJ proteins have been identified in A. thaliana
[82] and eighteen of these were induced to various degrees
by allyl-ITC (Fig. 8). The reason for this and its biological
significance are not known. For those DnaJ genes that

were affected at two time points, the induction was higher
after 9 h of allyl-ITC treatment than after 1 h, similar to
the situation observed for sHSPs and HSP70s (Fig. 8).
Another family of HSPs are the HSP90s that exert

their chaperone activity on a select number of client
proteins involved in the heat stress response but also
hormone signalling and developmental processes [87–89].
They have also been implicated in plant defence by regu-
lating the activity of several so-called R (for resistance)
proteins through complex formation [90–92]. Four
HSP90s were induced by allyl-ITC, with the gene
At5g52640 encoding the cytosolic HSP90.1 being
most highly induced (Fig. 8). HSP90.1 expression is
induced by heat stress and it physically interacts with
HsfA2 [93, 94]. But HSP90.1 expression is also

Fig. 8 Heat stress response after allyl-ITC treatment. Changes in expression levels (log2 ratios) of genes involved in the heat stress response after
30 min, 1 h and 9 h of allyl-isothiocyanate treatment, compared to mock treatment. Only values for genes significantly affected at one time point
at least are indicated. The colour scale goes from blue (downregulated by allyl-ITC) to red (upregulated by allyl-ITC) and the extremes are set to
cover the range of the log2 ratios for the most affected genes in the whole dataset
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induced after pathogen challenge, interacts with dis-
ease resistance signalling components and is required
for resistance mediated by RPS2 and cell death during
the hypersensitive response (HR) [90]. The HSP90
and HSP70 chaperone machineries are connected via
the tetratricopeptide repeat (TPR)-containing Sti1/Hop
protein, which binds to both HSPs and allows the transfer
of the client protein from HSP70 to HSP90 [95]. Although
we are not aware of this having been described in plants,
the heat induced genes Hop2 (At1g62740) and Hop3
(At4g12400) encoding TPR-containing proteins [96] were
induced by allyl-ITC (Fig. 8).
Three members of the heat shock protein 100

(HSP100)/casein lytic proteinase (Clp) subclass B
[97, 98] were induced by allyl-ITC: HSP101/ClpB1
(At1g74310), ClpB3 (At5g15450) and ClpB4 (At2g25140)
(Fig. 8). All three are induced by heat stress and the im-
portant role of HSP101 in thermotolerance is well docu-
mented [98–102]. HSP101 is hypothesized to act in a
positive feedback loop with HSA32 (heat stress associated
32-kD protein, At4g21320) in the memory of heat accli-
mation [103, 104], a gene that was also induced by allyl-
ITC after 1 h and 9 h.
The massive Hsf-controlled induction of HSPs, which

act as molecular chaperones to protect proteins against
denaturation and to facilitate refolding, is one aspect of
the heat stress response in plants. But also other factors
are involved in the protection against heat-induced dam-
age and different signalling pathways such as abscisic
acid (ABA), salicylic acid (SA), ethylene and oxidative
burst seem to be involved in thermotolerance [99, 105].
MBF1C (At3g24500), one of the three genes encoding

the highly conserved transcriptional co-activator MBF1
(multiprotein bridging factor 1) in A. thaliana, is in-
duced by several stresses such as pathogen infection,
salinity, drought, hydrogen peroxide (H2O2), and appli-
cation of the plant hormones ABA or SA. It has also
been identified as key regulator of thermotolerance that
functions upstream of (trehalose, SA and) ethylene dur-
ing heat stress [106]. MBF1C was highly upregulated by
1 h and 9 h (and log2 = 0.926 at 30 min) of allyl-ITC
treatment (Fig. 8), whereas its interaction partner TPS5
(trehalose phosphate synthase 5), also a heat-induced
gene, was not induced by allyl-ITC. Of the ten other
genes encoding TPS-like or active TPS (i.e. TPS1, TPS2
and TPS4; [107]), nine were either downregulated or
not affected by allyl-ITC and only TPS2 (At1g16980)
was induced after 9 h. Interestingly, overall only half
(i.e. 49 out of 87) of the genes that showed an elevated
expression in plants constitutively expressing MBF1C
and grown under control conditions [108] were also in-
duced at 1 h of allyl-ITC treatment. However, all eight
of the ethylene-associated transcripts, comprising seven
ethylene response factors (ERFs) and ACC synthase 6

(ACS6) were induced by allyl-ITC (Additional file 2A).
This might indicate that the allyl-ITC-triggered heat
stress response via MBF1C involves ethylene but not
trehalose. Among the genes whose induction under
heat stress was dependent on MBF1C [109] it is inter-
esting to note that the two heat shock transcription fac-
tors HsfB2a (At5g62020) and HsfB2b (At4g11660), the
transcriptional regulator DREB2A/ERF045 (At5g05410)
and four zinc finger protein genes were also induced by
ITC after 1 h (Additional file 2B).
The expression of several other genes reported to be

involved in the heat stress response was also affected by
allyl-ITC treatment, some of which will be discussed
shortly below. The gene encoding the Bcl-2–associated
athanogene (BAG) protein BAG6 (At2g46240), belonging
to a family of chaperone regulators that interact with
HSP70 and HSC70 (heat shock cognate 70) proteins, was
rapidly and strongly induced by allyl-ITC treatment, with
the highest induction after 1 h, similar to its responsive-
ness to heat [110, 111]. BAG6 was also identified as a tar-
get gene of HsfA2 [112]. Galactinol synthase 1 (GolS1;
At2g47180) which is implicated in raffinose synthesis
under heat stress and whose expression is controlled by
HsfA1b and HsfA2 [65, 113], was induced by allyl-ITC
treatment at 1 h and 9 h. At3g09350 coding for AtFes1A,
a heat induced protein that associates with HSP70 and
prevents its degradation [114], was induced at 1 h and 9 h
by allyl-ITC. The genes encoding the prolyl cis-trans
isomerase cochaperones ROF1 (At3g25230) and ROF2
(At5g48570) were also induced at 1 h and 9 h of allyl-ITC
treatment. ROF1 is heat stress induced, binds HSP90.1
and affects the accumulation of HsfA2-regulated sHSPs
[94, 115]. DEG14/PARK13 (At5g27660) was the only
member of the DEG/HtrA (high-temperature requirement
A) protease family involved in protein quality control
[116] that was upregulated by allyl-ITC. DEG14/PARK13
is heat stress-induced, and confers thermotolerance by de-
grading misfolded protein targets [117]. The heat-induced
gene At5g53400 encoding the noncanonical small heat
shock protein Bobber 1 (BOB1) required for thermo-
tolerance and the duplicated gene BOB2 (At4g27890)
were induced by allyl-ITC at 1 h and 9 h [118]. TIL1
(temperature-induced lipocalin; At5g58070), another gene
required for thermotolerance [119], was induced at 1 h
and 9 h. Four of the five heat-inducible TAS1-derived
siRNA mediated target genes [120] were induced by allyl-
ITC: HTT1 (heat-induced TAS1-target 1; At4g29770),
HTT2 (At5g18040), HTT3 (At5g18065) and HTT4
(At1g51670). HTT1 and HTT2 are probably direct targets
of HsfA1a and HsfA1b [120]. As mentioned above,
HsfA1a and HsfA1b were not induced by allyl-ITC, but
these Hsfs can on their turn positively regulate the expres-
sion of several other Hsfs (i.e. HsfA1d, 1e, 2, 3, 4c, 7a and
HsfB2b) [70], most of which were induced by allyl-ITC.
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Based on our transcriptional profiling results, exposure
to allyl-ITC seems to trigger a heat stress response in A.
thaliana. ITCs do not only seem to lead to a heat stress
response in plants as it has been shown that 4-
methylsulphinylbutyl-ITC (sulforaphane) activates a heat
shock response in animal cells [121]. Treatment with
phenethyl-ITC led to an increased thermotolerance in A.
thaliana [11], although the pathways through which this
was mediated are not yet known. Based on a recently
proposed model integrating H2O2, nitric oxide (NO) and
calmodulin in the heat stress response [122], ITC-
triggered H2O2 might signal NO formation that leads to
calmodulin 3 (CaM3) activation, stimulating the DNA-
binding activity of Hsfs and the accumulation of HSPs.
It has indeed been shown that ITC treatment triggers
the production of reactive oxygen species (ROS) and NO
in plants [13, 14]. Our transcriptional data however does
not give clear support for the ITC-induced heat stress
response acting through that model. The key component
CaM3 was only slightly (below our selection criteria) in-
duced by allyl-ITC at the two latest time points, al-
though CaM2 and other calmodulin like (CML) genes
were induced (data not shown). The gene At1g37130
encoding the major nitrate reductase isoform NIA2 lead-
ing to NO production was not affected and NIA1
(At1g77760) was slightly (below our selection criteria)
induced by allyl-ITC at 30 min but downregulated at the
later time points. Also NOA1 (At3g47450; NO associ-
ated 1), which affects NO accumulation, was not affected
by allyl-ITC. Nevertheless it would be interesting to test
this and other possible signalling pathways. Hence we
are currently investigating 1) the effect of allyl-ITC on

A. thaliana mutants known to have reduced thermotol-
erance in order to identify the underlying mechanisms
and 2) the thermotolerance of loss of function mutants
in genes induced by allyl-ITC to identify potentially new
actors regulating the plant response to heat stress.

The extent of overlap in the transcriptional response to
allyl-ITC and oxidative stress
Treatment with ITCs has been reported to lead to the gen-
eration of ROS and NO [13, 14, 16]. Heat stress also trig-
gers the generation of ROS and, as mentioned above, ROS
are implicated in the heat stress response [105, 122, 123].
Hsfs have been proposed as H2O2 sensors in plants and re-
cently HsfA4a and Hsfa8 have been described as redox-
sensitive transcription factors [76, 77]. Part of the heat
stress response detected upon allyl-ITC treatment as de-
scribed in the previous paragraph may therefore be due to
the generation of ROS. We analysed our microarray data
after allyl-ITC treatment in the search of a ROS response/
oxidative burst response by comparing it to some previ-
ously reported transcriptional profiling studies where ROS-
generating treatments were used.
Of the 918 genes induced by at least log2 = 1 during the

first two hours under singlet oxygen-producing conditions
reported by op den Camp et al. [124], 63 % (585 genes)
were also upregulated by allyl-ITC at one of the three time
points (Fig. 9; Additional file 3A). Of the 266 singlet
oxygen-downregulated genes, 96 genes (36 %) were also
downregulated by allyl-ITC (Additional file 3B). When
doing a similar comparison with the 140 genes induced by
superoxide/H2O2 detected in the same study [124], 70 %
(98 genes) were also induced by allyl-ITC at one of the
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Fig. 9 Overlap between responses to allyl-ITC and singlet oxygen or H2O2/superoxide. Venn diagrams showing the overlap between singlet
oxygen (red) or H2O2/superoxide-affected (blue) genes [124] and allyl-ITC-affected (green). Genes in (a) were induced by log2 ≥ 1 while genes in
(b) were repressed by log2 ≤ -1 at one time point at least
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three time points. Only 30 genes were downregulated by
superoxide/H2O2 and only 7 of these (23 %) were also re-
pressed by allyl-ITC. Ninety-one and three genes were re-
spectively induced or repressed by all three treatments.
Genes that were either induced or repressed by allyl-ITC
only, were 2211 and 1780 (Fig. 9; Additional file 3).
Gadjev et al. [125] identified five transcripts considered to

be hallmarks for the general oxidative stress response regard-
less of the type of ROS. At2g43510 (ATTI1) encoding a
defensin-like protein was slightly downregulated at 1 h and 9
h of allyl-ITC treatment (Additional file 3C). At2g21640 and
At1g05340, encoding proteins of unknown function, were in-
duced after 9 h of allyl-ITC treatment. The two remaining
hallmark genes, At1g57630 encoding a TIR-NB-LRR protein
and the uncharacterized At1g19020, responded earlier and
stronger to allyl-ITC (Additional file 3C).
Another 27 genes responding to a general oxidative

stress were identified using a lower stringency [125]. Of
these, 19 were induced by allyl-ITC and include heat stress
associated genes (At3g08970/DJB9; At3g09350/FesA1),
GSTs and other stress associated genes (Additional file 3C).
Genes serving as hallmarks for specific oxidative stress

conditions previously identified [125] were also used to
compare to the allyl-ITC response. Of the 325 tran-
scripts that are specifically singlet oxygen responsive
(296 up- and 29 down-regulated), only 129 showed the
same response to the allyl-ITC treatment (120 up- and 8
down-regulated) (Additional file 3D). The overlap be-
tween specifically superoxide-responsive genes and those
affected by allyl-ITC was even smaller: of 106 and 32
genes respectively up- and down-regulated specifically
by superoxide, only 8 and 2 genes showed the same re-
sponse to allyl-ITC. The overlap in genes differentially reg-
ulated by the two conditions was actually bigger (data not
shown). Of the 326 transcripts specific to the hydrogen
peroxide response (189 up- and 137 down-regulated), 67
were equally affected by the allyl-ITC treatment (44 up-
and 23 down-regulated) (Additional file 3D). The numbers
of genes differentially regulated by the two conditions
were almost as high: 35 genes upregulated by H2O2 but
downregulated by allyl-ITC, 18 genes downregulated by
H2O2 but upregulated by allyl-ITC (data not shown).
From these analyses, it seems clear to us that the

transcriptional response to allyl-ITC cannot just be ex-
plained by ITC causing an oxidative burst. We identified a
certain overlap between the allyl-ITC and oxidative stress
responses, but this cannot be attributed to one particular
ROS or oxidative stress condition. ROS production can
occur at multiple locations in plant cells, such as chloro-
plasts, peroxisomes, mitochondria and on the outer sur-
face of the plasma membrane. Such an extracellular burst
of superoxide resulting from NADPH oxidase activity and
the subsequent production of H2O2 are key features of the
plant defence response [126, 127]. As GSL degradation

products have well established roles in plant resistance, we
analysed in more detail the allyl-ITC response in this re-
spect in the next paragraph.

Allyl-ITC and the perception of elicitors and effectors
Pattern recognition receptors (PRRs) at the plant cell
surface can perceive the presence of pathogens by sensing
pathogen/microbe-associated molecular patterns (PAMPs/
MAMPs) and signals originating from the damaged plant
(damage-associated molecular patterns; DAMPs). Recogni-
tion of PAMPs or DAMPs triggers a cascade of events,
called PAMP-triggered immunity (PTI), which includes ion
fluxes across the plasma membrane, generation of ROS, ac-
tivation of mitogen-activated protein kinases (MAPKs) and
transcriptional activation of genes. Successful pathogens
can suppress PTI by excreting so-called effectors into the
plant cell. When these effectors are perceived, typically by
intracellular nucleotide-binding leucine-rich repeat (NB-
LRR) proteins, the effector-triggered immunity (ETI) re-
sponse, which is often accompanied by the so-called
hypersensitive response characterized by rapid cell death,
is triggered and leads to plant resistance [128].
PRRs can be divided into receptor-like kinases (RLKs),

with an extracellular ligand-binding domain and an intracel-
lular kinase domain, and receptor-like proteins (RLPs) that
lack an intracellular kinase domain. The ectodomains can
be of various types (e.g. leucine rich repeats (LRR), lysine
motifs (LysM), lectin domain) and the A. thaliana genome
contains several hundreds of genes encoding RLKs and
RLPs that could putatively be involved in plant defence as
PRRs, but only a few have been characterized so far [129].
RLKs and RLPs were not among the most highly respon-

sive genes upon allyl-ITC exposure. However several inter-
esting responses were observed (Fig. 10) that might point
towards the role of allyl-ITC acting as DAMP or triggering
the generation of DAMPs. The LRR-RLKs BAK1/SERK3
(At4g33430) and BKK1/SERK4 (At2g13790) that cooper-
ate in PAMP and DAMP signalling [130] were induced by
allyl-ITC (Fig. 10). Also PEPR1 (At1g73080) and PEPR2
(At1g17750) encoding LRR-RLKs that are the receptors of
the elicitor active small AtPep peptides [131] were induced
by allyl-ITC, in addition to the AtPep1 precursor gene
PROPEP1 (At5g64900) and two of its paralogs (PROPEP3/
At5g64905 and PROPEP5/At5g09990) [132]. Several other
LRR-RLK-encoding genes were induced by allyl-ITC treat-
ment at the different time points, but the roles of these
have not been described yet. Of particular interest for fur-
ther studies might be FRK1 (Flg22-induced receptor like
kinase 1/At2g19190) and At1g51790 that were transiently
induced at 30 min before being repressed at the later time
points, or At5g25930 and At1g05700 which were among
the most highly induced LRR-RLKs. The three genes en-
coding the LysM-RLKs LYK4 (At2g23770), LYK5
(At2g33580) and CERK1 (At3g21630), all involved in the
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recognition of the fungal cell wall PAMP chitin during
plant innate immunity [133–135], were induced by allyl-
ITC. WAKs (wall associated kinases) and WAKLs (WAK-
like) are RLKs whose ectodomain contains epidermal
growth factor-like repeats. WAK1 was identified as a re-
ceptor of oligogalacturonides (OGs), a DAMP generated
from the plant cell wall polysaccharide homogalacturonan
[136]. Nine of the 26 WAK/WAKL members were affected
by allyl-ITC, in particular WAKL2 (At1g16130) and
WAKL10 (At1g79680) (Fig. 10).
Lectin receptor kinases are another group of RLKs

implicated in plant innate immunity [137]. Genes encoding
the L-type lectin receptor kinases LecRK-IV.3 (At4g02410)
and LecRK-VI.2 (At5g01540) were the LecRK genes most
highly induced by allyl-ITC at 30 min and both LecRK are
involved in pathogen resistance [138, 139]. The G-type
At4g21390 and L-type At4g28350 (LecRK-VII.2) were the
most highly induced LecRKs at 1 h and 9 h. Although the
roles of most of the allyl-ITC induced lectin receptor kinases
have not yet been revealed, many LecRKs have been shown
to be particularly responsive to pathogens and PAMPs [140].

Receptor-like proteins (RLPs) have also been found to
play a role in disease resistance [141]. Several RLP-
encoding genes responded to allyl-ITC, the most highly in-
duced being presented in Fig. 10. The LRR-RLPs members
RLP30 (At3g05360) and RLP52 (At5g25910) are involved
in resistance to fungal pathogens [142, 143]. ReMAX/
RLP1 (At1g07390), with specificity for the bacterial pro-
teinaceous MAMP eMax [144], was rapidly induced by
allyl-ITC. Other, so far uncharacterized, RLPs showing an
early response (i.e. At1g71400/RLP12; At3g05370/RLP31)
and a strong response (i.e. At1g47890/RLP7) to allyl-ITC
constitute interesting candidates for further studies.
NB-LRRs, acting in ETI that limits the proliferation of

pathogens, constitute the major class of so-called R (resist-
ance) proteins [145]. They are highly polymorphic and are
classified based on the domains they contain [146, 147].
TIR-NB-LRR proteins contain an N-terminal Toll/

Interleukin-1 Receptor homology region. Thirty-nine of
the 94 TIR-NB-LRR-encoding genes identified by
Meyers et al. [146] were affected by allyl-ITC treatment
at one time point at least (Fig. 11; subgroups TNL-A to

Fig. 10 Effect of allyl-ITC on the expression of RLKs and RLPs. Changes in expression levels (log2 ratios) of selected RLKs and RLPs after 30 min,
1 h and 9 h of allyl-isothiocyanate treatment, compared to mock treatment. Only values for genes significantly affected at one time point at least
are indicated. The colour scale goes from blue (downregulated by allyl-ITC) to red (upregulated by allyl-ITC) and the extremes are set to cover the
range of the log2 ratios for the most affected genes in the whole dataset
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TNL-H). Two of these were downregulated at the 9 h
time point: At1g63880 which was implicated in resist-
ance to blackleg disease [148] and the uncharacterized

At5g46270. Of the thirty-seven upregulated genes a large
majority of 28 was induced highest at the 1 h time point
while the remaining nine genes were most induced at

Fig. 11 Effect of allyl-ITC on the expression of NB-LRRs. Changes in expression levels (log2 ratios) of NB-LRR-encoding genes after 30 min, 1 h and
9 h of allyl-ITC treatment, compared to mock treatment. The given NB-LRR subgroups are according to Meyers et al. [146]. Only values for genes
significantly affected at one time point at least are indicated. The colour scale goes from blue (downregulated by allyl-ITC) to red (upregulated by
allyl-ITC) and the extremes are set to cover the range of the log2 ratios for the most affected genes in the whole dataset
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the 9 h time point. Among these allyl-ITC responsive
genes were some characterized resistance genes such as
RPP1 (At3g44480), RPP4 (At4g16860), RPS6 (At5g46470),
WRR4/ADR2 (At1g56510) [149–152], although they were
not the most highly induced TIR-NB-LRR. The functions
of most of the TIR-NB-LRR have however not been
revealed yet. Hence, the most interesting TIR-NB-
LRR-encoding genes in our dataset may be the still
uncharacterized genes that were rapidly induced by
allyl-ITC (i.e. At1g63750, At4g19520, At5g41740 and
At5g41750) and those that were highly induced on at
least two of the time points (i.e. At1g57630, At4g14370,
At5g22690 and At5g58120) (Fig. 11).
Also eight genes classified as coding for TNs, TIR-NB

proteins lacking a LRR domain [146], were affected by
our allyl-ITC treatment. The genes At1g66090 (AtTN3)
and At1g72940 (AtTN11) were induced at all three time
points. AtTN3 was the NB-LRR gene that showed the
highest induction at each time point (i.e. log2 = 2.178 at
30 min; log2 = 5.923 at 1 h; log2 = 5.918 at 9 h) and was
overall amongst the top-induced genes (Additional file
1). The specific functions of these two TNs have not
been characterized yet but a role in plant defence has
been postulated. They are induced by abiotic and biotic
stresses, their transient expression leads to an EDS1 (en-
hanced disease susceptibility 1)-dependent HR cell death
and they are able to interact with elicitors [147, 153].
They constitute therefore interesting candidates to in-
vestigate further for their role in the allyl-ITC response.
Of the 30 TX genes encoding proteins with a TIR do-

main but no LRR or NB domains [154], four were af-
fected by the allyl-ITC treatment at any time point:
At5g45000 (AtTX26) was downregulated at 30 min;
At5g44910 (AtTX24) is upregulated at 30 min; while the
two closely related At1g65390 (AtTX10) and At2g32140
(AtTX14) were upregulated at 1 h and 9 h. Although the
specific functions of TX proteins are not yet known,
their role in basal resistance has been recently investi-
gated [153]. In particular, overexpression of At2g32140
(AtTX14) leads to activated expression of defence-related
genes and an EDS1-dependent dwarf phenotype [155].
Most NB-LRR proteins that do not contain a TIR do-

main contain an N-terminal CC (coiled coil) domain. Of
the 55 genes encoding CC-NB-LRR proteins [146], 13
genes were moderately upregulated by the allyl-ITC treat-
ment at one time point at least (Fig. 11). These include
the characterized resistance genes ADR1 (At1g33560),
ADR1-L2 (At5g04720), RPS2 (At4g26090) and ZAR1
(At3g50950) [156–159].
Interestingly, some known R genes and plant defence-

related genes were not affected by the allyl ITC treat-
ment. For example the two R genes RPM1 (At3g07040),
encoding a CC-NBs-LRR, and RPS4 (At5g5250), encod-
ing a TIR-NB-LRR, signalling respectively through

NDR1 (non-race specific disease resistance 1) and EDS1
were not significantly affected [162, 163]. Of these two
major components in R gene-dependent defence activa-
tion EDS1 (At3g48090) was induced at 1 h while NDR1
(At3g20600) was not affected by the allyl-ITC treatment
(Additional file 1). Some, but not all, NB-LRR–mediated
ETI responses require accumulation of SA, which in
turn controls transcriptional reprogramming through
NPR1 (nonexpresser of PR genes 1; At1g64280). How-
ever NPR1 was not induced in our dataset. Also the
pathogen stress and SA signalling pathway markers PR1
(pathogenesis-related protein 1; At2g14610) and PR2
(At3g57260), and the plant defensins PDF1.2a (At5g44420)
and PDF1.2b (At2g26020) were not affected by the allyl-
ITC treatment.
GO-category analysis (Fig. 3) and the transcriptional

changes of many defence-related genes (Additional file 1)
such as the RLKs and RLPs described here, indicate that
allyl-ITC triggers an immune response. The mechanisms
remain unknown and the possibility that GSL-degradation
products - allyl-ITC in the present case - might trigger
this response by being perceived as DAMPs by a receptor,
such as one of those described above, either directly or in-
directly constitutes an interesting aspect worthy of further
investigations. It could indeed be conceived that ITCs in-
duce a receptor triggered response by changing the con-
formation of the receptor or that of a protein interacting
with the receptor protein(s) in question (guard model;
[160]). In animal systems ITCs have been shown to target
proteins, triggering conformational changes and/or activa-
tion [164, 165]. Alternatively, receptor protein(s) could be
activated by ITC-induced physiological changes by ana-
logy to the mammalian NLRP3 receptor that is activated
by various danger signals (e.g. PAMPs, DAMPs and envir-
onmental irritants) [161].

Allyl-ITC and the triggering of cell death mechanisms
As mentioned above, programmed cell death (PCD) is
a characteristic of the hypersensitive response (HR)
during ETI. A recent study reported that the 4-
methylsulphinylbutyl-ITC (sulforaphane) could induce
PCD during HR [40]. The PCD during HR is charac-
terized as “non-autolytic” and is often shown to be
preceded by influx of calcium into the cytoplasm, ac-
tivation of a MAPK signalling cascades, production of
reactive oxygen intermediates and nitric oxide, and
biosynthesis of SA [166]. PCD can also be mediated
by the so-called ER stress which is due to the accu-
mulation of un/misfolded proteins in the ER [167].
Our dataset revealed an overrepresentation of genes
associated with cell death amongst those induced by
allyl-ITC (Fig. 3), although the way gene expression
was changed was not always in the sense of cell death
promotion. Interestingly, it has recently been shown that
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the indole-GSL breakdown products indole-3-acetonitrile
(IAN) and indole-3-carbinol (I3C), although not structur-
ally related to ITCs, are able to attenuate PCD induced by
the mycotoxin fumonisin B1 [168].
As described above, several TIR-NB-LRR-encoding

genes were induced by the allyl-ITC treatment. Also
three genes that form a signalling module integrating
redox signals in a chain of events leading to PCD medi-
ated by TIR-NB-LRR receptors [169], namely EDS1
(At3g48090), PAD4 (At3g52430) and SAG101 (At5g14930),
were induced at 1 h (Fig. 12). It has also been shown that
EDS1-dependent cell death can be induced when some, but
not all, TN proteins, TX proteins or the TIR domain of
TIR-NB-LRR proteins are transiently expressed [153, 170].
Of the five TN/TXs showing this effect [153], three had
increased gene expression after allyl-ITC treatment:
At1g66090 (AtTN3), At1g72930 (AtTN10) and At1g72940
(AtTN11) (Figs. 11 and 12).
Among CC-NB-LRR-encoding genes that were in-

duced by allyl-ITC (Fig. 11), ADR1 (At1g33560) and

AtNRG1.2 (At5g66910), have been shown to induce HR
as part of a defence response when their atypical CC-
domains (called CCR) were transiently expressed [171].
It was speculated that they might sense indirect cellular
insults or act downstream of canonical NB-LRR proteins
in disease resistance [171]. Such a role as “helper NB-
LRRs” was verified for three ADR1 family members, and
the triple mutant exhibited compromised HR [156].
The three general repressors of cell death BAP1

(At3g61190), BAP2 (At2g45760) and their interaction
partner BON1 (At5g61900) are induced by the allyl-ITC
treatment (Fig. 12). It has previously been shown that
BAP transcripts are induced by a number of biotic and
abiotic stimuli and that overexpression of BAP1 and
BON1 delays HR induced by two avirulent strains of the
bacterium Pseudomonas syringae and cell death induced
by the ROS-generating herbicide paraquat [172].
Also MLO6 (At1g61560), which belongs to the MIL-

DEW RESISTANCE LOCUS O family of negative regula-
tors of cell death [173], was induced at 1 h and 9 h.

Fig. 12 Cell death-related genes affected by allyl-ITC. Changes in expression levels (log2 ratios) of genes involved in cell death mechanisms after
30 min, 1 h and 9 h of allyl-ITC treatment, compared to mock treatment. Only values for genes significantly affected at one time point at least are
indicated. The colour scale goes from blue (downregulated by allyl-ITC) to red (upregulated by allyl-ITC) and the extremes are set to cover the
range of the log2 ratios for the most affected genes in the whole dataset. Genes are listed in the order they are described in the text
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Overexpression of plant cell death suppressor BI-1
(bax inhibitor 1) proteins has shown to suppress cell
death induced by a variety of factors: mammalian Bax
(BCL2-associated X protein), pathogen attack, abiotic
stresses, chemically-induced oxidative stresses [174]. AtBI-1
(At5g47120; bax inhibitor 1) [175–177] and the three
closely related genes encoding LFG4 (At1g03070), LFG3
(At4g02690) and LFG2 (At3g63310), belonging to the bax
inhibitor-1 family and possibly inhibiting cell death [178],
were all highly induced at 1 h and 9 h. Homologues of the
mammalian pro- and anti-apoptotic proteins Bax and
Bcl-2, respectively, have not yet been identified in
plants. However, seven homologues of mammalian Bcl-
2–associated athanogene (BAG) proteins, cytoprotec-
tive proteins acting as chaperone regulators that inter-
act with HSP70 and HSC70 proteins, have been
described for A. thaliana [179]. Allyl-ITC treatment for
1 h and 9 h induces the expression of genes encoding
BAG5 (At1g12060) and BAG6 (At2g46240). BAG 6 was
among the top 10 allyl-ITC induced genes at the 1 h time
point (Additional file 1). Both proteins contain in addition
to the BAG domain (BD) a calmodulin-binding motif, a
special feature of some plant BAG proteins [110]. BAG6
was characterized as a stress (SA, H2O2, heat) responsive
protein that is able to bind calmodulins (in a Ca2+-inde-
pendent manner) but not AtHSC70-1 in vitro and that,
unexpectedly, induces PCD [111]. Another report how-
ever postulated that BAG6 has a cytoprotective role,
promotes basal resistance to the necrotrophic fungus Bo-
trytis cinerea and retards plant senescence [110]. Except
for the finding that BAG5 (At1g12060) was able to bind
AtHSC70-1 in vitro [111], little is known about the role of
this BAG family member in plants.
Other actors with potential cell death regulatory func-

tion are metacaspases (MCs), and A. thaliana possesses
nine MC-encoding genes [180]. The expression of
AtMC1 (At1g02170) and AtMC2 (At4g25110), coding
for two metacaspases that have antagonistic functions in
regulating HR-associated cell death [181], responded dif-
ferently to the allyl-ITC treatment. While the positive
regulator of cell death AtMC1 was induced, the negative
regulator of cell death AtMC2 was repressed at the last
time point tested. In addition, the gene encoding LSD1
(lesion simulating disease 1; At4g20380), which is a
negative cell death regulator and interacts with AtMC1
[181, 182], was upregulated at the 9 h time point. On
the other hand, LOL1 (LSD one like 1; At1g32540), with
homology to LSD1 and considered a positive regulator
of cell death [183], was downregulated. Another metacas-
pase, the positive regulator of oxidative stress-induced cell
death AtMC8 (At1g16420; [184]) was induced at all three
time points, particularly at 1 h and 9 h. The yet uncharac-
terized AtMC7 (At1g79310) was downregulated at the 30
min time point. Interestingly, AtMC4 (At1g79340), a

positive regulator that contributes to cell death activation
during oxidative stress and host–pathogen defence re-
sponses [185] was not significantly affected by allyl-ITC. It
should be noted that post-translational control mecha-
nisms and protein-protein interactions have been de-
scribed to affect metacaspases [186] and our
transcriptional profiling may hence not give the whole
picture of how allyl-ITC affects metacaspases during
its putative induction of cell death.
Several adverse biotic and abiotic environmental fac-

tors can lead to endoplasmic reticulum (ER) stress as the
capacity of the protein folding and ER-associated deg-
radation (ERAD) machinery is exceeded. This triggers a
stress mitigation mechanism called unfolded protein
response (UPR). ER stress sensors located on the ER
membrane initiate the UPR signalling pathway that can
ultimately lead to PCD. Two branches of the UPR sig-
nalling pathway have been identified in plants so far: the
IRE and the bZIP28/bZIP17 (homologous to IRE and
ATF6 in animals, respectively) [187].
Plant IRE1s (encoded by two genes in A. thaliana) are

localized to the ER membrane, possess kinase and
endoribonuclease domains, and in response to ER stress
IRE1 splices the mRNA encoding bZIP60 [188]. Al-
though neither IRE1-1/IRE1b (At5g24360) nor IRE1-2/
IRE1a (At2g17520) were affected by allyl-ITC, bZIP60
(At1g42990) was induced at 1 h and 9 h (Fig. 12). The
spliced bZIP60 mRNA is translated, the protein trans-
locates to the nucleus and activates directly UPR genes
such as genes encoding chaperones of the HSP70
family called BIPs (luminal-binding proteins). BIP1
(At5g28540), BIP2 (At5g42020) and BIP3 (At1g09080)
were induced at 9 h allyl-ITC treatment (Fig. 12).
bZIP60 also activates the transcription factors NAC062
(At3g49530), induced by allyl-ITC, and NAC103
(At5g64060) which then activate UPR genes such as
CNX1 (calnexin 1; At5g61790), CRT1 (calreticulin 1;
At5g56340) and PDI5 (protein disulfide isomerase 5;
At1g21750) [189, 190]. The other pathway is mediated by
bZIP28 and bZIP17 that are also localized to the ER mem-
brane under normal conditions [191]. While bZIP28
(At3g10800) was induced after 1 h and 9 h of allyl-ITC
exposure, bZIP17 (At2g40950) was not affected. Upon ER
stress, they are transported to the Golgi where they are
proteolytically cleaved and then translocate to the nucleus,
where they induce UPR genes. bZIP28 forms a transcrip-
tional complex with a NF-YA4/NF-YB3/NF-YC2 (nuclear
factor Y) trimer, leading to the induction of genes like
BIP3, SDF2 (stromal cell derived 2), CNX1, PDI5 and
NF-YC2 [191]. NF-YC2 (At1g56170) was upregulated
at 9 h; NF-YB3 (At4g14540) was downregulated at 9
h while the expression of NF-YA4 (At2g34720) was
not affected by the allyl-ITC treatment. Also other
markers for ER stress and UPR were not induced
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such as CNX1 (At5g61790), AtCRT1 (At5g56340),
SDF2 (At2g25110), NAC089 (At5g22290) transcription
factor [192] or any of the six PDI genes induced by
chemical ER stress inducers [193].
However genes reported to be induced by tunicamycin,

a typical ER stress agent that elicits UPR, were also in-
duced by allyl-ITC, such as TIN1 (tunicamycin induced 1;
At5g64510), DJB9/TMS1 (DnaJ B9/thermosensitive male
sterile 1; At3g08970), HSP70-4 (At3g12580) and the
already mentioned AtBI-1 (At5g47120) [177, 188, 194–
197] (Fig. 12). The allyl-ITC treatment also lead to the
downregulation of genes (mostly after 9 h) that were re-
ported to be downregulated by tunicamycin, such as the
cell death antagonist KTI1 (kunitz trypsin inhibitor 1;
At1g73260) [198], PR4 (At3g04720), PER45 (peroxidase
45; At4g30170) and OSM34 (osmotin 34; At4g11650)
(Fig. 12).
Based on these expression profiles, it is possible that

ITCs trigger an ER stress and an UPR response, leading
ultimately to PCD. As different environmental condi-
tions and chemical compounds can lead to ER stress, it
is however difficult to pinpoint at how ITC might trigger
ER stress. As discussed previously, ITCs might either
directly affect the folding of proteins or might through
the depletion of GSH affect the oxidizing status of the
ER and hence the disulphide bond formation involved in
protein folding. ITC might also lead to ER stress by trig-
gering an oxidative stress. Hence, the action of allyl-ITC
through this pathway is worth being further investigated,
e.g. by using chemical chaperones in conjunction with
allyl-ITC to reduce the load of misfolded proteins in the
ER. Also, as it was shown that sulforaphane and benzyl-
ITC, but not isopropyl-ITC, led to cell death [40], a lar-
ger range of ITCs should be tested. Cell death triggered
by sulforaphane was observable 24 h after infiltration
[40]. Most of the ER stress and UPR genes that responded
to our allyl-ITC treatment were affected at the latest (9 h)
time point that we assessed. It would therefore be interest-
ing to see if other hallmarks of this pathway can be
detected after a longer exposure to allyl-ITC.
Due to the spatial separation of GSLs and myrosinases

in the intact plant cell [199] endogenous ITC generated
upon cell rupture and exogenously applied ITC might be
expected to act to a great degree in the apoplast and
cytosol. Plants possess a mechanism to sense misfolded
proteins in the cytosol, the so-called cytosolic protein re-
sponse (CPR). Upon stress-triggered accumulation of
misfolded proteins in the cytosol, HSP70/HSP90 chaper-
ones are recruited. This disturbs the interaction between
HSPs and Hsfs that is responsible for maintaining pro-
tein homeostasis. The released Hsfs trimerize to form
active transcription factor complexes that get imported
into the nucleus and activate the transcription of HSPs.
Upon restoration of normal levels of free chaperones,

Hsfs are inactivated by binding of the HSP70 machinery
[64, 74]. Hence, the CPR is a subcomponent of the wider
heat shock response already discussed earlier in this art-
icle. When comparing transcriptional features attributed
to CPR [74] with the transcriptional response to allyl-
ITC, a large overlap was detected within the induced
response: of the 148 upregulated genes of the CPR, 111
genes were induced by allyl-ITC after 1 h and 132 genes
were induced by allyl-ITC after 9 h (Additional file 4A
and B). Many HSPs and Hsfs, including HsfA2 that was
identified as one of the regulatory components of CPR
in A. thaliana [74], were induced in the CPR and by
allyl-ITC. The list contains also many genes encoding
other transcription factors and genes encoding proteins
involved in protein degradation. The overlap in down-
regulated genes between the two conditions is much
more restricted: of the 89 CPR-repressed genes, 19 and
30 were downregulated by allyl-ITC at 1 h and 9 h
respectively (Additional file 4C and D). Interestingly
however, eight of these 19 genes are known to be in-
duced by auxin, and include genes such as IAA1/AXR5
(At4g14560), ACS4 (ACC synthase 4; At2g22810); the
homeobox-leucine zipper HAT2 (At5g47370) and three
SAUR (small auxin-up RNAs) genes [200–204]. It might
be that allyl-ITC exerts an auxin-antagonistic action, as
has recently been shown for indole-3-carbinol [205], a
degradation product of indole-3-methyl-GSL. Also
other signalling molecules such as oligogalacturonides
(OGs) have been reported to inhibit the induction of
certain auxin responsive genes [206]. Another possible
explanation might be that the allyl-ITC-triggered
production of H2O2 suppresses the activation of
auxin-inducible genes [207, 208]. In this context it is
noteworthy that one of the few SAUR genes induced
by allyl-ITC, SAUR35 (At4g12410), was also induced
during the CPR [74].
Characteristic features of the cytosolic protein response

at the transcriptional level are hence part of the larger
allyl-ITC response. The mechanism(s) through which
allyl-ITC triggers this response and its outcome seem
therefore to be interesting aspects deserving further
investigations.

Conclusion
Exposure of Arabidopsis thaliana to vapours of allyl-ITC
triggered a rapid and substantial transcriptional response
affecting numerous biological processes. For the purpose
of this paper a few affected key processes were selected
for a more detailed description of the genes involved:
glucosinolate metabolism, sulphate uptake and assimila-
tion, heat stress response, oxidative stress response,
elicitor perception, plant defence and cell death mecha-
nisms. These were chosen so as to relate transcriptional
changes to the biosynthetic steps related to the
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generation of ITCs, to identify gene regulations that
might be involved in the observed effects of ITC on
plants reported in the literature and to present some av-
enues for further investigations in order to decipher the
molecular mechanisms underlying the effects caused by
ITCs in plants.

Methods
Plant material and growth conditions
Seeds of the A. thaliana accession Col-0 were surface
sterilised and sown on Petri dishes (9 cm diameter)
containing solid in vitro cultivation medium consist-
ing of ½ x Murashige and Skoog basal salt mixture
(Sigma-Aldrich, Saint Louis, USA), 2 % sucrose, 0.6 %
phytoagar (w/v), pH 5.7. Seeds were stratified for 2
days at 4 °C before being transferred to a controlled
growth chamber under a 16 h photoperiod (light in-
tensity: 75 μmol.m-2.sec-1) at 21-23 °C.

Exposure to allyl-isothiocyanate
Allyl-isothiocyanate (Sigma-Aldrich, Saint Louis, USA; Cat
Nb 377430) was freshly diluted in commercial rape seed
oil to a concentration of 0.05 M and 200 μl of this solution
was applied to a piece of filter paper that was placed into a
14-cm diameter Petri dish. Exposure to allyl-isothiocyanate
was obtained by putting a 9-cm dish (lid removed) contain-
ing ten-day old A. thaliana plants into this 14-cm diameter
dish for 30 min, 1 h or 9 h. The plants were hence exposed
to vapours of allyl-isothiocyanate in a closed atmosphere.
The control consisted of filter paper onto which 200 μl of
rape seed oil was applied.

Microarray analysis
For microarray experiments, A. thaliana plants from the
isothiocyanate and the control treatment were processed
simultaneously at each time point through the following
procedure. Shoots (including rosette leaves and hypocotyl)
of the in vitro grown plantlets were harvested separately
from two individual Petri dishes and immediately flash-
frozen in liquid N2. The harvested tissue was stored at -80
°C until further processing. Frozen plant tissue was
submitted to two disruption cycles with a TissueLyser II
(Qiagen, Hilden, Germany) for 2 min at 25 Hz, using 2 ml
tubes containing a 5 mm stainless steel bead. The Tissue-
Lyser adaptors used for the first disruption cycles, tubes
and beads were prefrozen at -80 °C. Total RNA was ex-
tracted with the Spectrum Plant Total RNA kit (Sigma-Al-
drich, Saint Louis, USA) as described by the supplier, but
with lysis solution being added to the plant tissue between
the two disruption cycles. An on-column DNase digestion
was performed using the RNase-Free DNase Set (Qiagen,
Hilden, Germany) to eliminate genomic DNA. RNasin
(Promega, Madison, USA) was added to the RNA to a final
concentration of 1 U/μl. Total RNA was quantified with a

NanoDrop ND-1000 (Nanodrop, Delaware, USA) and RNA
quality was verified by formaldehyde gel electrophoresis.
Total RNA (200 ng) isolated as described above was reverse
transcribed, amplified and labelled using the Low Input
Quick Amp Labeling Kit, One-Color (Agilent Technolo-
gies, CatNb 5190–2305). 1650 ng cRNA from each sample
was fragmented and hybridized on 4 × 44 K Arabidopsis
(V4) Gene Expression Microarray (Agilent Technologies,
CatNb G2519F-021169) in an Agilent G2545A
Hybridization rotary oven (10 rpm, 65 °C, 17.5 h).
Hybridization was performed with the Gene Expression
Hybridization Kit (Agilent Technologies, CatNb 5188–
5242). The slides were washed with buffer 1 & 2 from
Gene Expression Wash Buffer kit (Agilent Technologies,
CatNb 5188–5327) and scanned twice at 5 μm resolution
on a laser scanner (Agilent Technologies G2505 B), using
the “dynamic range expander” option in the scanner soft-
ware. The resulting images were processed using Agilent
Feature Extraction software v9.5.

Statistical analysis of microarray data
The microarray data were preprocessed using the Limma
package (version 3.2.3) as implemented in R [209]. Spots
identified as feature outliers were excluded from ana-
lysis, and weak or non-detected spots were given re-
duced weight (0.5). The data were normalized using
quantile normalization and no background subtraction
was performed. The Benjamini and Hochberg's method
was used to estimate the false discovery rate [210].
Values are an average of all probes mapping to the gene
in question. Genes with an adjusted p-value below 0.05
were considered to be statistically significant differen-
tially expressed but only genes whose expression is
affected by log2 ≥ 1 or ≤ -1 are discussed in the text.
The study is MIAME-compliant and raw microarray
data files have been deposited in the Gene Expression
Omnibus (GEO accession number: GSE81634).

Representation of microarray data
Comparison between gene expression profiles within our
dataset and between our dataset and publicly available
datasets were done using the BioVenn web application
[211]. Analysis of gene ontology categories overrepre-
sented in the transcriptional response to allyl-ITC was
performed using the Cytoscape plugin BiNGO using a
hypergeometric test with a Benjamini & Hochberg False
Discovery Rate (FDR) correction and a significance level
of 0.05 [212].

Additional files

Additional file 1: List of genes whose expression is significantly affected
(P < 0.05 and log2 ≥ 1 or ≤ -1) by the allyl-ITC treatment at one of the
three time points. (PDF 1744 kb)
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Additional file 2: Comparison of allyl-ITC-induced genes and
MBF1C-dependent genes. (XLSX 19 kb)

Additional file 3: Comparison of the allyl-ITC response with oxidative
stress responses. (XLSX 230 kb)

Additional file 4: Comparison of the transcriptional response to allyl-ITC
with the CPR response. (XLSX 85 kb)

Acknowledgements
We thank Torfinn Sparstad for excellent technical assistance. This paper is
dedicated to the memory of Ole Petter Thangstad.

Funding
This study was supported by the Research Council of Norway through the grants
214329 and 184146, and a PhD grant from The Norwegian University of Science
and Technology to Anders Øverby. The Functional Genomics (FUGE) Mid-Norway
programme provided funding to conduct the microarray experiment. The funding
bodies were not involved in the design of the study and collection, analysis, and
interpretation of data or in writing the manuscript.

Availability of data and materials
The datasets generated during and/or analysed during the current study are
available in the Gene Expression Omnibus (GEO) repository, http://
www.ncbi.nlm.nih.gov/geo/, under the accession number GSE81634.

Authors’ contributions
RK interpreted the microarray data and wrote the manuscript. AØ, AMB and
PW designed the study. AØ conducted the experiment. PW performed the
statistical analysis of microarray data. AØ and AMB secured funding. All
authors read and approved the final manuscript.

Authors’ informations
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Author details
1Department of Biology, Norwegian University of Science and Technology
(NTNU), NO-7491 Trondheim, Norway. 2Present address: Center for Clinical
Pharmacy and Clinical Sciences, School of Pharmaceutical Sciences, Kitasato
University, Minato-ku, Tokyo, Japan.

Received: 24 February 2016 Accepted: 24 August 2016

References
1. Bones AM, Rossiter JT. The myrosinase-glucosinolate system, its organisation

and biochemistry. Physiol Plant. 1996;97(1):194–208.
2. Bones AM, Rossiter JT. The enzymic and chemically induced decomposition

of glucosinolates. Phytochemistry. 2006;67(11):1053–67.
3. Dinkova-Kostova AT, Kostov RV. Glucosinolates and isothiocyanates in health

and disease. Trends Mol Med. 2012;18(6):337–47.
4. Wittstock U, Kliebenstein DJ, Lambrix V, Reichelt M, Gershenson J.

Glucosinolate hydrolysis and its impact on generalist and specialist insect
herbivores. In: Romeo JT, editor. Integrative Phytochemistry: from Ethnobotany
to Molecular Ecology, vol. 37. Amsterdam: Elsevier; 2003.
p. 101–25.

5. Hopkins RJ, van Dam NM, van Loon JJA. Role of glucosinolates in insect-
plant relationships and multitrophic interactions. Annu Rev Entomol.
2009;54:57–83.

6. Buxdorf K, Yaffe H, Barda O, Levy M. The effects of glucosinolates and their
breakdown products on necrotrophic fungi. PLoS One. 2013;8(8), e70771.

7. Fan J, Crooks C, Creissen G, Hill L, Fairhurst S, Doerner P, et al. Pseudomonas
sax genes overcome aliphatic isothiocyanate-mediated non-host resistance
in Arabidopsis. Science. 2011;331(6021):1185–8.

8. Bones AM, Hara M, Rossiter JT, Kissen R. Physiology and cellular mechanisms
of isothiocyanates and other glucosinolate degradation products in plants.
Front Plant Sci. 2015;6:1105.

9. Bangarwa SK, Norsworthy JK, Gbur EE, Zhang J, Habtom T. Allyl
isothiocyanate: a methyl bromide replacement in polyethylene-mulched
bell pepper. Weed Technol. 2011;25(1):90–6.

10. Handiseni M, Brown J, Zemetra R, Mazzola M. Herbicidal activity of
Brassicaceae seed meal on wild oat (Avena fatua), italian ryegrass (Lolium
multiflorum), redroot pigweed (Amaranthus retroflexus), and prickly lettuce
(Lactuca serriola). Weed Technol. 2011;25(1):127–34.

11. Hara M, Harazaki A, Tabata K. Administration of isothiocyanates enhances
heat tolerance in Arabidopsis thaliana. Plant Growth Regul. 2013;69(1):71–7.

12. Hara M, Yatsuzuka Y, Tabata K, Kuboi T. Exogenously applied isothiocyanates
enhance glutathione S-transferase expression in Arabidopsis but act as
herbicides at higher concentrations. J Plant Physiol. 2010;167(8):643–9.

13. Hossain MS, Ye W, Hossain MA, Okuma E, Uraji M, Nakamura Y, et al.
Glucosinolate degradation products, isothiocyanates, nitriles, and
thiocyanates, induce stomatal closure accompanied by peroxidase-
mediated reactive oxygen species production in Arabidopsis thaliana. Biosci
Biotechnol Biochem. 2013;77(5):977–83.

14. Khokon MA, Jahan MS, Rahman T, Hossain MA, Muroyama D, Minami I, et al.
Allyl isothiocyanate (AITC) induces stomatal closure in Arabidopsis. Plant Cell
Environ. 2011;34(11):1900–6.

15. Øverby A, Baevre MS, Thangstad OP, Bones AM. Disintegration of
microtubules in Arabidopsis thaliana and bladder cancer cells by
isothiocyanates. Front Plant Sci. 2015;6:6.

16. Øverby A, Stokland RA, Asberg SE, Sporsheim B, Bones AM. Allyl isothiocyanate
depletes glutathione and upregulates expression of glutathione S-transferases
in Arabidopsis thaliana. Front Plant Sci. 2015;6:277.

17. Åsberg SE, Bones AM, Øverby A. Allyl isothiocyanate affects the cell cycle of
Arabidopsis thaliana. Front Plant Sci. 2015;6:364.

18. Sporsheim B, Øverby A, Bones AM. Allyl isothiocyanate inhibits actin-dependent
intracellular transport in Arabidopsis thaliana. Int J Mol Sci. 2015;16(12):26154.

19. Fahey JW, Zalcmann AT, Talalay P. The chemical diversity and distribution of
glucosinolates and isothiocyanates among plants. Phytochemistry.
2001;56(1):5–51.

20. Kliebenstein DJ, Kroymann J, Brown P, Figuth A, Pedersen D, Gershenzon J,
et al. Genetic control of natural variation in Arabidopsis glucosinolate
accumulation. Plant Physiol. 2001;126(2):811–25.

21. Pfalz M, Mikkelsen MD, Bednarek P, Olsen CE, Halkier BA, Kroymann J.
Metabolic engineering in Nicotiana benthamiana reveals key enzyme
functions in Arabidopsis indole glucosinolate modification. Plant Cell.
2011;23(2):716–29.

22. Gigolashvili T, Berger B, Mock HP, Muller C, Weisshaar B, Fluegge UI. The
transcription factor HIG1/MYB51 regulates indolic glucosinolate biosynthesis
in Arabidopsis thaliana. Plant J. 2007;50(5):886–901.

23. Sønderby IE, Geu-Flores F, Halkier BA. Biosynthesis of glucosinolates - gene
discovery and beyond. Trends Plant Sci. 2010;15(5):283–90.

24. Geu-Flores F, Moldrup ME, Bottcher C, Olsen CE, Scheel D, Halkier BA.
Cytosolic gamma-glutamyl peptidases process glutathione conjugates in
the biosynthesis of glucosinolates and camalexin in Arabidopsis. Plant Cell.
2011;23(6):2456–69.

25. Bednarek P, Pislewska-Bednarek M, Svatos A, Schneider B, Doubsky J,
Mansurova M, et al. A glucosinolate metabolism pathway in living plant cells
mediates broad-spectrum antifungal defense. Science. 2009;323(5910):101–6.

26. Kong XY, Kissen R, Bones AM. Characterization of recombinant nitrile-
specifier proteins (NSPs) of Arabidopsis thaliana: dependency on Fe(II) ions
and the effect of glucosinolate substrate and reaction conditions.
Phytochemistry. 2012;84:7–17.

27. Zhang ZY, Ober JA, Kliebenstein DJ. The gene controlling the quantitative
trait locus EPITHIOSPECIFIER MODIFIER1 alters glucosinolate hydrolysis and
insect resistance in Arabidopsis. Plant Cell. 2006;18(6):1524–36.

28. Vorwerk S, Biernacki S, Hillebrand H, Janzik I, Müller A, Weiler EW, et al.
Enzymatic characterization of the recombinant Arabidopsis thaliana
nitrilase subfamily encoded by the NIT2/NIT1/NIT3-gene cluster. Planta.
2001;212(4):508–16.

29. Janowitz T, Trompetter I, Piotrowski M. Evolution of nitrilases in
glucosinolate-containing plants. Phytochemistry. 2009;70(15-16):1680–6.

Kissen et al. BMC Genomics  (2016) 17:740 Page 22 of 26

dx.doi.org/10.1186/s12864-016-3039-x
dx.doi.org/10.1186/s12864-016-3039-x
dx.doi.org/10.1186/s12864-016-3039-x
http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/


30. Zhang Y, Kolm RH, Mannervik B, Talalay P. Reversible conjugation of
isothiocyanates with glutathione catalyzed by human glutathione
transferases. Biochem Biophys Res Commun. 1995;206(2):748–55.

31. Meyer DJ, Crease DJ, Ketterer B. Forward and reverse catalysis and product
sequestration by human glutathione S-transferases in the reaction of GSH
with dietary aralkyl isothiocyanates. Biochem J. 1995;306:565–9.

32. Kassahun K, Davis M, Hu P, Martin B, Baillie T. Biotransformation of the naturally
occurring isothiocyanate sulforaphane in the rat: identification of phase I
metabolites and glutathione conjugates. Chem Res Toxicol. 1997;10(11):1228–33.

33. Schramm K, Vassao DG, Reichelt M, Gershenzon J, Wittstock U. Metabolism
of glucosinolate-derived isothiocyanates to glutathione conjugates in
generalist lepidopteran herbivores. Insect Biochem Mol Biol.
2012;42(3):174–82.

34. Dinkova-Kostova AT. Chemoprotection against cancer by isothiocyanates: a
focus on the animal models and the protective mechanisms. Top Curr
Chem. 2013;329:179–201.

35. Dixon DP, Davis BG, Edwards R. Functional divergence in the glutathione
transferase superfamily in plants. Identification of two classes with putative
functions in redox homeostasis in Arabidopsis thaliana. J Biol Chem.
2002;277(34):30859–69.

36. Queval G, Thominet D, Vanacker H, Miginiac-Maslow M, Gakiere B, Noctor G.
H2O2-activated up-regulation of glutathione in Arabidopsis involves
induction of genes encoding enzymes involved in cysteine synthesis in the
chloroplast. Mol Plant. 2009;2(2):344–56.

37. Ohkama-Ohtsu N, Radwan S, Peterson A, Zhao P, Badr AF, Xiang C, et al.
Characterization of the extracellular gamma-glutamyl transpeptidases, GGT1
and GGT2, in Arabidopsis. Plant J. 2007;49(5):865–77.

38. Blum R, Beck A, Korte A, Stengel A, Letzel T, Lendzian K, et al. Function of
phytochelatin synthase in catabolism of glutathione-conjugates. Plant J.
2007;49(4):740–9.

39. Paulose B, Chhikara S, Coomey J, Jung HI, Vatamaniuk O, Dhankher OP. A
gamma-glutamyl cyclotransferase protects Arabidopsis plants from heavy
metal toxicity by recycling glutamate to maintain glutathione homeostasis.
Plant Cell. 2013;25(11):4580–95.

40. Andersson MX, Nilsson AK, Johansson ON, Boztas G, Adolfsson LE, Pinosa F,
et al. Involvement of the electrophilic isothiocyanate sulforaphane in
Arabidopsis local defense responses. Plant Physiol. 2015;167(1):251–61.

41. Takahashi H, Kopriva S, Giordano M, Saito K, Hell R. Sulfur assimilation in
photosynthetic organisms: molecular functions and regulations of
transporters and assimilatory enzymes. Annu Rev Plant Biol. 2011;62:157–84.

42. Koprivova A, Kopriva S. Molecular mechanisms of regulation of sulfate
assimilation: first steps on a long road. Front Plant Sci. 2014;5:589.

43. Vauclare P, Kopriva S, Fell D, Suter M, Sticher L, von Ballmoos P, et al. Flux control
of sulphate assimilation in Arabidopsis thaliana: adenosine 5′-phosphosulphate
reductase is more susceptible than ATP sulphurylase to negative control by
thiols. Plant J. 2002;31(6):729–40.

44. Hirai MY, Fujiwara T, Awazuhara M, Kimura T, Noji M, Saito K. Global
expression profiling of sulfur-starved Arabidopsis by DNA macroarray reveals
the role of O-acetyl-l-serine as a general regulator of gene expression in
response to sulfur nutrition. Plant J. 2003;33(4):651–63.

45. Nikiforova V, Freitag J, Kempa S, Adamik M, Hesse H, Hoefgen R.
Transcriptome analysis of sulfur depletion in Arabidopsis thaliana:
interlacing of biosynthetic pathways provides response specificity.
Plant J. 2003;33(4):633–50.

46. Maruyama-Nakashita A, Inoue E, Watanabe-Takahashi A, Yamaya T,
Takahashi H. Transcriptome profiling of sulfur-responsive genes in
Arabidopsis reveals global effects of sulfur nutrition on multiple metabolic
pathways. Plant Physiol. 2003;132(2):597–605.

47. Geu-Flores F, Nielsen MT, Nafisi M, Moldrup ME, Olsen CE, Motawia MS,
et al. Glucosinolate engineering identifies a gamma-glutamyl peptidase. Nat
Chem Biol. 2009;5(8):575–7.

48. Piotrowski M, Schemenewitz A, Lopukhina A, Muller A, Janowitz T, Weiler
EW, et al. Desulfoglucosinolate sulfotransferases from Arabidopsis thaliana
catalyze the final step in the biosynthesis of the glucosinolate core
structure. J Biol Chem. 2004;279(49):50717–25.

49. Falk KL, Tokuhisa JG, Gershenzon J. The effect of sulfur nutrition on plant
glucosinolate content: physiology and molecular mechanisms. Plant Biol.
2007;9(5):573–81.

50. Maruyama-Nakashita A, Nakamura Y, Tohge T, Saito K, Takahashi H.
Arabidopsis SLIM1 is a central transcriptional regulator of plant sulfur
response and metabolism. Plant Cell. 2006;18(11):3235–51.

51. Howarth JR, Parmar S, Barraclough PB, Hawkesford MJ. A sulphur deficiency-
induced gene, sdi1, involved in the utilization of stored sulphate pools
under sulphur-limiting conditions has potential as a diagnostic indicator of
sulphur nutritional status. Plant Biotechnol J. 2009;7(2):200–9.

52. Sirko A, Wawrzynska A, Rodriguez MC, Sektas P. The family of LSU-like
proteins. Front Plant Sci. 2015;5:774.

53. Barberon M, Berthomieu P, Clairotte M, Shibagaki N, Davidian JC, Gosti F.
Unequal functional redundancy between the two Arabidopsis thaliana
high-affinity sulphate transporters SULTR1; 1 and SULTR1; 2. New Phytol.
2008;180(3):608–19.

54. Kataoka T, Watanabe-Takahashi A, Hayashi N, Ohnishi M, Mimura T,
Buchner P, et al. Vacuolar sulfate transporters are essential determinants
controlling internal distribution of sulfate in Arabidopsis. Plant Cell.
2004;16(10):2693–704.

55. Kataoka T, Hayashi N, Yamaya T, Takahashi H. Root-to-shoot transport of
sulfate in Arabidopsis. Evidence for the role of SULTR3;5 as a component of
low-affinity sulfate transport system in the root vasculature. Plant Physiol.
2004;136(4):4198–204.

56. Martin MN, Tarczynski MC, Shen B, Leustek T. The role of 5′-adenylylsulfate
reductase in controlling sulfate reduction in plants. Photosynth Res.
2005;86(3):309–23.

57. Hubberten HM, Klie S, Caldana C, Degenkolbe T, Willmitzer L, Hoefgen R.
Additional role of O-acetylserine as a sulfur status-independent regulator
during plant growth. Plant J. 2012;70(4):666–77.

58. Watanabe M, Mochida K, Kato T, Tabata S, Yoshimoto N, Noji M, et al.
Comparative genomics and reverse genetics analysis reveal indispensable
functions of the serine acetyltransferase gene family in Arabidopsis. Plant
Cell. 2008;20(9):2484–96.

59. Mugford SG, Yoshimoto N, Reichelt M, Wirtz M, Hill L, Mugford ST,
et al. Disruption of adenosine-5′-phosphosulfate kinase in Arabidopsis
reduces levels of sulfated secondary metabolites. Plant Cell. 2009;21(3):
910–27.

60. Lee BR, Koprivova A, Kopriva S. The key enzyme of sulfate assimilation,
adenosine 5′-phosphosulfate reductase, is regulated by HY5 in Arabidopsis.
Plant J. 2011;67(6):1042–54.

61. Malitsky S, Blum E, Less H, Venger I, Elbaz M, Morin S, et al. The transcript
and metabolite networks affected by the two clades of Arabidopsis
glucosinolate biosynthesis regulators. Plant Physiol. 2008;148(4):2021–49.

62. Yatusevich R, Mugford SG, Matthewman C, Gigolashvili T, Frerigmann H,
Delaney S, et al. Genes of primary sulfate assimilation are part of the
glucosinolate biosynthetic network in Arabidopsis thaliana. Plant J.
2010;62(1):1–11.

63. Mittler R, Finka A, Goloubinoff P. How do plants feel the heat? Trends
Biochem Sci. 2012;37(3):118–25.

64. Scharf KD, Berberich T, Ebersberger I, Nover L. The plant heat stress
transcription factor (Hsf) family: structure, function and evolution. Biochim
Biophys Acta. 2012;1819(2):104–19.

65. Nishizawa A, Yabuta Y, Yoshida E, Maruta T, Yoshimura K, Shigeoka S.
Arabidopsis heat shock transcription factor A2 as a key regulator in response
to several types of environmental stress. Plant J. 2006;48(4):535–47.

66. Schramm F, Ganguli A, Kiehlmann E, Englich G, Walch D, von Koskull-Doring
P. The heat stress transcription factor HsfA2 serves as a regulatory amplifier
of a subset of genes in the heat stress response in Arabidopsis. Plant Mol
Biol. 2006;60(5):759–72.

67. Liu HC, Charng YY. Common and distinct functions of Arabidopsis class A1
and A2 heat shock factors in diverse abiotic stress responses and
development. Plant Physiol. 2013;163(1):276–90.

68. Liu HC, Liao HT, Charng YY. The role of class A1 heat shock factors (HSFA1s)
in response to heat and other stresses in Arabidopsis. Plant Cell Environ.
2011;34(5):738–51.

69. Nishizawa-Yokoi A, Nosaka R, Hayashi H, Tainaka H, Maruta T, Tamoi M, et al.
HsfA1d and HsfA1e involved in the transcriptional regulation of HsfA2
function as key regulators for the Hsf signaling network in response to
environmental stress. Plant Cell Physiol. 2011;52(5):933–45.

70. Yoshida T, Ohama N, Nakajima J, Kidokoro S, Mizoi J, Nakashima K, et al.
Arabidopsis HsfA1 transcription factors function as the main positive
regulators in heat shock-responsive gene expression. Mol Genet Genomics.
2011;286(5-6):321–32.

71. Ikeda M, Mitsuda N, Ohme-Takagi M. Arabidopsis HsfB1 and HsfB2b act as
repressors of the expression of heat-inducible Hsfs but positively regulate
the acquired thermotolerance. Plant Physiol. 2011;157(3):1243–54.

Kissen et al. BMC Genomics  (2016) 17:740 Page 23 of 26



72. Kumar M, Busch W, Birke H, Kemmerling B, Nurnberger T, Schoffl F. Heat shock
factors HsfB1 and HsfB2b are involved in the regulation of Pdf1.2 expression
and pathogen resistance in Arabidopsis. Mol Plant. 2009;2(1):152–65.

73. Larkindale J, Vierling E. Core genome responses involved in acclimation to
high temperature. Plant Physiol. 2008;146(2):748–61.

74. Sugio A, Dreos R, Aparicio F, Maule AJ. The cytosolic protein response as a
subcomponent of the wider heat shock response in Arabidopsis. Plant Cell.
2009;21(2):642–54.

75. Baniwal SK, Chan KY, Scharf KD, Nover L. Role of heat stress
transcription factor HsfA5 as specific repressor of HsfA4. J Biol Chem.
2007;282(6):3605–13.

76. Perez-Salamo I, Papdi C, Rigo G, Zsigmond L, Vilela B, Lumbreras V, et al.
The heat shock factor A4A confers salt tolerance and is regulated by
oxidative stress and the mitogen-activated protein kinases MPK3 and MPK6.
Plant Physiol. 2014;165(1):319–34.

77. Giesguth M, Sahm A, Simon S, Dietz KJ. Redox-dependent translocation of
the heat shock transcription factor AtHSFA8 from the cytosol to the nucleus
in Arabidopsis thaliana. FEBS Lett. 2015;589(6):718–25.

78. Chen H, Hwang JE, Lim CJ, Kim DY, Lee SY, Lim CO. Arabidopsis DREB2C
functions as a transcriptional activator of HsfA3 during the heat stress
response. Biochem Biophys Res Commun. 2010;401(2):238–44.

79. Schramm F, Larkindale J, Kiehlmann E, Ganguli A, Englich G, Vierling E,
et al. A cascade of transcription factor DREB2A and heat stress
transcription factor HsfA3 regulates the heat stress response of
Arabidopsis. Plant J. 2008;53(2):264–74.

80. Guan Q, Yue X, Zeng H, Zhu J. The protein phosphatase RCF2 and its
interacting partner NAC019 are critical for heat stress-responsive
gene regulation and thermotolerance in Arabidopsis. Plant Cell.
2014;26(1):438–53.

81. Siddique M, Gernhard S, von Koskull-Doring P, Vierling E, Scharf KD. The
plant sHSP superfamily: five new members in Arabidopsis thaliana with
unexpected properties. Cell Stress Chaperones. 2008;13(2):183–97.

82. Finka A, Mattoo RU, Goloubinoff P. Meta-analysis of heat- and chemically
upregulated chaperone genes in plant and human cells. Cell Stress
Chaperones. 2011;16(1):15–31.

83. Lin BL, Wang JS, Liu HC, Chen RW, Meyer Y, Barakat A, et al. Genomic
analysis of the Hsp70 superfamily in Arabidopsis thaliana. Cell Stress
Chaperones. 2001;6(3):201–8.

84. Sung DY, Vierling E, Guy CL. Comprehensive expression profile analysis of
the Arabidopsis Hsp70 gene family. Plant Physiol. 2001;126(2):789–800.

85. Mayer MP, Bukau B. Hsp70 chaperones: cellular functions and molecular
mechanism. Cell Mol Life Sci. 2005;62(6):670–84.

86. Rajan VB, D’Silva P. Arabidopsis thaliana J-class heat shock proteins: cellular
stress sensors. Funct Integr Genomics. 2009;9(4):433–46.

87. Kim TS, Kim WY, Fujiwara S, Kim J, Cha JY, Park JH, et al. HSP90 functions in
the circadian clock through stabilization of the client F-box protein
ZEITLUPE. Proc Natl Acad Sci USA. 2011;108(40):16843–8.

88. Samakovli D, Margaritopoulou T, Prassinos C, Milioni D, Hatzopoulos P.
Brassinosteroid nuclear signaling recruits HSP90 activity. New Phytol.
2014;203(3):743–57.

89. Samakovli D, Thanou A, Valmas C, Hatzopoulos P. Hsp90 canalizes
developmental perturbation. J Exp Bot. 2007;58(13):3513–24.

90. Takahashi A, Casais C, Ichimura K, Shirasu K. HSP90 interacts with RAR1 and
SGT1 and is essential for RPS2-mediated disease resistance in Arabidopsis.
Proc Natl Acad Sci USA. 2003;100(20):11777–82.

91. Hubert DA, Tornero P, Belkhadir Y, Krishna P, Takahashi A, Shirasu K, et al.
Cytosolic HSP90 associates with and modulates the Arabidopsis RPM1
disease resistance protein. EMBO J. 2003;22(21):5679–89.

92. Liu Y, Burch-Smith T, Schiff M, Feng S, Dinesh-Kumar SP. Molecular
chaperone Hsp90 associates with resistance protein N and its signaling
proteins SGT1 and Rar1 to modulate an innate immune response in plants.
J Biol Chem. 2004;279(3):2101–8.

93. Haralampidis K, Milioni D, Rigas S, Hatzopoulos P. Combinatorial interaction
of cis elements specifies the expression of the Arabidopsis AtHsp90-1 gene.
Plant Physiol. 2002;129(3):1138–49.

94. Meiri D, Breiman A. Arabidopsis ROF1 (FKBP62) modulates thermotolerance by
interacting with HSP90.1 and affecting the accumulation of HsfA2-regulated
sHSPs. Plant J. 2009;59(3):387–99.

95. Schmid AB, Lagleder S, Gräwert MA, Röhl A, Hagn F, Wandinger SK, et al.
The architecture of functional modules in the Hsp90 co-chaperone
Sti1/Hop. EMBO J. 2012;31(6):1506–17.

96. Prasad BD, Goel S, Krishna P. In silico identification of carboxylate clamp
type tetratricopeptide repeat proteins in Arabidopsis and rice as putative
co-chaperones of Hsp90/Hsp70. PLoS One. 2010;5(9), e12761.

97. Agarwal M, Katiyar-Agarwal S, Sahi C, Gallie DR, Grover A. Arabidopsis
thaliana Hsp100 proteins: kith and kin. Cell Stress Chaperones.
2001;6(3):219–24.

98. Lee U, Rioflorido I, Hong SW, Larkindale J, Waters ER, Vierling E. The
Arabidopsis ClpB/Hsp100 family of proteins: chaperones for stress and
chloroplast development. Plant J. 2007;49(1):115–27.

99. Hong SW, Lee U, Vierling E. Arabidopsis hot mutants define multiple
functions required for acclimation to high temperatures. Plant Physiol.
2003;132(2):757–67.

100. Hong SW, Vierling E. Mutants of Arabidopsis thaliana defective in the
acquisition of tolerance to high temperature stress. Proc Natl Acad Sci USA.
2000;97(8):4392–7.

101. Hong SW, Vierling E. Hsp101 is necessary for heat tolerance but dispensable
for development and germination in the absence of stress. Plant J.
2001;27(1):25–35.

102. Queitsch C, Hong SW, Vierling E, Lindquist S. Heat shock protein 101 plays a
crucial role in thermotolerance in Arabidopsis. Plant Cell. 2000;12(4):479–92.

103. Charng YY, Liu HC, Liu NY, Hsu FC, Ko SS. Arabidopsis Hsa32, a novel heat
shock protein, is essential for acquired thermotolerance during long
recovery after acclimation. Plant Physiol. 2006;140(4):1297–305.

104. Wu TY, Juan YT, Hsu YH, Wu SH, Liao HT, Fung RW, et al. Interplay
between heat shock proteins HSP101 and HSA32 prolongs heat
acclimation memory posttranscriptionally in Arabidopsis. Plant Physiol.
2013;161(4):2075–84.

105. Larkindale J, Hall JD, Knight MR, Vierling E. Heat stress phenotypes of
Arabidopsis mutants implicate multiple signaling pathways in the
acquisition of thermotolerance. Plant Physiol. 2005;138(2):882–97.

106. Suzuki N, Bajad S, Shuman J, Shulaev V, Mittler R. The transcriptional
co-activator MBF1c is a key regulator of thermotolerance in Arabidopsis
thaliana. J Biol Chem. 2008;283(14):9269–75.

107. Delorge I, Figueroa CM, Feil R, Lunn JE, Van Dijck P. Trehalose-6-phosphate
synthase 1 is not the only active TPS in Arabidopsis thaliana. Biochem J.
2015;466(2):283–90.

108. Suzuki N, Rizhsky L, Liang H, Shuman J, Shulaev V, Mittler R. Enhanced
tolerance to environmental stress in transgenic plants expressing the
transcriptional coactivator multiprotein bridging factor 1c. Plant Physiol.
2005;139(3):1313–22.

109. Suzuki N, Sejima H, Tam R, Schlauch K, Mittler R. Identification of the MBF1
heat-response regulon of Arabidopsis thaliana. Plant J. 2011;66(5):844–51.

110. Doukhanina EV, Chen S, van der Zalm E, Godzik A, Reed J, Dickman MB.
Identification and functional characterization of the BAG protein family in
Arabidopsis thaliana. J Biol Chem. 2006;281(27):18793–801.

111. Kang CH, Jung WY, Kang YH, Kim JY, Kim DG, Jeong JC, et al. AtBAG6, a
novel calmodulin-binding protein, induces programmed cell death in yeast
and plants. Cell Death Differ. 2006;13(1):84–95.

112. Nishizawa-Yokoi A, Yoshida E, Yabuta Y, Shigeoka S. Analysis of the
regulation of target genes by an Arabidopsis heat shock transcription factor,
HsfA2. Biosci Biotechnol Biochem. 2009;73(4):890–5.

113. Panikulangara TJ, Eggers-Schumacher G, Wunderlich M, Stransky H, Schoffl
F. Galactinol synthase1. A novel heat shock factor target gene responsible
for heat-induced synthesis of raffinose family oligosaccharides in
Arabidopsis. Plant Physiol. 2004;136(2):3148–58.

114. Zhang JX, Wang C, Yang CY, Wang JY, Chen L, Bao XM, et al. The role of
Arabidopsis AtFes1A in cytosolic Hsp70 stability and abiotic stress tolerance.
Plant J. 2010;62(4):539–48.

115. Aviezer-Hagai K, Skovorodnikova J, Galigniana M, Farchi-Pisanty O, Maayan
E, Bocovza S, et al. Arabidopsis immunophilins ROF1 (AtFKBP62) and ROF2
(AtFKBP65) exhibit tissue specificity, are heat-stress induced, and bind
HSP90. Plant Mol Biol. 2007;63(2):237–55.

116. Huesgen PF, Schuhmann H, Adamska I. The family of Deg proteases in
cyanobacteria and chloroplasts of higher plants. Physiol Plant. 2005;123(4):
413–20.

117. Basak I, Pal R, Patil KS, Dunne A, Ho HP, Lee S, et al. Arabidopsis AtPARK13,
which confers thermotolerance, targets misfolded proteins. J Biol Chem.
2014;289(21):14458–69.

118. Perez DE, Hoyer JS, Johnson AI, Moody ZR, Lopez J, Kaplinsky NJ. BOBBER1 is
a noncanonical Arabidopsis small heat shock protein required for both
development and thermotolerance. Plant Physiol. 2009;151(1):241–52.

Kissen et al. BMC Genomics  (2016) 17:740 Page 24 of 26



119. Chi WT, Fung RW, Liu HC, Hsu CC, Charng YY. Temperature-induced
lipocalin is required for basal and acquired thermotolerance in Arabidopsis.
Plant Cell Environ. 2009;32(7):917–27.

120. Li S, Liu J, Liu Z, Li X, Wu F, He Y. HEAT-INDUCED TAS1 TARGET1 mediates
thermotolerance via HEAT STRESS TRANSCRIPTION FACTOR A1a-directed
pathways in Arabidopsis. Plant Cell. 2014;26(4):1764–80.

121. Gan N, Wu YC, Brunet M, Garrido C, Chung FL, Dai C, et al. Sulforaphane
activates heat shock response and enhances proteasome activity through
up-regulation of Hsp27. J Biol Chem. 2010;285(46):35528–36.

122. Wang L, Guo Y, Jia L, Chu H, Zhou S, Chen K, et al. Hydrogen peroxide acts
upstream of nitric oxide in the heat shock pathway in Arabidopsis
seedlings. Plant Physiol. 2014;164(4):2184–96.

123. Volkov RA, Panchuk II, Mullineaux PM, Schoffl F. Heat stress-induced H2O2 is
required for effective expression of heat shock genes in Arabidopsis. Plant
Mol Biol. 2006;61(4-5):733–46.

124. op den Camp RG, Przybyla D, Ochsenbein C, Laloi C, Kim C, Danon A, et al.
Rapid induction of distinct stress responses after the release of singlet
oxygen in Arabidopsis. Plant Cell. 2003;15(10):2320–32.

125. Gadjev I, Vanderauwera S, Gechev TS, Laloi C, Minkov IN, Shulaev V, et al.
Transcriptomic footprints disclose specificity of reactive oxygen species
signaling in Arabidopsis. Plant Physiol. 2006;141(2):436–45.

126. Marino D, Dunand C, Puppo A, Pauly N. A burst of plant NADPH oxidases.
Trends Plant Sci. 2012;17(1):9–15.

127. Møller IM, Jensen PE, Hansson A. Oxidative modifications to cellular
components in plants. Annu Rev Plant Biol. 2007;58:459–81.

128. Boller T, Felix G. A renaissance of elicitors: perception of microbe-associated
molecular patterns and danger signals by pattern-recognition receptors.
Annu Rev Plant Biol. 2009;60:379–406.

129. Macho AP, Zipfel C. Plant PRRs and the activation of innate immune
signaling. Mol Cell. 2014;54(2):263–72.

130. Roux M, Schwessinger B, Albrecht C, Chinchilla D, Jones A, Holton N, et al.
The Arabidopsis leucine-rich repeat receptor-like kinases BAK1/SERK3 and
BKK1/SERK4 are required for innate immunity to hemibiotrophic and
biotrophic pathogens. Plant Cell. 2011;23(6):2440–55.

131. Yamaguchi Y, Huffaker A, Bryan AC, Tax FE, Ryan CA. PEPR2 is a second
receptor for the Pep1 and Pep2 peptides and contributes to defense
responses in Arabidopsis. Plant Cell. 2010;22(2):508–22.

132. Huffaker A, Pearce G, Ryan CA. An endogenous peptide signal in Arabidopsis
activates components of the innate immune response. Proc Natl Acad Sci
USA. 2006;103(26):10098–103.

133. Wan J, Tanaka K, Zhang XC, Son GH, Brechenmacher L, Nguyen TH, et al.
LYK4, a lysin motif receptor-like kinase, is important for chitin signaling and
plant innate immunity in Arabidopsis. Plant Physiol. 2012;160(1):396–406.

134. Petutschnig EK, Jones AM, Serazetdinova L, Lipka U, Lipka V. The lysin motif
receptor-like kinase (LysM-RLK) CERK1 is a major chitin-binding protein in
Arabidopsis thaliana and subject to chitin-induced phosphorylation. J Biol
Chem. 2010;285(37):28902–11.

135. Cao Y, Liang Y, Tanaka K, Nguyen CT, Jedrzejczak RP, Joachimiak A, et al.
The kinase LYK5 is a major chitin receptor in Arabidopsis and forms a
chitin-induced complex with related kinase CERK1. Elife. 2014;3, e03766.

136. Brutus A, Sicilia F, Macone A, Cervone F, De Lorenzo G. A domain swap
approach reveals a role of the plant wall-associated kinase 1 (WAK1) as a
receptor of oligogalacturonides. Proc Natl Acad Sci USA. 2010;107(20):9452–7.

137. Singh P, Zimmerli L. Lectin receptor kinases in plant innate immunity. Front
Plant Sci. 2013;4:124.

138. Huang P, Ju HW, Min JH, Zhang X, Kim SH, Yang KY, et al.
Overexpression of L-type lectin-like protein kinase 1 confers pathogen
resistance and regulates salinity response in Arabidopsis thaliana. Plant
Sci. 2013;203–204:98–106.

139. Singh P, Kuo YC, Mishra S, Tsai CH, Chien CC, Chen CW, et al. The lectin
receptor kinase-VI.2 is required for priming and positively regulates
Arabidopsis pattern-triggered immunity. Plant Cell. 2012;24(3):1256–70.

140. Bouwmeester K, Govers F. Arabidopsis L-type lectin receptor kinases: phylogeny,
classification, and expression profiles. J Exp Bot. 2009;60(15):4383–96.

141. Wang G, Ellendorff U, Kemp B, Mansfield JW, Forsyth A, Mitchell K, et al. A
genome-wide functional investigation into the roles of receptor-like
proteins in Arabidopsis. Plant Physiol. 2008;147(2):503–17.

142. Ramonell K, Berrocal-Lobo M, Koh S, Wan J, Edwards H, Stacey G, et al.
Loss-of-function mutations in chitin responsive genes show increased
susceptibility to the powdery mildew pathogen Erysiphe cichoracearum.
Plant Physiol. 2005;138(2):1027–36.

143. Zhang W, Fraiture M, Kolb D, Loffelhardt B, Desaki Y, Boutrot FF, et al.
Arabidopsis receptor-like protein30 and receptor-like kinase suppressor of
BIR1-1/EVERSHED mediate innate immunity to necrotrophic fungi. Plant Cell.
2013;25(10):4227–41.

144. Jehle AK, Lipschis M, Albert M, Fallahzadeh-Mamaghani V, Furst U, Mueller K,
et al. The receptor-like protein ReMAX of Arabidopsis detects the microbe-
associated molecular pattern eMax from Xanthomonas. Plant Cell. 2013;
25(6):2330–40.

145. Jones JD, Dangl JL. The plant immune system. Nature. 2006;444(7117):323–9.
146. Meyers BC, Kozik A, Griego A, Kuang H, Michelmore RW. Genome-wide

analysis of NBS-LRR-encoding genes in Arabidopsis. Plant Cell. 2003;15(4):
809–34.

147. Tan X, Meyers BC, Kozik A, West MA, Morgante M, St Clair DA, et al. Global
expression analysis of nucleotide binding site-leucine rich repeat-encoding
and related genes in Arabidopsis. BMC Plant Biol. 2007;7:56.

148. Staal J, Kaliff M, Bohman S, Dixelius C. Transgressive segregation reveals two
Arabidopsis TIR-NB-LRR resistance genes effective against Leptosphaeria
maculans, causal agent of blackleg disease. Plant J. 2006;46(2):218–30.

149. Borhan MH, Gunn N, Cooper A, Gulden S, Tör M, Rimmer SR, et al. WRR4
encodes a TIR-NB-LRR protein that confers broad-spectrum white rust
resistance in Arabidopsis thaliana to four physiological races of Albugo
candida. Mol Plant Microbe Interact. 2008;21(6):757–68.

150. Botella MA, Parker JE, Frost LN, Bittner-Eddy PD, Beynon JL, Daniels MJ, et al.
Three genes of the Arabidopsis RPP1 complex resistance locus recognize distinct
Peronospora parasitica avirulence determinants. Plant Cell. 1998;10(11):1847–60.

151. van der Biezen EA, Freddie CT, Kahn K, Parker JE, Jones JD. Arabidopsis RPP4
is a member of the RPP5 multigene family of TIR-NB-LRR genes and confers
downy mildew resistance through multiple signalling components. Plant J.
2002;29(4):439–51.

152. Kim SH, Kwon SI, Saha D, Anyanwu NC, Gassmann W. Resistance to the
Pseudomonas syringae effector HopA1 is governed by the TIR-NBS-LRR
protein RPS6 and is enhanced by mutations in SRFR1. Plant Physiol.
2009;150(4):1723–32.

153. Nandety RS, Caplan JL, Cavanaugh K, Perroud B, Wroblewski T, Michelmore
RW, et al. The role of TIR-NBS and TIR-X proteins in plant basal defense
responses. Plant Physiol. 2013;162(3):1459–72.

154. Meyers BC, Morgante M, Michelmore RW. TIR-X and TIR-NBS proteins: two
new families related to disease resistance TIR-NBS-LRR proteins encoded in
Arabidopsis and other plant genomes. Plant J. 2002;32(1):77–92.

155. Kato H, Saito T, Ito H, Komeda Y, Kato A. Overexpression of the TIR-X gene
results in a dwarf phenotype and activation of defense-related gene
expression in Arabidopsis thaliana. J Plant Physiol. 2014;171(6):382–8.

156. Bonardi V, Tang S, Stallmann A, Roberts M, Cherkis K, Dangl JL. Expanded
functions for a family of plant intracellular immune receptors beyond
specific recognition of pathogen effectors. Proc Natl Acad Sci USA.
2011;108(39):16463–8.

157. Grant JJ, Chini A, Basu D, Loake GJ. Targeted activation tagging of the
Arabidopsis NBS-LRR gene, ADR1, conveys resistance to virulent pathogens.
Mol Plant Microbe Interact. 2003;16(8):669–80.

158. Lewis JD, Wu R, Guttman DS, Desveaux D. Allele-specific virulence
attenuation of the Pseudomonas syringae HopZ1a type III effector via the
Arabidopsis ZAR1 resistance protein. PLoS Genet. 2010;6(4), e1000894.

159. Mindrinos M, Katagiri F, Yu GL, Ausubel FM. The A. thaliana disease
resistance gene RPS2 encodes a protein containing a nucleotide-binding
site and leucine-rich repeats. Cell. 1994;78(6):1089–99.

160. Dodds PN, Rathjen JP. Plant immunity: towards an integrated view of
plant-pathogen interactions. Nat Rev Genet. 2010;11(8):539–48.

161. Tschopp J, Schroder K. NLRP3 inflammasome activation: The convergence
of multiple signalling pathways on ROS production? Nat Rev Immunol.
2010;10(3):210–5.

162. Gassmann W, Hinsch ME, Staskawicz BJ. The Arabidopsis RPS4 bacterial-
resistance gene is a member of the TIR-NBS-LRR family of disease-resistance
genes. Plant J. 1999;20(3):265–77.

163. Grant MR, Godiard L, Straube E, Ashfield T, Lewald J, Sattler A, et al.
Structure of the Arabidopsis RPM1 gene enabling dual specificity disease
resistance. Science. 1995;269(5225):843–6.

164. Baird L, Dinkova-Kostova AT. The cytoprotective role of the Keap1-Nrf2
pathway. Arch Toxicol. 2011;85(4):241–72.

165. Hinman A, Chuang HH, Bautista DM, Julius D. TRP channel activation by
reversible covalent modification. Proc Natl Acad Sci USA. 2006;103(51):
19564–8.

Kissen et al. BMC Genomics  (2016) 17:740 Page 25 of 26



166. van Doorn WG. Classes of programmed cell death in plants, compared to
those in animals. J Exp Bot. 2011;62(14):4749–61.

167. Williams B, Verchot J, Dickman MB. When supply does not meet demand-ER
stress and plant programmed cell death. Front Plant Sci. 2014;5:211.

168. Zhao Y, Wang J, Liu Y, Miao H, Cai C, Shao Z, et al. Classic myrosinase-
dependent degradation of indole glucosinolate attenuates fumonisin B1-
induced programmed cell death in Arabidopsis. Plant J. 2015;81(6):920–33.

169. Aarts N, Metz M, Holub E, Staskawicz BJ, Daniels MJ, Parker JE. Different
requirements for EDS1 and NDR1 by disease resistance genes define at least
two R gene-mediated signaling pathways in Arabidopsis. Proc Natl Acad Sci
USA. 1998;95(17):10306–11.

170. Swiderski MR, Birker D, Jones JD. The TIR domain of TIR-NB-LRR resistance
proteins is a signaling domain involved in cell death induction. Mol Plant
Microbe Interact. 2009;22(2):157–65.

171. Collier SM, Hamel LP, Moffett P. Cell death mediated by the N-terminal
domains of a unique and highly conserved class of NB-LRR protein. Mol
Plant Microbe Interact. 2011;24(8):918–31.

172. Yang H, Yang S, Li Y, Hua J. The Arabidopsis BAP1 and BAP2 genes are general
inhibitors of programmed cell death. Plant Physiol. 2007;145(1):135–46.

173. Consonni C, Bednarek P, Humphry M, Francocci F, Ferrari S, Harzen A, et al.
Tryptophan-derived metabolites are required for antifungal defense in the
Arabidopsis mlo2 mutant. Plant Physiol. 2010;152(3):1544–61.

174. Ishikawa T, Watanabe N, Nagano M, Kawai-Yamada M, Lam E. Bax inhibitor-
1: a highly conserved endoplasmic reticulum-resident cell death suppressor.
Cell Death Differ. 2011;18(8):1271–8.

175. Kawai-Yamada M, Jin L, Yoshinaga K, Hirata A, Uchimiya H. Mammalian
Bax-induced plant cell death can be down-regulated by overexpression
of Arabidopsis Bax Inhibitor-1 (AtBI-1). Proc Natl Acad Sci USA.
2001;98(21):12295–300.

176. Watanabe N, Lam E. Arabidopsis Bax inhibitor-1 functions as an attenuator
of biotic and abiotic types of cell death. Plant J. 2006;45(6):884–94.

177. Watanabe N, Lam E. BAX inhibitor-1 modulates endoplasmic reticulum
stress-mediated programmed cell death in Arabidopsis. J Biol Chem.
2008;283(6):3200–10.

178. Weis C, Huckelhoven R, Eichmann R. LIFEGUARD proteins support
plant colonization by biotrophic powdery mildew fungi. J Exp Bot.
2013;64(12):3855–67.

179. Kabbage M, Dickman MB. The BAG proteins: a ubiquitous family of
chaperone regulators. Cell Mol Life Sci. 2008;65(9):1390–402.

180. Tsiatsiani L, Van Breusegem F, Gallois P, Zavialov A, Lam E, Bozhkov PV.
Metacaspases. Cell Death Differ. 2011;18(8):1279–88.

181. Coll NS, Vercammen D, Smidler A, Clover C, Van Breusegem F, Dangl JL,
et al. Arabidopsis type I metacaspases control cell death. Science. 2010;
330(6009):1393–7.

182. Jabs T, Dietrich RA, Dangl JL. Initiation of runaway cell death in an Arabidopsis
mutant by extracellular superoxide. Science. 1996;273(5283):1853–6.

183. Epple P, Mack AA, Morris VR, Dangl JL. Antagonistic control of oxidative
stress-induced cell death in Arabidopsis by two related, plant-specific zinc
finger proteins. Proc Natl Acad Sci USA. 2003;100(11):6831–6.

184. He R, Drury GE, Rotari VI, Gordon A, Willer M, Farzaneh T, et al. Metacaspase-
8 modulates programmed cell death induced by ultraviolet light and H2O2

in Arabidopsis. J Biol Chem. 2008;283(2):774–83.
185. Watanabe N, Lam E. Arabidopsis metacaspase 2d is a positive mediator of cell

death induced during biotic and abiotic stresses. Plant J. 2011;66(6):969–82.
186. Lam E, Zhang Y. Regulating the reapers: activating metacaspases for

programmed cell death. Trends Plant Sci. 2012;17(8):487–94.
187. Iwata Y, Koizumi N. Plant transducers of the endoplasmic reticulum

unfolded protein response. Trends Plant Sci. 2012;17(12):720–7.
188. Nagashima Y, Mishiba K, Suzuki E, Shimada Y, Iwata Y, Koizumi N.

Arabidopsis IRE1 catalyses unconventional splicing of bZIP60 mRNA to
produce the active transcription factor. Sci Rep. 2011;1:29.

189. Yang ZT, Lu SJ, Wang MJ, Bi DL, Sun L, Zhou SF, et al. A plasma membrane-
tethered transcription factor, NAC062/ANAC062/NTL6, mediates the
unfolded protein response in Arabidopsis. Plant J. 2014;79(6):1033–43.

190. Sun L, Yang ZT, Song ZT, Wang MJ, Sun L, Lu SJ, et al. The plant-specific
transcription factor gene NAC103 is induced by bZIP60 through a new
cis-regulatory element to modulate the unfolded protein response in
Arabidopsis. Plant J. 2013;76(2):274–86.

191. Eichmann R, Schäfer P. The endoplasmic reticulum in plant immunity and
cell death. Front Plant Sci. 2012;3:200.

192. Yang ZT, Wang MJ, Sun L, Lu SJ, Bi DL, Sun L, et al. The membrane-
associated transcription factor NAC089 controls ER-stress-induced
programmed cell death in plants. PLoS Genet. 2014;10(3), e1004243.

193. Lu DP, Christopher DA. Endoplasmic reticulum stress activates the
expression of a sub-group of protein disulfide isomerase genes and
AtbZIP60 modulates the response in Arabidopsis thaliana. Mol Genet
Genomics. 2008;280(3):199–210.

194. Liu JX, Howell SH. bZIP28 and NF-Y transcription factors are activated by ER
stress and assemble into a transcriptional complex to regulate stress
response genes in Arabidopsis. Plant Cell. 2010;22(3):782–96.

195. Iwata Y, Fedoroff NV, Koizumi N. Arabidopsis bZIP60 is a proteolysis-
activated transcription factor involved in the endoplasmic reticulum stress
response. Plant Cell. 2008;20(11):3107–21.

196. Iwata Y, Nishino T, Takayama S, Koizumi N. Characterization of a plant-
specific gene induced by endoplasmic reticulum stress in Arabidopsis
thaliana. Biosci Biotechnol Biochem. 2010;74(10):2087–91.

197. Mishiba K, Nagashima Y, Suzuki E, Hayashi N, Ogata Y, Shimada Y, et al.
Defects in IRE1 enhance cell death and fail to degrade mRNAs encoding
secretory pathway proteins in the Arabidopsis unfolded protein response.
Proc Natl Acad Sci USA. 2013;110(14):5713–8.

198. Li J, Brader G, Palva ET. Kunitz trypsin inhibitor: an antagonist of cell death
triggered by phytopathogens and fumonisin b1 in Arabidopsis. Mol Plant.
2008;1(3):482–95.

199. Kissen R, Rossiter JT, Bones AM. The ‘mustard oil bomb’: not so easy to
assemble?! Localization, expression and distribution of the components of
the myrosinase enzyme system. Phytochem Rev. 2009;8(1):69–86.

200. Yang X, Lee S, So JH, Dharmasiri S, Dharmasiri N, Ge L, et al. The IAA1 protein is
encoded by AXR5 and is a substrate of SCFTIR1. Plant J. 2004;40(5):772–82.

201. Sawa S, Ohgishi M, Goda H, Higuchi K, Shimada Y, Yoshida S, et al. The
HAT2 gene, a member of the HD-Zip gene family, isolated as an auxin
inducible gene by DNA microarray screening, affects auxin response in
Arabidopsis. Plant J. 2002;32(6):1011–22.

202. Wang NN, Shih MC, Li N. The GUS reporter-aided analysis of the promoter
activities of Arabidopsis ACC synthase genes AtACS4, AtACS5, and AtACS7
induced by hormones and stresses. J Exp Bot. 2005;56(413):909–20.

203. Zhao Y, Dai X, Blackwell HE, Schreiber SL, Chory J. SIR1, an upstream
component in auxin signaling identified by chemical genetics. Science.
2003;301(5636):1107–10.

204. Ren H, Gray WM. SAUR proteins as effectors of hormonal and
environmental signals in plant growth. Mol Plant. 2015;8(8):1153–64.

205. Katz E, Nisani S, Yadav BS, Woldemariam MG, Shai B, Obolski U, et al. The
glucosinolate breakdown product indole-3-carbinol acts as an auxin
antagonist in roots of Arabidopsis thaliana. Plant J. 2015;82(4):547–55.

206. Mauro ML, De Lorenzo G, Costantino P, Bellincampi D. Oligogalacturonides
inhibit the induction of late but not of early auxin-responsive genes in
tobacco. Planta. 2002;215(3):494–501.

207. Gechev TS, Gadjev IZ, Hille J. An extensive microarray analysis of AAL-toxin-
induced cell death in Arabidopsis thaliana brings new insights into the
complexity of programmed cell death in plants. Cell Mol Life Sci.
2004;61(10):1185–97.

208. Kovtun Y, Chiu WL, Tena G, Sheen J. Functional analysis of oxidative stress-
activated mitogen-activated protein kinase cascade in plants. Proc Natl
Acad Sci USA. 2000;97(6):2940–5.

209. Smyth GK. Limma: linear models for microarray data. In: Gentleman R, Carey
V, Huber W, Irizarry R, Dudoit S, editors. Bioinformatics and Computational
Biology Solutions Using R and Bioconductor. New York: Springer;
2005. p. 397–420.

210. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Stat Soc Ser B-Stat
Methodol. 1995;57(1):289–300.

211. Hulsen T, de Vlieg J, Alkema W. BioVenn - a web application for the
comparison and visualization of biological lists using area-proportional Venn
diagrams. BMC Genomics. 2008;9:488.

212. Maere S, Heymans K, Kuiper M. BiNGO: a Cytoscape plugin to assess
overrepresentation of gene ontology categories in biological networks.
Bioinformatics. 2005;21(16):3448–9.

Kissen et al. BMC Genomics  (2016) 17:740 Page 26 of 26


	Abstract
	Background
	Results
	Conclusion

	Background
	Results and Discussion
	Extent and dynamics of the transcriptional response to allyl-ITC
	Allyl-ITC shows a differential effect on the expression of genes involved in GSL biosynthesis and degradation
	Allyl-ITC affects genes involved in glutathione homeostasis
	Allyl-ITC effect on genes of sulphate uptake and assimilation
	Allyl-ITC treatment leads to a heat stress response
	The extent of overlap in the transcriptional response to allyl-ITC and oxidative stress
	Allyl-ITC and the perception of elicitors and effectors
	Allyl-ITC and the triggering of cell death mechanisms

	Conclusion
	Methods
	Plant material and growth conditions
	Exposure to allyl-isothiocyanate
	Microarray analysis
	Statistical analysis of microarray data
	Representation of microarray data

	Additional files
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Authors’ informations
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

