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Iron and ROS control of the DownSTream mRNA
decay pathway is essential for plant fitness
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A new regulatory pathway involved in plant response to
oxidative stress was revealed using the iron-induced
Arabidopsis ferritin AtFERI as a model. Using pharmaco-
logical and genetic approaches, the DownSTream (DST)
cis-acting element in the 3’-untranslated region of the
AtFER1 mRNA was shown to be involved in the degrada-
tion of this transcript, and oxidative stress triggers this
destabilization. In the two previously identified trans-
acting mutants (dstl and dst2), AtFER1I mRNA stability
is indeed impaired. Other iron-regulated genes containing
putative DST sequences also displayed altered expression.
Further physiological characterization identified this oxi-
dative stress-induced DST-dependent degradation pathway
as an essential regulatory mechanism to modulate mRNA
accumulation patterns. Alteration of this control dramati-
cally impacts plant oxidative physiology and growth.
In conclusion, the DST-dependent mRNA stability control
appears to be an essential mechanism that allows plants to
cope with adverse environmental conditions.
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Introduction

Aerobic organisms are constantly exposed to reactive oxygen
species (ROS) that originate from both intracellular metabo-
lism and exogenous sources. Although transient changes in
the levels of ROS can have important signalling functions,
elevated ROS levels can overcome the cellular anti-oxidant
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defenses and cause severe damage to nucleic acids, proteins
and lipids (Rouault and Klausner, 1996; Touati, 2000; Theil,
2007; Toledano et al, 2007). Cellular redox fluctuations can
trigger a wide spectrum of responses, mainly by implement-
ing changes in gene expression patterns (Allen and Tresini,
2000). These changes are promoted primarily by transcrip-
tional and post-transcriptional mechanisms. The transcrip-
tional regulation of eukaryotic gene expression by ROS has
been extensively studied and many signalling pathways have
been identified (Allen and Tresini, 2000). There is increasing
evidence that the expression of ROS-regulated genes is also
modulated by post-transcriptional events in yeast and animal
systems.

Apart from the regulatory mechanisms involving small
RNAs, RNA-binding proteins (RBPs) are the main type of
trans-acting factors, which recognize specific cis-elements in
the target mRNA that are implicated in the regulation of mRNA
stability (Valencia-Sanchez et al, 2006; Keene, 2007). Some
RBPs associate with RNA sequences that are widely present in
messenger RNAs, such as the 5'-cap structure or the 3’-poly(A)
tail. Other RBPs interact with specific specialized mRNA se-
quences present in the 5'- and 3’-untranslated regions (UTRs)
and affect changes in mRNA stability. Three mRNA decay
regulatory pathways have been studied in detail, and the cis-
elements were named AU-rich element (ARE; Shaw and
Kamen, 1986; Chen and Shyu, 1995), iron responsive element
(IRE; Casey et al, 1988; Rouault, 2006) and DownSTream (DST)
element (McClure et al, 1989; Newman et al, 1993).

The DST cis-element was first identified in soybean plants
in the 3/-UTR of the unstable SAUR (auxin-inducible small
auxin-up) transcript (McClure et al, 1989). This downstream
sequence, conserved among different plant species (Newman
et al, 1993), is about 40 bp long and consists of two highly
conserved sequences separated by a variable sequence
(McClure et al, 1989). A repeat of this cis-element confers
mRNA instability when inserted in the 3/-UTRs of different
reporter genes in plants, but not in mammalian cells
(Newman et al, 1993; Feldbriigge et al, 2002). A genome-
wide study in Arabidopsis showed that the DST sequence was
enriched in unstable transcripts (Narsai et al, 2007). Three
trans-acting components of the DST pathway, named DST1-3,
were isolated by a forward genetic approach (Johnson et al,
2000; Pérez-Amador et al, 2001; Lidder et al, 2004). Molecular
and phenotypic analysis of the dst mutants showed deregula-
tion of functional subsets of genes including some circadian
clock-related genes (Pérez-Amador et al, 2001). However, to
date, the only DST sequence shown to be functional is the one
found in the SAUR gene (McClure et al, 1989). In addition,
SAUR mRNA decay was not promoted by auxin, and pheno-
types associated with auxin production, or perception, were
not observed in the mutants altered in the DST pathway
(Johnson et al, 2000), suggesting that DST-triggered mRNA
degradation is not involved in auxin signalling.

Deciphering the signal that controls mRNA decay and
degradation is of primary importance for our understanding
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of post-transcriptional regulation of biological processes.
Using the Arabidopsis thaliana ferritin gene AtFERI as a
model, we present evidence that AtFERI mRNA half-life is
strongly decreased in response to pro-oxidant treatments
such as excess iron (Fe) and hydrogen peroxide (H,0,).
This oxidative stress-dependent degradation process involves
a functional DST cis-element identified in the 3’-UTR region of
the transcript. In the two mutants dstI and dst2 that are
defective in trans-acting factors, the AtFERI mRNA decay was
not promoted by Fe treatment, confirming that DST is in-
volved in the Fe-mediated oxidative stress-induced AtFERI
mRNA degradation. By analysing transcriptome data, we
identified additional genes that are upregulated in response
to Fe excess, contain a DST sequence in their 3’-UTR and have
their mRNA abundance altered in dstI and dst2 mutants. By
studying fitness of dst1 and dst2 mutants, we show that their
growth is altered under high-Fe nutritional conditions, and
that their response to oxidative stress is impaired. Together,
our results reveal that the DST-dependent mRNA degradation
mechanism is essential for the proper response of plants to Fe
and to oxidative stress.

Results

AtFER1 mRNA stability is modulated by Fe treatment
and ROS

Fe was added to the culture medium of Arabidopsis cells
cultivated in suspension, and AtFERI mRNA accumulation
was determined using quantitative qRT-PCR. Fe treatment
led to a transient increase in AtFERI mRNA abundance,
reaching a maximum after 3-6h, followed by a decrease in
abundance at the later points of the time course (Figure 1A).
In contrast, when cells were pre-treated for 1h with the
protein synthesis inhibitor cycloheximide (CHX), the increase
in AtFER]I transcript abundance was not transient, but con-
tinued up to 15h (Figure 1A). This result, in agreement with
our previous observations obtained by northern blot (Arnaud
et al, 2006), suggests that de novo protein synthesis is
necessary either to decrease AtFERI transcription rate or to
increase AtFERI mRNA turnover. In order to discriminate
between these two possibilities, AtFERI mRNA stability was
determined using cordycepin, an inhibitor of transcription.
Cells were treated or not with CHX for 1h, and with Fe for 3h
prior to cordycepin addition, and AtFERI mRNA abundance
was monitored every 30min for 2h (Figure 1A). AtFERI
mRNA half-life was determined using a logarithmic regres-
sion curve according to Gallie et al (1991), in which the
AtFER] transcript amount was normalized relative to the
abundance before the cordycepin treatment (Figure 1B).
When cells were not pre-treated with CHX, AtFERI mRNA
abundance quickly decreased after inhibition of transcription,
corresponding to an estimated half-life of 60 min. By contrast,
when cells were pre-treated with CHX, the AtFERI mRNA was
much more stable, with an estimated AtFERI mRNA half-life
over 5h. In order to determine whether Fe may affect AtFERI
mRNA stability, we next determined the transcript degrada-
tion rates as well as the half-lives at different time points after
Fe addition. Fe treatment led to a transient increase of the
AtFERI degradation rate (Figure 2A). The highest degradation
rate was observed 3 h after Fe addition, when the transcript
abundance reached its maximum. AtFERI mRNA half-life
ranged from about 220 min in the absence of Fe treatment
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Figure 1 Cycloheximide affects AtFER] mRNA stability. (A) Effect
of cycloheximide on the relative AtFERI mRNA abundance after Fe
treatment. Arabidopsis cells were grown in liquid medium for 7
days. Cells were treated (+ CHX) or not (—CHX) with 100 uM
cycloheximide for 1h before Fe addition (Fe-citrate 300 uM). Cells
were collected before, and 1, 3, 6, 9, 12 and 24h after the Fe
addition. Three hours after Fe addition, cordycepin was added, and
cells were recovered every 30min for 2h. AtFERI mRNA relative
accumulation was determined by qRT-PCR using Sand transcript
(At2g28390) as a reference. (B) Effect of cycloheximide on AtFERI
half-life. Relative AtFERI mRNA abundance after cordycepin treat-
ment as measured in (A) was plotted in a logarithmic scale. The
relative half-life was calculated according to Gallie et al (1991).
Values and standard errors were obtained from three independent
experiments.

to about 90 min 3 h after Fe addition. By contrast, AtFER3 and
AtAPX1, two other transcripts known to transiently accumu-
late in response to Fe (Petit et al, 2001; Fourcroy et al, 2004),
did not exhibit such modulation of their degradation rate
(Figure 2B and C). Based on the mRNA degradation patterns
observed in Figure 2A-C, transcript half-lives were calculated
at each time points of the kinetics (Figure 2D). AtFERI mRNA
half-life was quickly and strongly decreased between 2 and
6h whereas AtFER3 and AtAPX1 decay was only slightly
modulated. For all subsequent experiments, a 3-h iron treat-
ment was selected for AtFERI mRNA half-life determination,
since it represents the most contrasted condition (when
compared with the half-life obtained in control condition).
These results indicate that AtFERI mRNA stability is signifi-
cantly and specifically modulated in response to Fe and that
the process requires newly synthesized protein(s).

The effect of Fe concentration on AtFERI mRNA accumu-
lation and stability was then investigated in a range from
10uM to 1 mM. For all Fe concentrations tested, the max-
imum of AtFERI mRNA accumulation and its highest degra-
dation rate were obtained 3h after treatment (data not
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shown). Therefore, AtFER1 mRNA half-life was determined at
this time point. AtFERI mRNA stability continuously de-
creased in response to increasing the Fe concentration of
the culture medium until reaching a plateau at 50 pM; higher
Fe concentrations did not affect the stability of this transcript
more dramatically (Figure 2E) while AtFERI mRNA accumu-
lation continued to increase in response to increasing Fe
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concentrations up to 1 mM. Therefore, these results indicated
that the modulation of the AtFERI mRNA decay is a response
independent of the initial amount of mRNA.

Fe can cause the accumulation of ROS. Therefore, we
aimed to determine whether AtFERI mRNA degradation
was due to Fe itself or to its mediation of oxidative stress.
When cells were treated with H,0,, AtFERI mRNA stability
was affected to the same extent as after Fe treatment (Figure
3A and B), suggesting that the observed effect of Fe on
AtFER] stability could be mediated by ROS. In order to test
this hypothesis, cells treated with Fe or H,0, were pre-treated
with N-acetylcysteine (NAC), an anti-oxidant compound
(Lobréaux et al, 1995). NAC pre-treatment completely pre-
vented the AtFERI mRNA destabilization in response to Fe
and H,0, (Figure 3A and B). Together, these data indicate
that an Fe-mediated oxidative stress leads to a specific AtFER1
mRNA destabilization. This post-transcriptional control of
AtFER] expression likely enables the transcript to quickly
return to its basal level after being transiently overaccumu-
lated in response to Fe treatment.

A DST-dependent destabilization pathway is involved
in AtFER1 degradation

In order to search for putative post-transcriptional regulatory
cis-elements, a sequence analysis of the AtFERI mRNA was
performed. We found regions in the 3’-UTR of the transcript
that exhibit similarity with the DST sequence previously
identified in SAUR transcripts (McClure et al, 1989; Sullivan
and Green, 1996). In SAUR transcripts, an element called DST
(for DownSTream) has been characterized (McClure et al,
1989). The element consists of a central ATAGAT motif
flanked by a 5'-GGA motif and a 3/-GTA motif (Figure 4A).
We identified in the 3’-UTR of AtFERI the presence of a
TAGAT motif surrounded by several GAA and GTA motifs
(Figure 4A and B). Interestingly, such sequence similarity
was not detected in the 3’-UTR of AtFER3 and AtAPXI
mRNAs, which are not destabilized by Fe.

To investigate the involvement of this DST-like sequence in
AtFERI destabilization, transgenic plants expressing the re-
porter gene Luciferase (LUC) under the control of the strong
and constitutive 35S-CaMV promoter were used. In control
plants (3’-UTR AtFERI), the 3’-UTR of AtFERI mRNA
sequence was introduced downstream of the LUC coding
sequence. To test the functionality of the AtFERI DST-like
sequence, a PCR-mutagenized version of the 3’-UTR of
AtFER]I mRNA was obtained by mutation of the TAGAT

Figure 2 AtFERI1, but neither AtFER3 nor AtAPX1 mRNA stabilities
are modulated by Fe. AtFERI (A), AtFER3 (B) and AtAPX1 (C)
mRNA degradation rate during the time course after Fe addition.
Cells were collected before (0), and 1, 1.5, 2, 3, 6 and 9h after
treatment with 300 uM Fe-citrate. Total RNA was extracted and
AtFER1, AtFER3 and AtAPX1 mRNA abundance was determined
as described in Figure 1. Cordycepin was added at each time point
mentioned above, and samples were recovered every 30 min for 2 h.
(D) Half-life values were calculated from data presented in (A-C),
according to Gallie et al (1991) and averages from three biological
replicates +s.d. are shown. (E) Effect of Fe concentration on
AtFERI mRNA accumulation and relative half-life. Cells were
treated for 3h with various concentrations of Fe, and cordycepin
was added. AtFERI mRNA accumulation was determined before
cordycepin addition, and relative half-life was determined as de-
scribed in the legend of Figure 1, and averages from three biological
replicates *s.d. are shown.
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Figure 3 AtFERI mRNA degradation requires an oxidative step.
Cells were treated (NAC) or not () for 1h with 1 mM N-acet-
ylcysteine before adding 300 uM Fe-citrate (Fe) or 5mM hydrogen
peroxide (H,0,) or water as control (). Three hours later,
transcription was stopped by cordycepin addition. (A) AtFERI
mRNA relative abundance was measured as described in the legend
of Figure 1. (B) AtFERI relative half-life was calculated from the
data obtained in (A). Values and standard errors were obtained
from three independent experiments.

motif and of the closest GTA motif (3’-UTR AtFERI mDST).
Plants were grown in liquid medium and LUC transcript
accumulation was measured by qRT-PCR over a period of
48 h after Fe addition. In order to compare the response of the
different transgenic lines, the relative amount of LUC mRNA
detected before Fe treatment was set to one for all lines.
Fe addition led to an increase of the LUC transcript accumu-
lation during the first 6h in all lines. However, while this
increase was transient in control plants, the reporter mRNA
continued to overaccumulate in 3’-UTR AtFERI mDST lines
(Figure 4C). Thus, mutation in the DST cis-element of AtFER]
led to LUC mRNA overaccumulation after Fe addition. To
strengthen the relationship between the DST sequence found
in the 3’-UTR of AtFERI and the modulation of AtFERI mRNA
decay, we measured the half-life of the LUC transcripts, both
in control condition and 3 h after Fe addition. The LUC mRNA
half-life of the 3/-UTR AtFERI lines was significantly reduced
after 3h of Fe treatment. By contrast, the decay of LUC
remained unchanged in the lines containing the mutated
DST (Figure 4D). Taken together, our data suggest that the
DST-like sequence identified in the AtFERI 3’-UTR is likely
functional and involved in the control of AtFERI mRNA
stability in response to Fe.

AtFERI mRNA stability was also studied in two trans-
acting mutants, named dst! and dst2, previously identified
in a genetic screen aimed at isolating factors involved in the
DST-dependent mRNA degradation pathway (Johnson et al,
2000; Pérez-Amador et al, 2001; Lidder et al, 2004). AtFERI
mRNA accumulation in response to Fe was measured in Col,
dstl and dst2 grown in liquid medium (Figure 5A). As
previously shown in Arabidopsis cells (Figure 1A), Fe led to
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Figure 4 AtFERI transcript degradation in response to Fe requires
the DST cis-acting element present in its 3’-UTR. (A) Sequence
alignment of DST sequence of AtSAUR-ACI (At4g38850) with the
DST found in the 3’-UTR of AtFER1. Numbers refers to the numbers
of nucleotides between the indicated sequences. Nucleotides in
black correspond to those found in the consensus of DST sequences
(Sullivan and Green, 1996). (B) Sequence of the 3’-UTR of AtFERI
mRNA. Nucleotides in bold correspond to the stop codon.
Nucleotides potentially belonging to a DST element are shown in
black. Nucleotides in italic correspond to the mutations introduced
in the 3/-UTR AtFER1 mDST constructs. (C) LUC mRNA abundance
after Fe addition to transgenic plants. LUC is under the control of
the strong 35S-CaMV promoter. The 3’-UTR of AtFERI containing
(3’-UTR AtFERImDST) or not (3’-UTR AtFERI1) mutations in the
putative DST motif was introduced downstream of LUC. Two
representatives from five independent transgenic lines are pre-
sented. For comparing transgenic lines, LUC mRNA abundance
was fixed to one before Fe addition. Values and standard errors
were obtained from three independent experiments. (D) LUC mRNA
half-life in the transgenic lines analysed. Before Fe addition (con-
trol), or 3 h after 300 uM Fe-citrate addition (+ Fe), cordycepin was
added. LUC mRNA half-life was determined as described in the
legend of Figure 3. Values and standard errors were obtained from
three independent experiments.
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a transient AtFERI mRNA accumulation in Col seedlings,
with a maximum between 3 and 6h. In dstl and dst2
mutants, AtFERI transcript overaccumulated in the latter
times after Fe addition (Figure 5A). In both dstI and dst2,
AtFERI mRNA half-life was not affected by Fe (Figure 5B).
This result demonstrates that the overaccumulation of
AtFERI transcript in dst mutants resulted from an impairment
of its destabilization. In the same samples, AtFER3 and
AtAPX1 half-life was not affected by the dst mutations. As
expected (Johnson et al, 2000), SAUR-ACI stability was
affected in dstl and dst2 (not shown). However, SAUR-ACI
accumulation was not modulated in response to Fe
(Supplementary Figure S1), suggesting that oxidative stress
activates only some of the potential targets of the DST path-
way. Half-life values obtained for LUC-3/-UTR AtFERI

AtFER1 mRNA level (RTL) >

0 12 24 36 48
Time after Fe addition (h)

AtFERT mRNA
half-life (min)

Control + Fe

Col 202+ 11 8314
dst1 28025 27319
dst2 195+20 175+13

Figure 5 DST1 and DST2 are trans-acting factors involved in
AtFERI mRNA degradation in response to Fe. (A) AtFERI mRNA
accumulation after Fe addition in Col, dstl and dst2 seedlings.
AtFER] relative accumulation was determined as described in the
legend of Figure 1. Mean values+s.d. are shown (n=3).
(B) AtFERI mRNA half-life in Col, dst1 and dst2 seedlings. Before
Fe addition (control), or 3 h after 300 uM Fe-citrate addition (+ Fe),
cordycepin was added. AtFERI mRNA half-life was determined as
described in the legend of Figure 3.
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(Figure 4D) are different from those determined for the
endogenous AtFERI transcript. This difference suggests that
additional elements present in AtFERI mRNA sequence may
have also a function in the DST-dependent degradation
process. Such an hypothesis has also been raised for SAUR
transcript (Newman et al, 1993; Gil and Green, 1996;
Feldbriigge et al, 2002).

Thus, AtFERI undergoes a new post-transcriptional level
of regulation of its expression. The DST-like sequence identi-
fied in the AtFERI 3’-UTR is necessary and sufficient to
control the transient accumulation of the transcript in re-
sponse to Fe. Furthermore, the two trans-acting factors DST1
and DST2 are involved in this process. Importantly, these
results identify oxidative stress as an inducer of the DST-
dependent AtFERI mRNA destabilization. Accordingly, we
refer to the oxidative stress-responsive pathway as the
‘0xDST mRNA degradation pathway’ hereafter.

Identification of targets regulated by the oxDST mRNA
degradation pathway

To get further insight into the molecular importance of the
0oxDST pathway, we searched for additional genes regulated
by this mechanism. We screened among transcripts contain-
ing potential DST-like sequences in their 3’-UTR for those
regulated in response to Fe. First, Arabidopsis transcripts
containing putative DST sequences were searched using the
Patmatch software (TAIR). We used the only two transcripts
shown to contain functional DST sequences, AtSAUR-ACI and
AtFERI, to define an Arabidopsis DST consensus (Figure 4A).
This bioinformatic analysis of the Arabidopsis genome
revealed 1719 genes containing potential DST-like sequences
(Supplementary Table 1). Then, to select for the Fe-regulated
genes, we used publicly available transcriptome data ob-
tained on Arabidopsis cell cultures by our group (http://
www.catma.org/). Among the 1719 genes containing poten-
tial DST-like sequences, 13 genes were strongly regulated by
Fe in Arabidopsis cells (Supplementary Table 1). Among
these 13 genes (Table I), 9 of them are expressed in
Arabidopsis seedlings and were further selected for mRNA
abundance analysis in Col, dst1 and dst2 plants in response to
Fe excess treatment (Figure 6). All selected transcripts accu-
mulated in response to Fe in control plants. Three genes
(At5859820, At5826030 and At2g22500) exhibited a similar
profile of mRNA accumulation in the three genotypes.

Table I Genes found to be regulated by iron in transcriptome data and to contain a putative DST sequence

Locus Name Location Activity Biological function
At1g26800 Zn Finger Nucleus (?) Transcription factor activity (?) Unknown

Atl1g61890 MATE Mitochondria Transport Drug transmembrane transporter
At2g22500 UCP5 Mitochondria Transport Dicarboxylic acid transporter
At2g31890 RAP Nucleus Transcription factor activity Iron homeostasis (2)
At3g09350 FES1A Cytoplasm HSP70 binding protein Response to stress
At3g28210 SAP12/PMZ Unknown Transcription factor activity (?) Response to stress
At3g54810 BME3 Nucleus Transcription factor activity Circadian clock

At5826030 FC1 Chloroplast Ferrochelatase Haeme biosynthesis
At4g24380 Hydrolase Unknown Unknown Folate biosynthesis
At4g31800 WRKY18 Nucleus Transcription factor activity Response to stress
At5g59820 ZAT12 Nucleus Transcription factor activity Response to stress
At5863790 ANAC102 Nucleus Transcription factor activity Response to stress
At4g16370 OPT3 Membrane Oligopeptide/metal transport Iron homeostasis

AGI, name, location, activity and biological function of the corresponding proteins are indicated as provided on TAIR site (http://

www.arabidopsis.org).
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Figure 6 Expression of nine candidate genes in Col, dstI and dst2. Genes regulated by Fe were selected from public transcriptome databases
(http://www.catma.org/). Among these genes, those exhibiting a putative DST in their 3’-UTR were searched using the Patmatch program
(TAIR). Transcript accumulation was determined as described in the legend of Figure 3. Mean values t s.d. are shown (n=3).

However, three other genes, At5g63790, At4g24380 and
At4g31800 overaccumulated in dst1 or dst2 in the later time
points of the kinetic analysis, similar to AtFER1. Additionally,
the accumulation of three transcripts in response to Fe was
totally abolished in dst1 (At1g26800) or in dst2 (At2g31890),
or in both mutants (Atlg61890). From these experiments,
additional genes potentially regulated by the oxDST mRNA
degradation pathway were identified. Furthermore, our re-
sults suggest that DST1 and DST2 can act collectively as
shown in the case of AtFERI, but each of them can also
individually affect specific gene subsets.

The oxDST mRNA decay control is crucial for plant
fitness

The 0xDST mRNA degradation pathway is controlled by Fe
and ROS (Figures 3-5). Ferritin was shown to be involved in
the coordination of Fe metabolism and the response to
oxidative stress (Ravet et al, 2009). Interestingly, some of
the genes affected by alteration in the oxDST pathway are
transcription factors related to oxidative stress responses.
ANAC 102 (At5g63790) belongs to the NAC transcription
factors and is involved in low oxygen responses in
Arabidopsis (Christianson et al, 2009). In addition to its
involvement in pathogen responses, WRKY 18 (At4g31800)
has recently been associated with abiotic stress responses
(Chen et al, 2010). The RAP gene (At2g31890) encodes a MYC
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transcription repressor that may be related to Fe metabolism
(Loulergue et al, 1998). Therefore, the 0xDST pathway may
participate in the establishment of plant responses to Fe
overload and oxidative stress. To test this hypothesis, the
fitness of dstI and dst2 plants was evaluated on regular soil
or on soil enriched with 2 mM Fe-EDDHA. On control soil,
only dst1 growth was decreased, suggesting that a mutation
in that gene affects plant fitness even in absence of harsh
treatment (Figure 7A). However, increasing Fe availability in
the soil dramatically affected growth of both mutants.
Measurement of shoot biomass revealed that Fe addition to
the soil is significantly deleterious when the oxDST pathway
is altered (Figure 7B). In contrast, this treatment is beneficial
for improving wild-type plant growth, in agreement with
previous reports (Ravet et al, 2009). In order to try to under-
stand how the oxDST pathway affects Arabidopsis biomass,
the photosynthetic efficiency was evaluated using chlorophyll
fluorescence measurements. The electron transport rate
(ETR) was measured under different light intensities and Fe
nutrition conditions (Figure 7C and D). In control conditions,
no statistically significant difference was measured in the dst
mutants compared with wild type, although ETR values were
slightly decreased in dstl (Figure 7C). By contrast, in Fe-
enriched soil, ETR was significantly lower in both mutants
when compared with Col, especially under high light condi-
tions known to induce oxidative damage in the chloroplast
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were obtained from 6 to 8 biological replicates.

(Figure 7D). In addition, maximum quantum yield of the PSII
(Fv/Fm parameter) was lower in dstI and, to a lower extent,
in dst2, especially when plants were grown on Fe-enriched
soil (Figure 7E). These observations reinforced the idea that
plants altered in the oxDST pathway are more sensitive to
oxidative stress.

The ability of the dst mutants to properly respond to
oxidative stress was further studied by exposing plants to
high light conditions (Figure 7F). The responses of plants to
high light treatment are well documented. One of the major
effects of such a treatment is to promote a strong oxidative
stress. Consequently, plants activate various enzymatic and
non-enzymatic anti-oxidant responses. Among them, catalase
activity is known to be strongly induced, and is therefore a
good marker of the plant responses to high light exposure
(Fernandez and Strand, 2008; Li et al, 2009). As expected,
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high light treatment led to a transient increase of catalase
activity in control plants (Figure 7F). Interestingly, the cata-
lase activity was not increased in the two dst mutants under
high light and the catalase activity appeared even lower in
dst] when compared with Col and dst2 after 24 h of exposure.
Together, these data demonstrate that the oxDST mRNA
degradation pathway is crucial for establishing appropriate
responses to oxidative stress, and that alteration of the path-
way reduced photosynthesis, growth and ultimately plant
fitness.

Discussion

The results from this study identify the oxDST pathway as an
essential regulatory mechanism to modulate mRNA accumu-
lation patterns in response to oxidative stress, and reveal that
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alteration of this control dramatically impacts plant physiol-
ogy. Therefore, the oxDST-dependent mRNA stability control
appears to be an important mechanism that allows plants to
cope with adverse environmental conditions. These results
are of significance because they describe a trigger of mole-
cular events leading to the degradation of specific mRNAs in
response to oxidative stress, and demonstrate the physiolo-
gical importance of sequence-specific mRNA decay mechan-
isms in plants.

In animals, the sequence-specific mRNA decay systems,
IRE and ARE, play a central role in Fe homeostasis and
oxidative stress responses. RBPs interact with specific se-
quences present in the UTRs of the target transcripts, thus
regulating mRNA stability and translation (Klausner et al,
1993; Harrison and Arosio, 1996; Hentze et al, 2004). The
post-transcriptional control of Fe homeostasis in animals in
response to Fe availability occurring through the IRE system
enables (i) to regulate the stability of the transferrin receptor
mRNA through IRE sequences found in the 3’-UTR of the
transcript and (ii) to link this regulation to the control of the
ferritin mRNA translation mediated by an IRE sequence
located in the 5-UTR of the transcript. In plants, we pre-
viously showed that this IRE system does not regulate ferritin
expression despite the conservation of the RBP (Arnaud et al,
2007). ARE-like elements have been observed in several plant
transcripts, suggesting that the mechanism could be func-
tional in plants (Chen and Stern, 1991; Ohme-Takagi et al,
1993; Chen et al, 1995). However, the only evidence of a
functional ARE in plants concerns the plastid-encoded PetD
mRNA (Chen et al, 1995), which is a prokaryotic-type tran-
script. In contrast, ARE-mediated regulation of nuclear-en-
coded plant genes has never been reported so far. The
destabilizing DST element, originally identified in the 3'-
UTR of the soybean SAUR-ACI mRNA, has been shown to
be conserved among different plant species (Newman et al,
1993), but the cis-element failed to promote mRNA decay in
mammalian cells (Feldbriigge et al, 2002). Recently, a large-
scale analysis of elements overrepresented in the 3’-UTR of
unstable Arabidopsis transcripts confirmed that the DST
motifs fall into that category (Narsai et al, 2007).

In this report, we demonstrate that the mutations in the
trans-acting factors DSTI and DST2 genes impair plant
response to oxidative stress mediated by high light and Fe
excess treatment. At the molecular level, Fe and H,0, pro-
mote the mRNA decay of AtFERI, the most abundant ferritin
transcript in Arabidopsis, and potentially other ROS-related
transcripts. Therefore, the DST pathway probably evolved
specifically in plants, where it may fulfill a similar function to
other systems (ARE for instance) described in other eukar-
yotic lineages.

The plant-specific DST pathway(s)

The DST destabilizing element was identified in the 3’-UTR of
the auxin-related unstable SAUR-ACI mRNA and made it
possible to identify trans-acting factors involved in the corre-
sponding mRNA degradation process. This led to the mole-
cular and phenotypic characterization of the corresponding
dst] and dst2 mutants (Johnson et al, 2000). However, SAUR-
ACI stability was not modulated by auxin treatment (Gil and
Green, 1996) and the dstI and dst2 mutants did not reveal
any developmental or auxin-related phenotype (Pérez-
Amador et al, 2001; Gutierrez et al, 2002). Only a discrete
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molecular phenotype related to circadian clock-regulated
genes was observed (Lidder et al, 2005). The biological
function of the DST pathway, therefore, remained to be
elucidated. Here, we report convergent data for the activation
by ROS of an mRNA degradation pathway that depends on
the DST cis/trans-acting elements identified so far. Also,
phenotypic analyses of the trans-acting mutants dst! and
dst2 revealed for the first time the major importance of the
DST-dependent mRNA degradation pathway for plant fitness.

Previous transcriptome analysis of the dstl mutant had
already identified specific mRNAs that are overaccumulated
when compared with wild-type plants (Pérez-Amador et al,
2001; Lidder et al, 2005). Interestingly, AtFERI was not
detected as a potential target of dstl in this screen. Our
experiments showed that in the absence of oxidative treat-
ments, AtFERI mRNA does not fall into the category of the
unstable transcripts with a half-life over 3-4h, both in
Arabidopsis cells and in seedlings (Figure 1). In the same
condition (i.e., in the absence of oxidative stress), eight of the
nine other DST-containing mRNAs tested in our search for
oxDST pathway candidate genes were not affected by the dst
mutations (Figure 6). Additionally, SAUR-ACI mRNA stability
was not affected by oxidative stress. Taken together, it
appears that the DST pathway can differentially affect
mRNA stability depending on the conditions experienced by
the plants, some DST-containing mRNAs being constitutively
processed (e.g., SAUR-AC1), others being conditionally desta-
bilized (e.g., AtFERI). These results indicate that the DST-
dependent mRNA degradation is involved in different signal-
ling pathways. DST1 and DST2 do not appear to be involved
in a specific pathway since they act both in the presence and
in the absence of stimuli. Therefore, they may represent the
core machinery of this mRNA degradation pathway. In addi-
tion, DST1 and DST2 are not strictly acting collectively
because some of the mRNAs we tested are affected by only
one of the mutations in the oxDST pathway (Figure 6). The
accumulation of circadian-regulated genes was also differen-
tially affected by the dst1 mutation (Lidder et al, 2005). Thus,
DST1 and DST2 could be part of a selective machinery,
mobilized in different ways depending on effectors applied,
proteins recruited and transcripts targeted. These new in-
sights into the DST regulatory mechanisms prompted us
to propose an integrative model (Figure 8) describing our
present view of the overall process.

The importance of the oxDST mRNA decay in response
to oxidative stress
Our results provide a line of evidence that AtFERI mRNA is
conditionally destabilized through the DST pathway, making
it the second validated DST cis-element in plants after the one
identified in SAUR-ACI. Interestingly, the process is activated
by Fe and H,0,. In vivo, ROS production is catalysed by
cellular Fe through the Fenton reaction, and thus Fe home-
ostasis is tightly coordinated with the redox status of the cell.
Plants are particularly prone to redox imbalance due to the
photosynthetic activity in the chloroplast, and ferritins are Fe-
storage proteins found in plastids where they exert an essen-
tial control on ROS accumulation (Ravet et al, 2009).
However, the oxDST mediated mRNA decay is not a
general response observed in genes regulated by Fe or ROS.
For instance, another ferritin mRNA, AtFER3, does not con-
tain any DST and its decay is not promoted by Fe or ROS.
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Figure 8 A model for DST-mediated mRNA degradation pathways
in plant. In the current knowledge, DST-dependent mRNA degrada-
tion relies on the presence of a conserved DST cis-element present in
the 3’-UTR of target transcripts, and on two trans-acting factors
DST1 and DST2. So far, three independent pathways are known to
control the entry of DST-containing mRNAs for degradation. The
first pathway (named constitutive DST pathway) involving the DST
mRNA decay mechanism has been shown to constitutively degrade
the AtSAUR-ACI transcript, an unstable mRNA. Further genetic
insights identified a second DST pathway controlling the proper
oscillation of the accumulation of the circadian-regulated transcript
CCL. Therefore, this pathway can be considered as a conditional
DST pathway since clock is likely a signal controlling CCL half-life
modulation. Finally, the present report demonstrates that the major
ferritin transcript AtFERI is processed only under oxidative stress
conditions. In this third pathway (named oxDST pathway), Fe
activates the entry of AtFERI mRNA in the degradation pathway
through ROS and the process involves an unstable protein. H,0,
also modulates AtFERI decay, suggesting that not only Fe can
promote this ROS-mediated AtFERI decay. However, H,O, can be
produced in response to Fe through the Fenton reaction, or may
trigger AtFERI destabilization by an alternative pathway. Thus, the
H,0,-mediated degradation of AtFERI through the oxDST pathway
is more hypothetical at that time (grey arrows). In addition to
AtFERI, this study also revealed ANACI02 and WRKY18 as two
other potential direct targets of the oxDST pathway. However, the
direct link between their decay modulation and the DST factors
remains to be investigated (grey labelling). In the present model,
the pathways are distinct beside a common dependence regarding
DST1 and DST2 factors. In one hand, AtSAUR-ACI is constantly
destabilized and its decay is not affected by iron. On the other hand,
AtFER]1 is clock regulated but independently to the DST factors.
Thus, several DST pathways can be distinguished. In regard to the
differential involvement of DST1 and DST2 depending on the
transcript and the pathway considered, it appears that DST factors
likely act as components of a selective machinery for mRNA
degradation, in which they would be involved separately or
collectively.

Interestingly, we identified Zat12 as a DST-like containing
gene regulated by Fe treatment. The transcription factor
ZAT12 plays major functions in oxidative stress response,
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and in particular it controls AtAPX1 transcription (Rizhsky
et al, 2004). However, based on APX1 and ZAT12 expression
data, we consider that ZAT12 mRNA is unlikely to be a
functional target of the oxDST pathway.

Nevertheless, our search for candidate genes of the oxDST
pathway has revealed other transcripts, which overaccumu-
late in response to Fe in the dst mutants, similar to AtFERI.
These mRNAs could represent additional direct targets of the
oxDST pathway. Among them are two transcription factors
involved in abiotic and biotic stress responses, namely
ANAC102 and WRKY18 (Christianson et al, 2009; Chen
et al, 2010). Other transcripts did not accumulate in response
to Fe in the dst mutants. Such alteration could illustrate
general downstream effects due to an impairment of the
transcriptional activation of the responses. As an ultimate
consequence, plants deficient in the DST machinery are
sensitive to Fe nutrition, exhibit altered responses to high
light treatment, and photosynthesis and growth are reduced.
The molecular mechanisms underlying these altered re-
sponses remain to be determined. The Arabidopsis catalase
genes do not contain putative DST (Supplementary Table 1),
and the observed reduced photosynthetic efficiency is an
integrative parameter that is probably altered due to the
direct and indirect deregulation of several genes.

Conclusion and future challenges
By nature, aerobic organisms have evolved complex mechan-
isms to cope with oxygen. Adjustments in gene expression
profiles, collectively at the transcriptional and post-transcrip-
tional levels, decisively influence the overall response of the
organism. Plants are photosynthetic and sessile organisms. In
that context, mRNA decay control is of particular interest
because it provides a quick means to adjust RNA levels and to
target specific subsets of transcripts. The exponentially grow-
ing number of reports describing small RNA-mediated post-
transcriptional mechanisms reveals the significance of that
additional level of control of gene expression, especially in
response to environmental cues. Here, we demonstrate that
the sequence-specific DST mRNA degradation is also crucial
in plants, where it is required to cope with oxidative stress.
Examples of transcript stability modulation in response to
ROS are well documented in yeast and animal systems.
Mechanisms such as those involving IRE or ARE have been
investigated in detail at the molecular level, likely because
they are of major importance to understand the implication of
ROS in pathological processes such as neurodegenerative
disorders (Finkel and Holbrook, 2000; Bokov et al, 2004).
In plants, the eukaryotic mRNA degradation machinery is
well documented (Belostotsky and Sieburth, 2009). However,
the process by which a signal will coordinate the conditional
degradation of specific mRNA subsets is poorly understood.
In this report, we show that (i) Fe and ROS activate AtFERI
mRNA degradation, and (ii) this process occurs in a DST-
dependent manner. Furthermore, mutants in the DST path-
way: (iii) exhibit altered accumulation of ROS-related mRNAs
and (iv) are sensitive to Fe nutrition and have altered
responses to high light. Thus, our study considerably reas-
sesses the significance of such post-transcriptional regulatory
mechanisms. In addition, ROS emerged as an activator of
these processes, revealing the complexity of the DST-
mediated pathway(s) (Figure 8).
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The next important challenge will be to identify the DST
trans-acting factors and other RBPs that may be recruited for
mRNA selection processing. Interestingly, a recent report on
the exoribonuclease XRN4 indicates that AtFERI could be
overaccumulated in the corresponding mutant (Rymarquis
et al, 2011). It is likely that the ultimate steps of DST mRNA
degradation involve such nucleolytic processes. More impor-
tant is the nature of the DST factors. The genes corresponding
to the dstl and dst2 EMS mutants have not yet been identi-
fied, although the genetic mapping of the dstl mutation has
been initiated (Johnson et al, 2000). Identification of these
factors will permit us to gain a better understanding how the
pathway is activated and how the selectivity of targeted
mRNA is achieved among the potentially broad range of
DST-containing mRNAs.

Materials and methods

Cell culture

Arabidopsis thaliana L. (Columbia ecotype) suspension cells were
grown at 24°C under continuous light (100 pmol photonsm™2s~")
on a rotating table (60rev per minute) in a medium containing
20mM KNO;, 1.2mM CaCl,, 450puM MgS0,, 375uM KH,PO,,
60pM Na,HPO,, 40M NaH,PO,, 40 pM MnSO,, 30puM H;BOs,
25 uM glycine, 10 uM ZnSQO,, 5 uM Fe(III)-EDTA, 4 uM nicotinic acid,
2.5uM pyridoxine-HCl, 1.5uM KI, 1.2 uM thiamine-HCl, 300 nM
Na,Mo0,, 100 nM ANA, 30 nM CoCl,, 30nM CuS0,, 0.1 gl ™! casein
hydrolysate, 0.1 gl™' myo-inositol, 15g1~" sucrose, pH 5.7 (Arnaud
et al, 2006). Cells were subcultured with a 1/10-dilution factor once
a week. Experiments were carried out 1 week after subculture.

Plant material and growth conditions

For molecular analyses, seeds from Arabidopsis thaliana L.
(Columbia ecotype), dstl and dst2 mutants (Johnson et al, 2000)
and transgenic lines were surface sterilized and grown in 10 ml half-
strength Murashige and Skoog liquid medium (Sigma), pH 5.7,
supplemented with 1% sucrose, 0.5g1"' MES and 50 uM Fe(III)-
EDTA (Arnaud et al, 2007). Seedlings were grown under continuous
light (100 umol photonsm™2s~!) on a rotating table (60rev per
minute). The medium was renewed after 1 week of culture and
plants were grown for three additional days before treatments.

For physiological analyses, plants were sown on soil (Neuhaus
Humin Substrat N2, Klasman-Deilmann GmbH) in pots as single
plant. Plants were grown in controlled growth chambers at 20°C
with a relative humidity of 70%, under short-day conditions (8h
light/16h dark photoperiod) at two light intensities, 250 and
800 pmol photonsm™*s~" corresponding to control and high light
conditions, respectively.

Chemical treatments

Plants grown on Fe-enriched soil were irrigated with 2mM Fe-
EDDHA (Sequestrene, Fertiligene). All other chemicals were
purchased from Sigma-Aldrich. Cells and seedlings grown in liquid
medium were treated with 300 uM Fe-citrate (Lobréaux et al, 1995).
H,0,, CHX, cordycepin, NAC were used at 5mM, 100 uM, 400 uM
and 1 mM final concentrations, respectively.

Plasmid constructs and plant transformation

All constructs were made using standard recombinant DNA
techniques (Sambrook and Russell, 2000) and sequenced prior to
their use. An Nhel/Xbal fragment containing the LUC+ coding
sequence from pSP-LUC + (Promega) was subcloned in Spel/Xbal-
digested pBluescript (Stratagene) to obtain pBS-LUC+ . The 35S
promoter sequence from pCAMBIA 1301 (Cambia) was subcloned
in Sall/Ncol-digested pBS-LUC+ generating pBS-35SLUC+. The
AtFER1 3-UTR was amplified with thermostable Pfu DNA
polymerase (Promega) on Arabidopsis thaliana L. (Columbia
ecotype) genomic DNA using 3’-AtFerlF and 3’-AtFerlR primers
(Supplementary Table 2). Mutagenesis of the DST sequence of
AtFER1 3’-UTR was made using the two-step PCR method as
described previously (van Wuytswinkel and Briat, 1995) using
primers 3’-AtFER1FmutA, 3’-AtFER1FmutF, 3’-AtFERIRmutA and
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3/-AtFER1IRmutB primers (Supplementary Table 2). In both con-
structs, external primers introduced Xbal and Sacl sites at the 5" and
3’ ends of the amplified fragment, respectively. DNA fragments
were cloned in Xbal/Sacl-digested pBS-35SLUC+ to obtain pBS-
35S::LUC-3'UTR AtFERI1 and pBS-35S::LUC-3'UTR AtFERImDST.
The constructs were excised by Kpnl/Sacl digestion and subcloned
into pBIBHygro binary vector. The resulting plasmids were
introduced into Agrobacterium tumefaciens MP90 strain (Hofgen
and Willmitzer, 1988). These bacteria have been used to transform
plants using floral dip method (Clough and Bent, 1998).

RNA isolation and qRT-PCR analysis

Total RNA from cells and seedlings was extracted using TRI reagent
(Euromedex). Total RNA was treated with DNAse (Promega) prior
to reverse transcription using M-MLV Reverse Transcriptase
(Promega) and oligo dT(,3) (Promega). Quantitative qRT-PCR was
performed in a Light-Cycler™ (Roche Diagnostics) using the
LightCycler FastStart DNA MasterPLUS SYBR GREEN I (Roche).
PCR amplification of the various genes analysed in this study was
performed using 3’-UTR gene-specific primers listed in Supplemen-
tary Table 2.

Data analysis was performed using Light-Cycler 3 data-analysis
software (Roche). Relative transcript levels (RTL=1000 x 2~
were evaluated by calculation of the difference between the crossing
time of the target gene and the threshold crossing time of the
control gene (ACt) for the respective templates (Arrivault et al,
2006). Gene expression was monitored in technical duplicate and
biological triplicate, and results presented were standardized using
the Sand gene (Czechowski et al, 2005; Remans et al, 2008).

mRNA half-life determination

Transcript half-life was determined after treatment by the transcrip-
tion inhibitor cordycepin. Samples were collected every 30 min for
2h after transcription inhibition. Total RNA was extracted and
mRNA relative abundance was determined by qRT-PCR. The values
were normalized relative to the value prior cordycepin treatment,
plotted as a function of time and subjected to a regression analysis.
The regression slope (k) was used to calculate half-life according to
the equation t;,, =1In2/k (Gallie et al, 1991).

Photosynthesis measurements

Chlorophyll fluorescence measurements were performed on 28-day
old plants using a fluorometer camera device (Photon System
Instruments, Brno, Czech Republic). Relative ETR was used to
evaluate the photosynthetic efficiency (ETR=Ilight intensity
x Photosystem II efficiency). Photosystem II efficiency (Psi PSII)
was determined according to Genty et al (1989) using the following
equation: Psi PSII= (Fm—Ft)/Fm where Ft is the fluorescence
determined at different light intensities ranging from 12 to
1000 umol photonsm s~ and Fm is the maximal dark-adapted
fluorescence measured with a 0.8-ms pulse of 6000 umol photo-
nsm 2s~! of actinic light. Photochemical efficiency of PSII,
expressed as the maximum quantum yield of PSII (Fv/Fm), was
determined using the following equation: Fv/Fm= (Fm—F,)/Fm
where Fj is the initial minimal fluorescence on dark-adapted leaves.

Catalase activity

Catalase activity was determined in crude leaf extract at 20°C as
previously described (Cakmak and Marschner, 1992). Plants were
grown for 21 days under moderate light intensity (250 pumol
photonsm 2s~'), then transferred under high light (800 pmol
photonsm s~ ') for 24h. Protein concentration was determined
according to Schaffner and Weissmann (1973) using BSA as
standard.

CATMA arrays

High-throughput mRNA analyses have been performed on Arabi-
dopsis cell suspension treated or not with Fe, using the Complete
Arabidopsis Transcriptome MicroArray (CATMA) technology and
data are publicly available at http://www.catma.org/. Two indivi-
dual experiments have been performed. Experimental and data
analysis procedures are described at ftp://urgv.evry.inra.fr/CATdb/
GEO/. The files GEO-Soft-no27-iron-signaling-exp24.txt.gz and
GEO-Soft-rs05-15-iron-signaling-exp105.txt.gz can be downloaded
for further experimental details.
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Bioinformatic analyses

DST sequences were searched in 3'-UTR of Arabidopsis genes using
the TAIR9 3’-UTR data set (TAIR, http://www.arabidopsis.org).
Bioinformatic search for the three conserved motifs was performed
by using the Patmatch software (TAIR) and GAA-n-TAGAT-n-GTA as
an algorithm based on the Arabidopsis DST sequence consensus
that we established in this report (see Results). The stringency of
the screen was optimized by fixing to n=50 nucleotides the
maximum spacing between the different motifs.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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