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a  b  s  t  r  a  c  t

Although  radiation-induced  bystander  effects  (RIBE)  in  Arabidopsis  thaliana  have  been  well  demonstrated
in  vivo,  little  is known  about  their  underlying  mechanisms,  particularly  with  regard  to the participat-
ing  signaling  molecules  and  signaling  pathways.  In higher  plants,  jasmonic  acid  (JA)  and  its  bioactive
derivatives  are  well  accepted  as  systemic  signal  transducers  that  are  produced  in  response  to  various
environmental  stresses.  It is  therefore  speculated  that  the  JA  signal  pathway  might  play a  potential  role
in mediating  radiation-induced  bystander  signaling  of  root-to-shoot.  In the  present  study,  pretreatment
of  seedlings  with  Salicylhydroxamic  acid,  an inhibitor  of  lipoxigenase  (LOX)  in  JA biosynthesis,  signifi-
cantly  suppressed  RIBE-mediated  expression  of the  AtRAD54  gene.  After  root irradiation,  the  aerial  parts
of A.  thaliana  mutants  deficient  in  JA biosynthesis  (aos)  and signaling  cascades  (jar1-1)  showed  suppressed
induction  of  the  AtRAD54  and  AtRAD51  genes  and  TSI and  180-bp  repeats,  which  have  been  extensively
used  as endpoints  of  bystander  genetic  and  epigenetic  effects  in  plants.  These  results  suggest  an  involve-
ment  of  the  JA  signal  pathway  in  the  RIBE  of plants.  Using  the  root  micro-grafting  technique,  the  JA signal
pathway  was  shown  to  participate  in  both  the  generation  of bystander  signals  in irradiated  root  cells
and  radiation  responses  in  the bystander  aerial parts  of plants.  The  over-accumulation  of  endogenous
JA  in  mutant  fatty  acid  oxygenation  up-regulated  2  (fou2),  in which  mutation  of  the  Two  Pore  Channel  1

(TPC1)  gene  up-regulates  expression  of the  LOX  and allene  oxide  synthase  (AOS)  genes,  inhibited  RIBE-
mediated  expression  of the  AtRAD54  gene,  but up-regulated  expression  of  the  AtKU70  and  AtLIG4  genes
in the  non-homologous  end  joining  (NHEJ)  pathway.  Considering  that  NHEJ  is employed  by  plants  with
increased  DNA  damage,  the  switch  from  HR  to NHEJ  suggests  that over-accumulation  of  endogenous  JA
might  enhance  the radiosensitivity  of  plants  in  terms  of  RIBE.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction
Radiation-induced bystander effects (RIBE) represent a
aradigm shift in our understanding of the radiobiological effects of

onizing radiation, in which radiation responses in non-hit cells can

Abbreviations: HR, homologous recombination; NHEJ, non-homologous end-
oining; TGS, transcriptional gene silencing; JA, jasmonic acid; MeJA, methyl
asmonate; TSI, transcriptionally silent information; GUS, uidA (�-glucuronidase)
ene; qRT-PCR, quantitative reverse transcription polymerase chain reaction;
HAM, salicylhydroxamic acid; ROS, reactive oxygen species; JAR1, JASMONATE
ESISTANT 1; LOX, lipoxigenase; AOS, allene oxide synthase; AOC, allene oxide
yclase.
∗ Corresponding author at: P.O. Box 1138, Hefei, Anhui 230031, PR China.

E-mail address: bianpo@ipp.ac.cn (P. Bian).
1 These authors equally contributed to this work.

ttp://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
027-5107/© 2016 Elsevier B.V. All rights reserved.
be induced by the signals from nearby hit cells [1]. Bystander effects
have been well demonstrated using a wide range of biological
endpoints in single-cell culture models [2–5], multi-cellular tissue
models [6–11], and whole animals [12–19]. Recently, our team
has started to investigate RIBE using the model plant Arabidopsis
thaliana. Following microbeam-localized irradiation of naked seed
embryos and low-energy ion irradiation of intact seeds, some post-
embryonic developmental phenotypes were significantly changed,
differentiating from the non-irradiated shoot apical meristem
cells and root apical meristem cells, respectively [20,21]. The
enhanced level of DNA strand breaks, up-regulated expressions of
the DNA damage repair gene AtRAD54, and increased induction of

DNA homologous recombination (HR) have been observed in the
non-irradiated aerial parts of plants after local irradiation of roots
with alpha particles and dormant seeds with low-energy argon
ions, indicating the occurrence of bystander mutagenic effects

dx.doi.org/10.1016/j.mrfmmm.2016.07.002
http://www.sciencedirect.com/science/journal/00275107
http://www.elsevier.com/locate/molmut
http://www.elsevier.com/locate/mutres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mrfmmm.2016.07.002&domain=pdf
mailto:bianpo@ipp.ac.cn
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Fig 1. Root-localized irradiation and root micro-grafting of Arabidopsis thaliana
seedlings. (A) Schematic of the root-localized irradiation of A. thaliana seedling with
alpha particles; (B) positioning of A. thaliana seedlings on the radiation dish, with
100-�m-thick aluminum shielding the aerial parts of plants from alpha irradia-
tion; (C) Schematic procedure of root micro-grafting of A. thaliana seedling; (D) The
seedlings prepared for root micro-grafting, the red line indicates the cutting posi-
tion for root grafting; (F) The graft junction at 24 h after root grafting, as indicated
by red arrow.
 T. Wang et al. / Mutation

n plants [22,23]. Bystander effects in plants were also found to
ediate changes at the epigenetic level, such as the level and

attern of DNA methylation, and the alleviation of transcriptional
ene silencing (TGS) [24]. Interestingly, in contrast to normal
xperimental conditions, the bystander effects in plants have some
istinct manifestations under modeled microgravity conditions,
ue to modulation of the generation and/or transportation of
ystander signaling molecules by microgravity in irradiated root
ells [25]. In order to investigate the time course of root-to-shoot
ystander signaling, young seedlings of A. thaliana were treated
ith a combination of root micro-grafting and root irradiation,
hereby the root-to-shoot bystander signaling could easily be

topped or started at specific time points [26]. On the basis of this
echnique, we further demonstrated temporal and spatial features
f bystander signaling and the synergistic effects of multiple
ystander signals in A. thaliana [26,27].

However, the molecular mechanisms underlying RIBE in plants
emain to be determined, particularly with regard to the signal-
ng molecules and signaling cascades. It has been reported that
n cell culture models, some signal factors are released from hit
ells and induce radiation responses in bystander cells through
iffusion in medium and/or cellular gap-junctions [1,2]. Sev-
ral signaling cascades, including MAPK, NF-kB/cox-2, NO−, and
nflammation-related pathways, are thought to mediate RIBE trans-
uction [1,28–30]. Although RIBE have also been demonstrated in
hole animal models, there is little information as to the nature

f long-distance bystander communication [15,17,31]. In marked
ontrast to DNA damage in irradiated tissues, which is mainly
aused by direct energy deposition on DNA strands and/or oxidative
amage by free radicals produced by lysis of water [32], the DNA
amage and resultant DNA repairs in bystander tissues is generally
ttributable to enhanced oxidative stress triggered by the incom-
ng bystander signals [33]. Plant hormones such as jasmonic acid
JA) and salicylic acid have been reported to increase the induction
f HR and activation of TGS loci [34,35]. Interestingly, the distribu-
ion and level of the plant hormone auxin in bystander tissues can
e changed by microbeam-localized irradiation of naked seeds of A.
haliana [20]. Accordingly, it is proposed that plant hormones might
e the potential signaling molecules that mediate root-to-shoot
ystander signaling.

JA and its bioactive derivatives are collectively referred as to
asmonates, and play important roles in plant growth and develop-

ent [36]. Synthesis of the JA begins with �-linolenic acid liberated
rom membrane phospholipids. The linolenic acid is first oxy-
enated by lipoxigenase (LOX) to form 13(S)-hydroxylinolenic acid
13-HPOT), which is then converted to 12-oxo-phytodeinoic acid
12-OPDA) by allene oxide synthase (AOS) and allene oxide cyclase
AOC). The 12-OPDA subsequently undergoes a reduction and three
ycles of �-oxidation in the peroxisomes to produce JA [37,38],
hich is further modified in the cytosol to produce various JA
erivatives, such as methyl jasmonate (MeJA) [38–41]. In the sub-
equent signaling cascades, JA is first activated by its conjugation to
-isoleucine by a JA-amino synthetase encoded by the JASMONATE
ESISTANT 1 (JAR1) gene. The resultant JA-Ile binds to the COI1-JAZ
omplex to promote degradation of the JAZ proteins, which initi-
tes expression of down-stream JA response genes by freeing their
ranscription factors [42]. Mutation of the JAR1 gene impairs JA per-
eption and signaling cascades in plants, which exhibit decreased
ensitivity to exogenous JA [43]. Although JA has been reported to
ct as a long-distance systemic signal transducer in response to
iotic and abiotic stress [44–46], there is yet no evidence showing
hat JA signals can mediate RIBE in plants.
In the present study, we adopted A. thaliana mutants deficient
n JA biosynthesis (aos) and signaling cascades (jar1-1), and investi-
ated whether the JA signal pathway could mediate RIBE in plants.
he results showed that deficiencies in both processes blocked the
induction of bystander genetic and epigenetic effects, suggesting
an important role of the JA signal pathway in mediating RIBE in
plants. Using the root micro-grafting technique, the JA signal path-
way was shown to participate in both the generation of bystander
signals in irradiated root cells and radiation responses in bystander
aerial tissues. The over-accumulation of endogenous JA suppressed
RIBE-mediated HR repair, but up-regulated the non-homologous
end joining (NHEJ) mechanism.

2. Materials and methods

2.1. Transgenic A. thaliana lines and plant growth

A. thaliana line 15-6# carrying the AtRAD54 promoter-GFP+ GUS
construct was presented by Dr. Seiichi Toki (Plant Genetic Engineer-
ing Research Unit, National Institute of Agrobiological Sciences,
Japan) [47]. The line fatty acid oxygenation up-regulated 2 (fou2),
in which a missense mutation in the Two  Pore Channel 1 (TPC1)
gene up-regulates expression of the LOX and AOS genes [48], was
kindly donated by Prof. Edward Farmer (University of Lausanne,
Switzerland). A. thaliana lines aos and jar1-1 are mutants with
loss of function of the AOS (CYP74A) and JAR1 genes, respectively
[49,50]. A. thaliana line A1 is transgenic for two  copies of the
pAOS:uidA reporter [51]. The A. thaliana wild-type (Col-0), A1, aos,
and jar1-1 lines were obtained from the NASC (Nottingham Ara-
bidopsis Stock Centre, UK).

Surface-sterilized seeds of A. thaliana were sown on growth
medium [1 × Murashige and Skoog (MS) mineral salts, agar at
0.8% (w/v), and sucrose at 1% (w/v)] in a square Petri dish. After
48 h of jarovization at 4 ◦C, the Petri dish was  placed in a growth
chamber at 22 ◦C with continuous illumination of approximately

2 −1
100 �Mm s in a vertical orientation so that the roots would grow
along the agar surface.
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Fig. 2. The repressive effect of SHAM on RIBE in A. thaliana plants. (A) The effect of
the  indicated concentrations of SHAM on RIBE-mediated expression of the AtRAD54
gene; (B) The histochemical staining of GUS activity in seedlings of line 15-6#
co-treated with 0, 5, and 50 �M SHAM and/or root irradiation. The results are
means ± SD [n > 10 for GUS activity, the same lowercase letter denotes a non-
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tions. Determinations of the statistical significance between treated
and control groups or between treated groups were made using
ignificant difference between means (p < 0.05)].

.2. Root irradiation of A. thaliana seedlings with alpha-particles

The irradiation of roots of 7-day-old seedlings with alpha parti-
les was performed using a Rotate-Adjustable alpha particle Source
acility in our laboratory (Fig. 1A and B), as previously described
22,24,26]. Before each experiment, the energy spectrum of alpha
articles was measured using a silicon surface barrier detector
ORTEC, USA). In this study, the average energy of alpha particles

easured in the seedlings was 3.3 MeV, with a maximum value
f 4.02 MeV. The alpha particles were delivered at a dose rate of
.05 cGys−1.

.3. Protocols for root micro-grafting

In order to determine the mediating mechanism of the JA sig-
al pathway in RIBE in plants, root micro-grafting of A. thaliana
eedlings was carried out according to the general protocols
escribed previously [26]. In this study, the seedlings of wild-type,
5-6#, aos,  and jar1-1 were used in the grafting combinations of
1(R)-L2(A) and L1(A)-L2(R), where L1 and L2 represent the names

f A. thaliana lines, R represents for rootstock, and A represents
erial scions, as shown in Fig. 1C, D and E.
rch 791–792 (2016) 1–9 3

2.4. Treatment with saliccylhydroxamic acid(SHAM)and
exogenous MeJA

For the treatment of seedlings with SHAM, 5-day-old seedlings
of line 15-6# were transferred onto MS  medium containing var-
ious concentrations of SHAM (0, 5, 50, and 500 �M)  for 2 days.
After root irradiation, the seedlings were again transferred onto
the same SHAM medium for 24 h, and then the aerial parts of
seedlings without hypocotyls were sampled for quantitative assay
of �-glucuronidase (GUS) activity.

For the treatment of seedlings with exogenous MeJA, seedlings
of line aos were transferred onto MS  medium containing various
concentrations of MeJA (0, 50, and 100 �M)  for 6 h. After root irradi-
ation, the seedlings were again transferred onto the same medium
for 24 h, and then their aerial parts were collected for qRT-PCR
analysis.

2.5. Determination of RNA level using qRT- PCR

RNA levels of the AtRAD54, AtRAD51, AOS, AOC2, LOX2, PDF1.2,
AtKU70, and AtLIG4 genes and transcriptionally silent information
(TSI) and 180-bp repeats were measured using qRT-PCR, their cor-
responding PCR primers are listed in Supplementary material Table
S1 in the online version at DOI: 10.1016/j.mrfmmm.2016.07.002).
Fifteen to twenty A. thaliana plants were collected from each inde-
pendent experiment. The extraction and reverse transcription of
total RNA were carried out according to our previous work [24,25].
qRT-PCR was  performed under the following conditions: one cycle
of 95 ◦C for 10 s followed by 40 cycles of 95 ◦C for 15 s, 60 ◦C for
30 s, and 72 ◦C for 30 s. The ACTIN and AtEF1˛A4 genes were used as
internal controls. The final data are the average of 3 independent
experiments, with 3 technical replicates for each experiment.

2.6. Quantitative analysis of GUS activity in the aerial parts of
plants

The quantitative analysis of GUS activity in plants of line 15-6#
was carried out according to our previous description [25]. A popu-
lation of 7-day-old seedlings with uniform size (rosette diameter)
was prepared for the same batch of experiments. In an experi-
ment, the seedlings were randomly divided into specified groups,
with 6 seedlings in each group. After treatments, the aerial parts
of seedlings were sampled. Quantitative assay of GUS activity was
performed according to protocols previously described [52]. The
samples in each group were separately collected and then incu-
bated in 4-methylumbelliferyl glucuronide assay solution for 16 h.
The resultant 4-methyl umbelliferone (4-MU) was  measured using
a luminescence spectrophotometer equipped with an ELISA plate
reader (Spectra Max  M2,  Molecular Devices). Final data for each
group are the average of more than 10 single samples from 3 inde-
pendent experiments.

For detection of the distribution of GUS activity in plants of lines
15-6# and A1, samples were collected at 24 h after root irradiation,
and then assayed by histochemical staining, as described previously
[53].

2.7. Statistical analysis

All data were evaluated in terms of means and standard devia-
Student’s t-test. A P value of 0.05 or less between groups was con-
sidered to be significant.

http://dx.doi.org/10.1016/j.ijdevneu.2016.03.001
http://dx.doi.org/10.1016/j.ijdevneu.2016.03.001
http://dx.doi.org/10.1016/j.ijdevneu.2016.03.001
http://dx.doi.org/10.1016/j.ijdevneu.2016.03.001
http://dx.doi.org/10.1016/j.ijdevneu.2016.03.001
http://dx.doi.org/10.1016/j.ijdevneu.2016.03.001
http://dx.doi.org/10.1016/j.ijdevneu.2016.03.001
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Fig. 3. RIBE in the mutants deficient in JA biosynthesis and signaling cascades. (A) mRNA level of the AtRAD54 gene in the aerial tissues of lines aos and jar1-1 after root
irradiation; (B) mRNA level of the AtRAD51 gene in the aerial tissues of lines aos and jar1-1 after root irradiation; (C) mRNA level of the AtRAD54 gene in the aerial parts of
a  the A
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. Results

.1. Repressive effect of SHAM on RIBE in plants

SHAM is well accepted as an inhibitor of JA biosynthesis in plants
hrough inhibiting the enzymatic activity of LOX [54]. Accordingly,
e first investigated the effect of SHAM on RIBE in plants, using

xpression of the AtRAD54 gene (GUS activity) as a biological end-
oint. In our previous study, the bystander effects in plants can be

nduced by root-localized irradiation with 10 Gy of alpha particles
22,24]. In this study, the same dose of alpha particles was  used.
ive-day-old seedlings of line 15-6# were transferred onto medium
ontaining various concentrations of SHAM for 2 days. After root
rradiation, the seedlings continued to grow on the same SHAM

edium until GUS activity was examined at 24 h after root irradi-
tion. As shown in Fig. 2A, the application of 5 and 50 �M SHAM
lone did not significantly change the GUS activity in seedlings of

ine 15-6# (in both cases, P > 0.05). However, there was a slight
ecrease in GUS activity following application of 500 �M SHAM
P < 0.05) compared to seedlings without SHAM treatment, possi-
ly due to a slight suppression of A. thaliana seedling growth at
tRAD51 gene in the aerial parts of aos plants co-treated with exogenous MeJA and
.01).

the higher concentration of SHAM. In agreement with our previous
study [22], root irradiation alone significantly increased expression
of the AtRAD54 gene compared to control plants (P < 0.01). How-
ever, in the presence of SHAM, root irradiation made no difference
to expression of the AtRAD54 gene (in all cases, P > 0.05), as shown
in Fig. 2A. The histochemical staining of GUS activity in plants of
line 15-6# subjected to 5 and 50 �M SHAM was also performed at
24 h after root irradiation. Control plants showed a low background
of GUS activity in small regions in cotyledons and true leaves. Root
irradiation alone increased the distribution of GUS activity in the
upper part of cotyledons, whereas the distribution of GUS activity
was not changed by co-treatment with SHAM and root irradiation,
as shown in Fig. 2B. These results initially suggested that the JA
signal pathway might play a pivotal role in mediating RIBE in plants.

3.2. The effects of deficiencies in JA biosynthesis and signaling
cascades on RIBE
In order to verify the above supposition, we examined A. thaliana
mutants deficient in JA biosynthesis (aos) and signaling cascades
(jar1-1). Transcript levels of the AtRAD54 gene in the aerial parts
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Fig. 4. The RIBE-mediated alleviation of TGS in mutant plants deficient in JA biosyn-
thesis and signaling cascades. (A) RNA level of TSI in aerial plants of lines aos and
jar1-1 after root irradiation; (B) RNA level of 180-bp repeats in aerial plants of
T. Wang et al. / Mutation

f plants were measured using qRT-PCR at 24 h after root irradia-
ion. As shown in Fig. 3A, root irradiation-induced expression of
he AtRAD54 gene was significantly repressed in plants of lines
os and jar1-1 (in both cases, P > 0.05). In addition to the time
oint of 24 h, repressed expression of the AtRAD54 gene was  also
bserved at 8 and 36 h after root irradiation, as shown in Sup-
lementary material Fig. S1B and C in the online version at DOI:
0.1016/j.mrfmmm.2016.07.002. Transcript levels of the AtRAD51
ene, encoding another important component in HR repair path-
ay, were also measured at 24 h after root irradiation. Similarly,

he induction of AtRAD51 expression was significantly repressed in
lants of lines aos and jar1-1 (in both cases, P > 0.05), as shown in
ig. 3B. In order to further verify the role of JA in mediating RIBE, A.
haliana seedlings of line aos were pretreated with exogenous MeJA
efore root irradiation. As can be seen in Fig. 3C and D, the appli-
ation of exogenous MeJA significantly restored RIBE-mediated
xpression of the AtRAD54 gene in seedlings of line aos (in both
ases, P < 0.01), as shown in Fig. 3C, but only a weakly restored
xpression of the AtRAD51 gene (P < 0.05 for 100 �M MeJA) (Fig. 3D).
hese results suggest that the JA signal pathway might be involved
n RIBE in plants.

.3. RIBE-mediated TGS alleviation in aos and jar1-1 mutants

In our previous work, we also reported radiation-induced
ystander epigenetic effects in A. thaliana plants, in which
GS-silenced DNA repetitive elements were epigenetically acti-
ated via RIBE [24]. In the present study, we further wanted to
etermine whether the JA signal pathway likewise mediates the
ystander epigenetic effects. For this purpose, transcript levels of
he TSI and 180-bp repeats in seedlings of lines aos and jar1-1 were
xamined using qRT-PCR at 24 h after root irradiation. As shown
n Fig. 4A and B, RIBE-mediated activation of the TSI and 180-bp
epeats was significantly repressed in plants of lines aos and jar1-1
ompared to the wild-type plants with root irradiation (in all cases,

 < 0.01), although with enhanced activation compared with their
on-irradiated control plants (in all cases, P < 0.01). These results
uggest that the JA signal pathway might also be involved in the
adiation-induced bystander epigenetic effects.

.4. Roles of the JA signal pathway in generation of bystander
ignals and bystander radiation responses

After confirming the involvement of the JA signal pathway in
lant RIBE, we speculated on which step(s) the pathway mediates

n RIBEs, generation of bystander signals in hit roots or radia-
ion responses in bystander aerial tissues, or both. To address this,
he well-established technique of root micro-grafting was  adopted
26], as shown in Fig. 1C. When we conducted grafting of aos
R)-15-6# (A) and jar1-1(R)-15-6# (A), in which roots of lines aos
nd jar1-1 were respectively grafted to aerial plants of line 15-6#,
IBE-mediated expression of the AtRAD54 gene (GUS activity) was
ompletely inhibited compared to the control grafted plants with-
ut root irradiation (in both cases, P > 0.05), as shown in Fig. 5A.
hese results suggest that the JA signal pathway might participate
n the generation of bystander signals in irradiated roots.

Following grafting of WT(R)-aos(A) and WT(R)-jar1-1(A),
IBE-mediated expression of the AtRAD54 gene was similarly inhib-

ted compared to the control grafting without root irradiation (in
oth cases, P > 0.05), as shown in Fig. 5B and C, suggesting that
A biosynthesis and signaling cascades might both be involved in
he induction of radiation responses in bystander aerial parts of

lants. In order to further confirm this, we examined the mRNA

evels of several important genes involved in JA biosynthesis in
ystander aerial parts of plants, and found that root irradiation
hanged the expression of the LOX2, AOC2, and AOS genes at dif-
lines aos and jar1-1 after root irradiation. The results are means ± SD [n = 3 for RNA
level, the same lowercase letter denotes a non-significant difference between means
(P < 0.05)].

ferent time points after root irradiation (Fig. 6A), suggesting a de
novo biosynthesis of JA in bystander aerial tissues after root irradi-
ation. Histochemical staining of GUS activity in seedlings of line A1
showed an enhanced expression of the AOS gene only in some spe-
cific regions of leaves (Fig. 6B). At the same time, expression of the
PDF1.2 gene, a downstream effector of JA signaling cascades [37],
was significantly up-regulated after root irradiation (Fig. 6A).

3.5. Effects of over-accumulation of endogenous JA on RIBE

In the above experiment, we  found that deficiency of JA biosyn-
thesis in plants can inhibit RIBE. We  further wanted to determine
the effect of over-accumulation of endogenous JA on RIBE. For
this purpose, we used a mutant of line fou2, in which a missense
mutation in the putative voltage sensor of TPC1 gene leads to an
enhanced level of endogenous JA through up-regulating expression
of the LOX and AOS genes [51]. Surprisingly, the over-accumulation

of endogenous JA inhibited RIBE-mediated expression of the
AtRAD54 gene compared to fou2 plants without root irradia-
tion (P > 0.05), as shown in Fig. 7A. We  further investigated the
effect of over-accumulation of JA only in roots on RIBE using

http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
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Fig. 5. Roles of the JA signal pathway in generation of bystander signals and
bystander responses. (A) GUS activity (AtRAD54-GUS) in the aerial scions of line
15-6#, which were grafted to rootstocks of line aos or jar1-1;  (B) mRNA level of
the  AtRAD54 gene in the aerial scion of line aos, which were grafted to wild-type
rootstocks; (C) mRNA level of the AtRAD54 gene in the aerial scions of line jar1-1,
which were grafted to wild-type rootstocks. Results are means ± SD (n ≥ 12 for GUS
activity, n = 3 for RNA level, t test *P < 0.05 and **P  < 0.01).

Fig. 6. The effects of root irradiation on JA biosynthesis and signaling pathways in
the  aerial parts of plants. (A) mRNA level of the LOX2, AOC2, AOS, and PDF1.2 genes

in the aerial tissues at indicated time-points after 10 Gy of root-irradiation; (B) The
histochemical staining of line A1 plants after 10 Gy of root irradiation. Results are
means ± SD (n = 3 for RNA level, t test *P < 0.05 and **P < 0.01).

fou2(R)-15-6#(A) grafting, and found that the over-accumulation of
JA in roots did not affect the induction of AtRAD54 gene expression
in bystander aerial tissues, as shown in Fig. 7B. The results suggest
that higher concentrations of endogenous JA did not interfere with
the generation of bystander signals in roots.

3.6. Effects of over-accumulation of endogenous JA on
RIBE-mediated NHEJ

In addition to HR, NHEJ is an alternative repair mechanism
for DNA double-strand breaks. In higher plants, HR is usually
switched to NHEJ as DNA damage increases [55]. Therefore, it is
likely that in a background of endogenous JA over-accumulation,
the repressed expression of the AtRAD54 gene is due to the switch
from HR to NHEJ. To examine this, we measured expression of
the AtKU70 and AtLIG4 genes, encoding two  important compo-
nents in NHEJ [56,57]. It was  found that wild-type plants exhibited
down-regulated expression of the AtKU70 gene at 8 and 24 h after
root irradiation (in both cases, P < 0.05) and the AtLIG4 gene at
24 h (P < 0.05), as shown in Fig. 8A. The results suggest that in a
wild-type background, plants might preferentially employ HR in
response to root irradiation. Interestingly, the mutant of line fou2
exhibited significantly up-regulated expression of the AtKU70 and
AtLIG4 genes after root irradiation, as shown in Fig. 8B, indicating
RIBE-mediated up-regulation of NHEJ in the background of endoge-
nous JA over-accumulation.

4. Discussion
Although radiation-induced bystander effects have been well
demonstrated in plants, the signaling molecules and signaling cas-
cades involved in the long-distance bystander communication are
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Fig. 7. The effects of over-accumulation of endogenous JA on RIBE in plants. (A)
mRNA level of the AtRAD54 gene in aerial tissues of line fou2 after root irradiation;
(
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Fig. 8. Employment of NHEJ in plants of line fou2 after root irradiation. (A) mRNA
level of the AtKU70 and AtLIG4 genes in the aerial parts of wild-type plants after root
irradiation; (B) mRNA level of the AtKU70 and AtLIG4 genes in aerial tissues of line
B)  GUS activity (AtRAD54-GUS) in the aerial scions of line 15-6#, which were grafted
o  rootstocks of line fou2. Results are means ± SD (n ≥ 12 for GUS activity, n = 3 for
NA level, t test *P < 0.05 and **P  < 0.01).

argely unknown. In this study, we present robust evidence show-
ng that the JA signal pathway is involved in the RIBE in plants.
nterestingly, the application of exogenous MeJA readily restored
IBEs in the background of JA biosynthesis deficiency. However,
pplication of exogenous MeJA alone did not up-regulate expres-
ion of the AtRAD54 and AtRAD51 genes in plants of lines aos (Fig. 3C
nd D), and had no effect on expression of the AtRAD54 gene (GUS
ctivity) in plants of line 15-6# (wild-type background) (see Sup-
lementary material Fig. S2 in the online version at DOI: 10.1016/j.
rfmmm.2016.07.002). Therefore, it is likely that RIBE in plants
ight be mediated jointly by the JA signal pathway and other

otential signal pathway(s), such as those of salicylic acid, ethy-
ene, auxin, abscisic acid and gibberellin acid, which have been
eported to cross-talk with the JA signaling pathway [58–60]. In
he cell culture systems, it is well accepted that RIBE rely on multi-
le signal transduction pathways with a unified model, and that the
ooperation of these signals contributed to the final consequences
61,62].
In this study, it was shown that JA biosynthesis is involved in
oth the generation of bystander signals in irradiated root cells
nd radiation responses in bystander aerial tissues. We  also found
hat root irradiation led to up-regulated expression of the LOX2,
fou2 after root irradiation. Results are means ± SD (n = 3 for RNA level, t test *P < 0.05
and **P < 0.01).

AOC2, and AOS genes in aerial parts of plants (see Fig. 6A and B),
suggesting a de novo biosynthesis of JA in bystander aerial tis-
sues after root irradiation. However, despite their confirmed role as
long-distance mobile signals in systemic wound response [44–46],
it remains undetermined whether JA or its derivatives act directly
as long-distance mobile signals in the root-to-shoot bystander
communication. It has been reported that some physical signals,
such as hydraulic signals, are transferred from stressed roots to
shoots via vascular systems, and then converted into chemical sig-
nals such as JA in the aerial parts of plants [63,64]. Therefore, we
cannot excluded the possibility that in the root-to-shoot bystander
signaling, non-JA factors act as long-distance mobile bystander
signals. If this is the case, the JA signal pathway in irradiated
roots might only mediate the generation of bystander signals in a
cell-autonomous manner. Thus, it is likely that in bystander aerial
tissues, the mobile signals conveyed from roots trigger JA biosyn-
thesis and subsequent JA signaling cascades. This then raises the
question of how the JA signal pathway in bystander aerial tissues

is coupled to the DNA damage repair mechanisms. It is well known
that oxidative stress in cells can cause damage to cell structures,
including DNA [65], in response to which cells promote their DNA

http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
http://dx.doi.org/10.1016/j.mrfmmm.2016.07.002
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Fig. 9. A schematic model for the role of the JA signal pathway in mediating RIBE in
plants. (The solid arrow indicates a certain process, the dashed arrow represents a
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Hei, L.J. Wu,  Radiation-induced bystander signaling from somatic cells to
germ cells in Caenorhabditis elegans, Radiat. Res. 180 (2013) 268–275.

[20] G. Yang, L. Wu,  L. Chen, B. Pei, Y. Wang, F. Zhan, Y. Wu,  Z. Yu, Targeted
ossible process, and “?” indicates the undermined nature of mobile signals).

epair mechanisms [32], possibly accompanied by the alleviation of
GS [66]. Our previous study showed the increased levels of reac-
ive oxygen species (ROS) and DNA damage in bystander tissues,
nd we demonstrated that pretreatment with dimethylsulfoxide, a
cavenger of ROS, can significantly inhibit the induction of HR and
lleviation of TGS [22,24]. Of more importance is the fact that the
A signal pathway can evoke the production of ROS in plants sub-
ected to environmental stress [67]. On the basis of these findings,

 schematic model for the role of the JA signal pathway in RIBE in
lants is proposed in Fig. 9.

In contrast to HR, NHEJ is an error-prone repair mechanism for
NA double-strand breaks. Under normal conditions, HR is the pre-
ominant mechanism by which plants repair DNA damage in an
rror-free manner [68]. However, with an increase in DNA damage,
lants can switch from HR to NHEJ [55]. In the genetic background
f fou2, NHEJ was up-regulated after root irradiation, whereas HR
as suppressed (see Figs. 7A and 8B). Therefore, it is suggested that

ver-accumulation of endogenous JA might enhance radiosensitiv-
ty in terms of RIBE. However, treatment of line aos with exogenous

eJA, even at a high concentration of 100 �M, did not lead to the
witch from HR to NHEJ, indicating normal induction of the AtKU70
nd AtLIG4 genes in plants of line aos, (see Fig. 3C and D and Sup-
lementary material Fig. S3 in the online version at DOI: 10.1016/

.mrfmmm.2016.07.002). In this study, it was found that increased
ctivity of AOS only occurred in some specific regions of leaves (see
ig. 6B), and that the expressions of the JA synthesis-related genes
ere up-regulated at different time-points after root irradiation

see Fig. 6A). These results indicate that biosynthesis of endoge-
ous JA in plants has a unique temporal and spatial pattern, upon
hich the biological function of JA might largely depend [69,70].

t is clear that treatment with exogenous MeJA does not establish
he same temporal and spatial distribution of JA in plant tissues.
ccordingly, it is likely that application of exogenous MeJA might
nly weakly restore the JA signal pathway in plants of line aos.

Generally, in this study, the JA signal pathway was shown
o mediate the RIBE in plants, which involves in the genera-
ion of bystander signals and bystander radiation responses. It is
lso found that radiosensitivity might be modulated by the level

f endogenous JA. However, it still remains undetermined how
lpha-irradiation promotes the JA signal pathway in roots and
rch 791–792 (2016) 1–9

whether JA or its derivatives directly act as root-to-shoot mobile
signals.
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