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Abstract

In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent

epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with
its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in

actively growing organs, under short- (6 h) and long- (2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd,

through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach,

respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase,

was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron

microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de

novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of

interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd
perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are

linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin.

Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.

Key words: 5-Methylcytosine-antibody, cadmium-stress condition, chromatin reconfiguration, CHROMOMETHYLASE,

DNA-methylation, Methylation- Sensitive Amplification Polymorphism (MSAP), Posidonia oceanica (L.) Delile.

Introduction

In the Mediterranean coastal ecosystem, the endemic

seagrass Posidonia oceanica (L.) Delile plays a relevant role

by ensuring primary production, water oxygenation and

provides niches for some animals, besides counteracting

coastal erosion through its widespread meadows (Ott, 1980;

Piazzi et al., 1999; Alcoverro et al., 2001). There is also

considerable evidence that P. oceanica plants are able to

absorb and accumulate metals from sediments (Sanchiz
et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus

influencing metal bioavailability in the marine ecosystem.

For this reason, this seagrass is widely considered to be

a metal bioindicator species (Maserti et al., 1988; Pergent

et al., 1995; Lafabrie et al., 2007). Cd is one of most

widespread heavy metals in both terrestrial and marine

environments.

Although not essential for plant growth, in terrestrial

plants, Cd is readily absorbed by roots and translocated into

aerial organs while, in acquatic plants, it is directly taken up

by leaves. In plants, Cd absorption induces complex changes

at the genetic, biochemical and physiological levels which

ultimately account for its toxicity (Valle and Ulmer, 1972;

Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005;

Weber et al., 2006; Liu et al., 2008). The most obvious
symptom of Cd toxicity is a reduction in plant growth due to

an inhibition of photosynthesis, respiration, and nitrogen

metabolism, as well as a reduction in water and mineral

uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000;

Shukla et al., 2003; Sobkowiak and Deckert, 2003).

At the genetic level, in both animals and plants, Cd

can induce chromosomal aberrations, abnormalities in
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Abstract

Arabidopsis has been used as a model system to study many aspects of plant growth and development. However, fruit 
senescence in Arabidopsis has been less investigated and the underlying molecular and hormonal (especially ethyl-
ene) regulatory mechanisms are not well understood. It is reported here that the Arabidopsis silique has characteris-
tics of a climacteric fruit, and that AtNAP, a NAC family transcription factor gene whose expression is increased with 
the progression of silique senescence, plays an important role in its senescence. Silique senescence was delayed for 
4–5 d in the atnap knockout mutant plants. The ethylene climacteric was delayed for 2 d in the atnap silique and the 
associated respiratory climacteric was suppressed. Exogenous ethylene stimulated respiration in the wild type, but 
not in the atnap mutant. The decoupling of the ethylene and respiratory climacterics in the atnap mutant suggests 
that AtNAP is required for ethylene stimulation of respiration. qPCR analyses revealed that the expression patterns of 
genes involved in ethylene biosynthesis, perception, and signalling, ACS2, ETR1, CTR1, EIN2, EIN3, and ERF1, were 
also altered in the atnap mutant. The effects of exogenous ABA, SA, 6-BA, and NAA on ethylene production and respi-
ration in siliques of the wild type and atnap mutant were also investigated. A model involving ABA-AtNAP-controlled 
stomatal opening in regulating ethylene-stimulated respiration in fruit senescence is presented.

Key words:   Arabidopsis, AtNAP, climacteric, ethylene, fruit senescence, gene regulation.

Introduction

Arabidopsis and tomato are model systems for the study of 
development, ripening, and senescence of dry and fleshy fruits, 
respectively (Alexander and Grierson, 2002; Giovannoni, 2004, 
2007; Klee and Giovannoni, 2011). In Arabidopsis, significant 
progress on the regulation of fruit development by transcription 
factors has been made; MADS box genes play key roles in carpel 
identity (reviewed in Giovannoni, 2007; Klee and Giovannoni, 
2011). A MADS box gene in tomato named LeMADS-RIN has 
been shown to control fruit ripening non-hormonally (Vrebalov 
et  al., 2002). Although ectopic expression of AGL15 (an 
Arabidopsis MADS domain-containing gene) under the direction 
of the senescence-specific SAG12 promoter (Gan, 1995) delays 
flower senescence and silique maturation in Arabidopsis (Fang 
and Fernandez, 2002), this MADS domain gene is seed-specific 
and appears not to be expressed in carpels (silique walls). The 

role of AGL15 and other MADS genes in silique senescence in 
Arabidopsis remains elusive, and the transcriptional regulation of 
silique senescence is yet to be discovered. Guo and Gan (2006) 
found that AtNAP, a NAC family transcription factor gene, has 
an important role in leaf senescence in Arabidopsis. Leaf senes-
cence was delayed for up to 10 d in the atnap knockout mutant 
plants whereas chemical induction of AtNAP in young leaves 
readily caused precocious leaf senescence. Recently, AtNAP 
is shown to be up-regulated early after anthesis, which corres-
ponds with ovule senescence (Carbonell-Bejerano et al., 2010). 
Whether AtNAP also has a role in regulating the senescence of 
siliques, a derivative of leaves, is not known.

Although Arabidopsis has been a useful model for many 
aspects of plant growth and development, including leaf sen-
escence, research into the molecular and hormonal regulation 
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of its fruit senescence has been limited and has lagged behind 
that for tomato and other fruit. Recent studies on structural 
changes and senescence-associated gene expression during 
silique development and senescence revealed that it under-
goes well-defined developmental and senescence processes in 
Arabidopsis (Wagstaff et  al., 2009; Carbonell-Bejerano et  al., 
2010). Microarray analysis of gene expression profiles during 
silique senescence (Wagstaff et al, 2009) represents a significant 
step toward a molecular understanding of fruit senescence in 
Arabidopsis. However, such fundamental questions as whether 
the Arabidopsis silique is a climacteric fruit and how the silique 
responds to exogenous ethylene and other hormones have not yet 
been addressed.

It is reported here that the Arabidopsis silique exhibits char-
acteristics of a climacteric fruit that is subjected to regulation by 
ethylene and other hormones. It is also reported that Arabidopsis 
silique senescence is highly controlled by AtNAP. Silique senes-
cence is delayed and the respiration surge associated with endog-
enous or exogenous ethylene is suppressed in the atnap knockout 
mutant plants. The ethylene production of the atnap siliques in 
response to treatments with abscisic acid (ABA), salicylic acid 
(SA), 6-benzylaminopurine (6-BA), and 1-naphthaleneacetic 
acid (NAA) is reduced compared with that of the wild type. 
qPCR analyses reveal that the expression of AtACS2 (encoding 
a 1-amino-cyclopropane-1-carboxylic acid or ACC synthase), 
AtETR1 (an ethylene receptor gene), AtCTR1 (a gene for a nega-
tive regulator of ethylene signal transduction), AtEIN2 (a gene 
for a positive regulator of ethylene signal transduction), and 
AtERF1 (a target gene of AtEIN3) is down-regulated whereas the 
expression of AtEIN3 (also a positive regulator of ethylene signal 
transduction) is up-regulated in siliques of the atnap plants.

Materials and methods

Plant materials and growth conditions
Arabidopsis thaliana ecotype Columbia and the atnap knockout mutant 
plants were used in this research. Seeds were sterilized with three rinses 
in 70% EtOH containing 0.01% Triton X-100, and a final rinse in 95% 
EtOH. The seeds were air-dried in a laminar flow hood and then sown 
on Petri dishes that were then placed at 4  °C overnight. Ten-day-old 
seedlings were transplanted to Fafard soils (3 parts moss:2 parts ver-
miculite:1 part perlite) and grown in growth chambers at 23  °C with 
64% relative humidity under constant light (150 µmol m–2 s–1 light from 
a mixture of fluorescent and incandescent bulbs (Guo and Gan, 2006).

Treatments
To evaluate ethylene production and respiration rates, siliques of WT 
or the atnap knockout mutant plants were harvested at 4, 6, 8, 10, 12, 
and 14 d post-anthesis (DPA), respectively, and were placed into 10 ml 
vials; the vials were kept open for 30 min to vent any ethylene possibly 
caused by wounding before being sealed with serum caps. The vials 
were kept at 23 °C for 4 h (unless specified otherwise) for ethylene and 
CO2 measurements. The 30 min delay between excision and sealing the 
vials was based on preliminary experiments in which WT siliques were 
placed into 10 ml vials immediately after excision or at different time 
periods up to 120 min. The ethylene production rates in WT siliques (4 
DPA) were not affected by any time delay (P=0.353), means ±standard 
errors (n=4) being 30.5 ± 0.9, 33.3 ± 1.9, 29.9 ± 2.0, and 33.1 ± 1.5 nl g–1 
h–1 after 0, 30, 60, and 120 min, respectively. The 30 min period was 
therefore used for convenience to allow the randomization of siliques to 
vials where necessary.

To evaluate the effects of ethylene treatment on the endogenous pro-
duction of ethylene and CO2 production, siliques harvested at 4, 6, 8, 
10, 12, and 14 DPA were placed in vials, which were injected with 5 µl 
of 2% (v/v) ethylene (air as a control; Airgas, NY) to obtain a final con-
centration of 10 µl l–1. The siliques were kept at 23 °C for 2 h and then 
transferred into new vials and sealed. The vials with siliques were kept 
at 23 °C for 4 h for ethylene and CO2 measurements. Four biological 
replications were performed for each sampling point.

For hormone treatments, siliques at 4 DPA were harvested and placed 
in 10 ml vials containing 200 µl of 100 µM ABA, 6-BA, SA, NAA or 
water, respectively. The samples were placed under a vacuum for 1 min. 
The vials were kept at 23 °C for 24 h for ethylene and CO2 measure-
ments. Four biological replications were performed for each treatment 
or sampling time point.

Measurement of ethylene
Ethylene was analysed with a Hewlett Packard 5890 Series II gas chro-
matograph equipped with a Hewlett-Packard 3394A integrator. The col-
umn was 0.318 cm stainless steel packed with Alumina F-1, 60/80 mesh. 
Injector port, flame ionization detector, and column temperatures were 
230, 245, and 200 °C, respectively. N2, H2, and air flow rates were 30, 
30, and 230 ml min–1, respectively.

Measurement of respiration
CO2 was measured using a model 910 Buck Scientific gas chromato-
graph with a thermal conductivity detector (TCD). The oven tempera-
ture was 100 °C and the detector temperature was 250 °C. The carrier 
gas was helium, set to a flow of 10 ml min–1. The computer software 
used was PeakSimple version 3.85. The column was 0.91 m × 0.318 cm 
stainless steel packed with silica gel.

Determination of chlorophyll content
Chlorophyll was extracted by placing silique walls into 1.5-ml microfuge 
tubes containing 80% acetone and shaking overnight in the dark. The 
chlorophyll a/b contents were measured using a Beckman spectropho-
meter and were calculated as described previously (He and Gan, 2002).

RNA extraction and RT-qPCR analyses of gene expression
Isolating DNA-free RNA from Arabidopsis siliques ready for the 
reverse transcriptase quantitative PCR (RT-qPCR) applications was 
performed according to Protocol 2 as described by Onate-Sanchez and 
Vicente-Carbajosa (2008). cDNA was synthesized using the iScripTM 
cDNA Synthesis Kit (Bio-Rad Product #170–8890). qPCR analyses of 
individual genes were performed with primers listed in Supplementary 
Table S1at JXB online using the iQTM SYBR Green Supermix (Bio-
Rad Product #170–8880) according to the manufacturer’s protocol. 
Briefly, for each qPCR reaction, 1 µl of each diluted sample was used 
as a template in a 25  µl reaction containing 12.5  µl Bio-Rad® 2× 
SYBR green supermix (Bio-Rad, Hercules, CA, USA), 8.5 µl ddH2O, 
and 1 µl of each primer. All qPCR reactions were performed on a Bio-
Rad® IQ-5 thermocycler with 40 cycles and an annealing temperature 
of 55  °C. Cycle threshold (Ct) values were determined by the IQ-5 
Bio-Rad software assuming 100% primer efficiency. Four cDNA 
samples derived from four samples at each time point were used. 
Arabidopsis Actin2 (At3g18780) was used as an internal control. Data 
were expressed according to normalized expression (ddCT method). 
The expression levels of individual genes in the 4 DPA siliques of WT 
were set to 1.

Statistical methods
Expression levels of genes were subjected to t test analyses, with P=0.05 
as the cutoff. All other data were subjected to ANOVA by using SPSS. 
The overall least significant difference (LSD) (P=0.05) was calculated 
and used to separate means.

http://exbotj.oxfordjournals.org/lookup/suppl/doi:10.1093/exbotj/ers266/-/DC1
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Results

Phenotypic changes in silique development and 
senescence in WT and atnap knockout plants

The atnap knockout mutant carries a T-DNA insert in the 2nd 
exon of AtNAP (At1g69490) that encodes a NAC family tran-
scription factor (Guo and Gan, 2006). The atnap null mutant 
and WT plants are developmentally indistinguishable in terms 
of bolting and flowering times. However, silique senescence is 
dramatically delayed. As shown in Fig. 1B, the 1st siliques of 
the primary inflorescences of WT and the atnap plants were age-
matched, but the WT silique became senescent and shattered 
while the mutant silique remained intact. Senescence had already 
progressed to the 4th silique of the WT while the 2nd silique of 
the atnap mutant remained green. Fig. 1C shows siliques with 
different ages (DPA). The senescence progression in the atnap 
siliques was markedly delayed compared with that in the WT.

Chlorophyll changes during development and 
senescence in silique walls of WT and the atnap 
mutant plants

Chlorophyll a, chlorophyll b, and chlorophyll a+b concentra-
tions in the silique walls of the WT and the atnap mutant were 
similar until 6 DPA (Fig. 2A–C). Chlorophyll concentrations then 
declined over time in WT siliques, while in the atnap remained 
high and then declined relatively slowly. The levels of chloro-
phyll a, b, and a+b were higher in the atnap silique walls than in 
WT silique walls after 6 DPA.

Changes in ethylene production and respiration during 
silique development and senescence

The changes in the rates of ethylene production and respiration 
during fruit development and senescence in WT and atnap 
siliques were measured. Ethylene production increased in the 
WT siliques until 10 DPA and then decreased rapidly (Fig. 3A). 
Ethylene production by the atnap siliques also increased and 
then decreased, but these changes were delayed by about 2 d 
compared with that of WT. However, maximum ethylene pro-
duction rates were similar between the two silique types.

The changes in respiration rate of the WT siliques (Fig. 3B) 
had a similar pattern to that of the ethylene production. By con-
trast, however, respiration rates of the atnap siliques increased 
to the maximum (approximately 70% of the maximum of that 
of WT) at 6 DPA, then remained steady until 12 DPA when the 
respiration rates started to decrease (Fig. 3B). These data suggest 
that AtNAP may be required for the typical respiration surge in 
response to endogenous ethylene.

Effect of exogenous ethylene on respiration and 
endogenous ethylene production of siliques during 
development and senescence in WT and the atnap 
mutant plants

Exogenous ethylene will generally result in an earlier respira-
tory peak in climacteric fruits. Therefore, the respiration patterns 
of WT and mutant fruits treated with 10  µl l–1 ethylene were 
investigated further. As shown in Fig. 4A, external application 

Fig. 1.  Delayed silique senescence in the atnap knockout mutant. (A) Senescence of siliques of age-matched atnap mutant and wild-
type (WT) plants. The plants were approximately 70 d after germination. (B) Senescence in siliques of main shoots of the atnap mutant 
and WT plants. The 1st, 2nd …siliques are age-matched. Note the 1st WT silique became completely senescent and shattered. DPA, 
days post-anthesis. (C) Age-dependent progression of silique senescence in the atnap mutant and WT plants.
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of ethylene stimulated the respiratory intensity in WT fruits and 
the climacteric peak was observed at 8 DPA, approximately 2 d 
earlier than that of the control. By contrast, the same ethylene 
concentration appeared to have little effect on the respiration 
of ethylene-treated and untreated siliques of the atnap mutant 
(Fig. 4B). These data again suggest that AtNAP may be required 
for the respiration surge in response to both endogenous and 
exogenous ethylene.

Endogenous ethylene production in siliques after exogenous 
ethylene treatment was also measured. Exogenous ethylene also 
stimulated endogenous ethylene production in the WT siliques 
(Fig.  5A) but had little effect in the atnap mutant siliques 
(Fig. 5B).

Fig. 2.  Chlorophyll a (A), b (B), and a+b (C) in silique walls 
(excluding seeds) of the WT and atnap mutant. Bars are means 
±SD (n=4). Significant (P=0.05) differences between means are 
indicated by different letters.

Fig. 3.  Ethylene production (A) and respiration rate (B) of the WT 
and atnap mutant during silique development and senescence. 
Bars are means ±SD (n=4). Significant (p=0.05) differences 
between means are indicated by different letters.

Fig. 4.  Effect of exogenous ethylene on respiration rate of WT and 
the atnap siliques. (A) Respiration rate of WT siliques after 10 µl l–1 
exogenous ethylene treatment. (B) Respiration rate of the atnap 
mutant siliques after 10 µl l–1 exogenous ethylene treatment. Bars 
are means ±SD (n=4). Significant (P=0.05) differences between 
means are indicated by different letters.
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Effects of exogenous ABA, SA, 6-BA and NAA on the 
ethylene production and respiration in WT and the 
atnap mutant siliques

Ethylene production and respiration rates of the WT and atnap 
mutant siliques in response to the plant hormones ABA, 6-BA, 
NAA, and SA were also measured. Ethylene production was 
lower in the mutant siliques than the WT in the control and after 
all hormone treatments (Fig. 6A), but different responses to the 
treatments were detected. Production of WT siliques decreased 
after the treatments with 6-BA, SA, and NAA, respectively, but 
was increased by ABA treatment (P <0.05). In the atnap mutant 
siliques, ethylene production was similar in the control, NAA, 
and ABA treatments, with no increased production resulting 
from ABA treatment. 6-BA caused the greatest reduction of eth-
ylene production.

Respiration rates were highest in the ABA-treated WT siliques, 
but, in general, little difference in rates were detected between 
the WT and the atnap mutant siliques in response to the plant 
hormones (Fig. 5B). Overall rates were lower in NAA, 6-BA, 
and SA treatments.

AtNAP transcript levels increase with progression of 
fruit senescence

Because the loss-of-function of AtNAP had a profound impact 
on Arabidopsis silique senescence, we investigated if AtNAP 
is up-regulated during fruit senescence. qPCR showed that the 

transcript levels of AtNAP increased with the progression of fruit 
senescence in the WT (Fig. 7), but the AtNAP transcripts were 
not detectable in the atnap mutant siliques (Fig. 7).

Altered expression levels of genes involved in ethylene 
biosynthesis, perception, and signalling in the 
atnap fruits

The expression patterns of selected genes related to ethylene 
biosynthesis (ACS ), perception (ETR1), and signal transduction 
(CTR1, EIN2, ERF1/2, and EIN3) were analysed.

AtACS2 encodes an ACC synthase that catalyzes the forma-
tion of ACC in the ethylene biosynthesis pathway. The expres-
sion levels of AtACS2 increased then decreased in both the 
WT and atnap mutant siliques but the expression levels in the 
atnap mutant siliques were lower than those in developmentally 
matched WT siliques (Fig. 8).

AtETR1 encodes an ethylene receptor (Chang et  al., 1993; 
Bleecker et al., 1998). The changes in AtETR1 transcript levels 
in developing and senescing WT siliques were very similar to the 
pattern of AtACS2 in WT siliques. However, the pattern of AtETR1 
expression in the atnap background was different from that of 
AtACS2; the expression levels of AtETR1 in 6- and 8-DPA mutant 
siliques were higher than in age-matched WT siliques (Fig. 8).

AtCTR1 is a gene encoding an ethylene signalling component 
that is immediately downstream of AtETR1 (Kieber et al., 1993). 

Fig. 5.  Effect of exogenous ethylene on ethylene production in 
WT and the atnap siliques. (A) Ethylene production of WT siliques 
after treatment with 10 µl l–1 ethylene. (B) Ethylene production of 
the atnap mutant siliques after treatment with 10 µl l–1 ethylene. 
Bars are means ±SD (n=4). Significant (P=0.05) differences 
between means are indicated by different letters.

Fig. 6.  Effect of various exogenous plant hormones on ethylene 
production and respiration rate in WT and the atnap mutant 
siliques. (A) Ethylene production of WT and atnap mutant siliques 
after exogenous plant hormone treatments. (B) Respiration rate 
of WT and atnap mutant siliques after exogenous plant hormone 
treatments. Significant (P=0.05) differences between means are 
indicated by different letters.
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Fig. 7.  AtNAP gene expression in WT and the atnap siliques during development and senescence. qPCR analyses were performed. 
Relative expression levels were calculated and normalized with respect to Actin 2 (ACT2) transcripts. Four independently isolated RNA 
samples at each time point were used. Bars are means ±SD (n=4). Note the expression levels in the atnap knockout siliques were 
almost non-detectable. Significant (P=0.05) differences between means are indicated by different letters.

Fig. 8.  Expression levels of genes involved in ethylene biosynthesis, perception, and signal transduction in siliques of WT and the 
atnap mutant during development and senescence. qPCR analyses were performed. Relative expression levels were calculated and 
normalized with respect to Actin 2 (ACT2) transcripts. Four independently isolated RNA samples at each time point were used. Bars are 
means ±SD (n=4). Significant (P=0.05) differences between means are indicated by different letters.
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The expression patterns in both the WT and atnap mutant fruits 
are very similar to those of AtETR1 (Fig. 8).

AtEIN2 (Alonso et al., 1999) encodes an ethylene signal trans-
ducer downstream of AtCTR1. The expression of AtEIN2 in the 
atnap siliques was down-regulated compared with that in age-
matched WT siliques (Fig. 8).

AtERF1 encodes an Arabidopsis EIN3-binding F-box protein 
(Binder et  al., 2007). It functions downstream of AtEIN2 and 
upstream of AtEIN3. As shown in Fig.  8, the expression pat-
tern of AtERF1 in WT siliques is different from the other genes 
tested; its transcript levels reached the peak at 8 DPA, approxi-
mately 2 d earlier than the other genes tested. The expression of 
this gene in the atnap mutant siliques was, however, less dra-
matically changed during development and senescence (Fig. 8).

AtEIN3 is a nuclear protein gene (Chao et al., 1997) that func-
tions immediately after AtERF1 in ethylene signalling (Binder 
et al., 2007). The null mutation of this gene resulted in acceler-
ated senescence, among others (Chao et al., 1997). The AtEIN3 
expression was sharply down-regulated in the WT siliques that 
were 12 DPA or older but was highly up regulated in the age-
matched atnap mutant siliques (Fig. 8).

Discussion

The Arabidopsis silique has characteristics of a 
climacteric fruit

Much progress has been made in the molecular regulation of 
leaf senescence in Arabidopsis (Gan, 2003) and fruit ripening in 
tomato (Giovannoni, 2004, 2007). However, such fundamental 
questions as whether Arabidopsis fruit is climacteric and how its 
senescence is regulated are largely unknown. In this study, the 
patterns of ethylene production and respiration (Fig. 3), as well 
as silique responses to exogenous ethylene (Figs 4, 5) indicates 
that they have characteristics of climacteric fruits.

AtNAP plays an important role in fruit senescence

AtNAP, a plant-specific transcription factor gene, was shown to 
have a pivotal role in controlling leaf senescence, leaf senescence 
being delayed for up to 10 d in the atnap knockout plants (Guo 
and Gan, 2006). It is revealed here that AtNAP also plays a critical 
role in regulating silique senescence in Arabidopsis. Similar to its 
up-regulation during leaf senescence (Guo and Gan, 2006; Zhang 
and Gan, 2012), AtNAP transcript levels were elevated with the 
progression of silique senescence in Arabidopsis (Fig.  7), and 
silique senescence was delayed for 4–5 d when AtNAP was 
knocked out (Figs 1, 2). Interestingly, a NAC transcriptional 
factor in tomato (with a protein ID AAU43923) encoded by the 
tomato nonripening (nor) locus (Giovannoni, 2007) appears to 
be an orthologue of AtNAP (Guo and Gan, 2006); nor displays a 
significant delay in tomato fruit ripening (Tigchelaar et al., 1973).

AtNAP is required for ethylene stimulation of respiration 
during fruit senescence

It is widely accepted that ethylene is a major factor that promotes 
senescence of the stigma and ovule (Carbonell-Bejerano et al., 

2011), fruits (Oeller et al., 1991; Picton et al., 1993; Wilkinson 
et al., 1995; Watkins, 2002; Giovannoni, 2007) as well as leaves 
(Jing et al., 2005). However, the link between ethylene and res-
piration is not well understood. Our research presented here 
showed that the ethylene surge and the respiratory surge in the 
atnap knockout mutant plants were de-coupled. While the onset 
of the ethylene climacteric was delayed for approximately 2 d 
when compared with that of WT siliques, and occurred during 
fruit senescence in the atnap mutant plants (Fig. 3A), the respira-
tory surge was suppressed in the atnap mutant siliques (Fig. 3B). 
Similarly, exogenous ethylene treatment promoted earlier occur-
rence of the surge in respiration in the WT siliques (Fig. 4A). 
By contrast, the same treatment did not alter the respiration 
pattern in the atnap mutant siliques (Fig. 4B). These data sug-
gest that AtNAP is required for ethylene to stimulate the respira-
tion in senescing siliques in Arabidopsis, but further analysis is 
required.

Physiological and molecular bases of AtNAP-regulated 
silique senescence

The reduced effect of endogenously produced and exogenously 
applied ethylene to induce corresponding respiratory surges in 
the atnap mutant siliques (Figs 3, 4) suggests that the sensitiv-
ity of siliques to ethylene may be reduced in the mutant plants. 
AtNAP as a transcription factor can bind to the promoter regions 
of its immediate target genes to regulate their expression at the 
transcriptional levels, and the expression of these target genes 
may subsequently alter the expression and function of other 
genes. Changes in expression of several genes that are involved 
in ethylene biosynthesis, perception, and signal transduction 
pathways were therefore investigated (Fig.  8). For simplicity, 
the six genes can be arranged in the following order: AtACS2→ 
AtETR1→AtCTR1→AtEIN2→AtERF1→AtEIN3, with AtACS2 
in ethylene production and AtEIN3 as the most downstream com-
ponent of the ethylene signal transduction. As shown in Fig. 8, 
the first five genes were indeed suppressed to various extents 
in the atnap knockout mutant fruits whereas the expression of 
AtEIN3 was significantly enhanced after 12 DPA. Ethylene pro-
duction by the atnap fruits reached maximum levels at 12 DPA 
(Fig. 5). The expression of EIN3-like genes in tomato was shown 
to be associated with fruit ripening (Tieman et al., 2001; Yokotani 
et al., 2003). It is still unclear how the changes in expression of 
AtEIN3 and other genes affect silique senescence in the atnap 
mutant plants.

Recently, AtNAP was shown to regulate the expression 
of SAG113 directly, a PP2C family protein phosphatase gene 
(Zhang and Gan, 2012; Zhang et al., 2012). The AtNAP-PP2C 
regulatory node mediates ABA to inhibit stomata from closing 
so that leaves lose water dramatically; the loss of water triggers 
and promotes leaf senescence (Zhang and Gan, 2012; Zhang 
et al., 2012). However, it is unknown whether this mechanism 
may apply to fruit senescence although stomata do develop 
with the growth and development of siliques in Arabidopsis 
(Carbonell-Bejerano et al., 2010). The ABA levels also increase 
during fruit ripening in fruit such as tomato and avocado (Adato 
et al., 1976; Zhang et al., 2009) although the ABA levels dur-
ing silique development and senescence in Arabidopsis are yet 
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to be determined. One plausible explanation is that AtNAP, via 
the ABA-AtNAP-SAG113 PP2C regulatory chain, will prevent 
stomata from closing so that enough oxygen can diffuse into 
the silique tissue for ethylene-stimulated fast respiration in the 
WT siliques. In the atnap knockout siliques, however, the clo-
sure of the stomata would be promoted, this would result in less 
oxygen for respiration as observed in Fig.  3B. This model is 
supported by the fact that the ABA treatment promoted respira-
tion in the WT siliques (presumably by inhibiting stomata from 
closing such that more oxygen could get into the silique tis-
sues for respiration) but had no effect on the respiration of the 
atnap mutant siliques (Fig. 6B). This model is also supported 
by observations in tomato that ABA precedes ethylene and 
may regulate it through the NAC gene (Giovanni Giuliano and 
James Giovannoni, personal communication). Further research 
is needed to test this stomatal model.

Supplementary data

Supplementary data can be found at JXB online.
Supplementary Table S1. Primers used for qPCR.
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